
U
b

V
a

b

a

A
R
R
2
A

K
I
I
F
D

1

h
o
s
e
p
b
h
[
t
c
c
a
o
u
b
e
d
o

0
h

Energy and Buildings 70 (2014) 343–351

Contents lists available at ScienceDirect

Energy  and  Buildings

j ourna l ho me  page: www.elsev ier .com/ locate /enbui ld

sing  a  fuzzy  black-box  model  to  estimate  the  indoor  illuminance  in
uildings
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a  b  s  t  r  a  c  t

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,
uzzy model
aylight modelling

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.
. Introduction

Indoor lighting conditions and the efficient use of solar energy
ave become very important in recent decades, both in terms of
verall living comfort [1,2] and energy-efficient buildings [3–6]. A
ummary of the research carried out to date in the area of buildings’
nergy efficiency, buildings’ energy performance and buildings’
rocesses modelling can be found in the excellent review paper
y Foucquier et al. [7]. Furthermore, sufficient daylight conditions
ave been proven to have a beneficial effect on human health
8]. Numerous approaches to controlling indoor-illuminance condi-
ions have been proposed, most of which attempt to either achieve
onstant indoor-illuminance levels, so as to provide sufficient living
omfort, or to maximize the use of solar energy, while still providing
cceptable lighting conditions [9–13]. Together with the modelling
f light flux, indoor light intensities and surface illuminances, which
sually represent the basis for control design techniques, have also
een the subject of much attention. Furthermore, many methods

xist that are able to provide approximate illuminance-level pre-
iction in a certain position in a room, given its geometry, global
rientation, the position of the sun, the surface characteristics
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E-mail address: vito.logar@fe.uni-lj.si (V. Logar).
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and/or the weather conditions/measurements [14–16]. Moreover,
a study performed by Lindelöf [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

dx.doi.org/10.1016/j.enbuild.2013.11.082
http://www.sciencedirect.com/science/journal/03787788
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nobstructed illuminance (external illuminance), global and dif-
use solar radiations, the positions of the blinds and the status of
he lights; and its output: the estimated indoor illuminance. The

ethod is, from the input/output point of view, similar to some
xisting methods, i.e., Lindelöf [17]; however, the methodologi-
al approach between the proposed and the existing methods is
ntirely different. One of the main advantages of the proposed
ethod is the simple design and parameterization of the model,
hich does not require any knowledge about the modelled sys-

em, since the model’s parameters, which define the input/output
elations, inherit the room’s characteristics, implicitly defined in
he obtained measurements. Meaning that the room’s charac-
eristics, such as: geometry, indoor surfaces’ reflectances, blinds’
eflectances, quantity, sizes and positions of the windows, lights
nd furniture; and also the position of the indoor illuminance
ensor, reflect in the measured indoor illuminance. Moreover, a
hange in either the room characteristics or the position of the sen-
or, if sufficiently large, also affects the measured value. After the
odel is parameterized (trained) and validated using the particu-

ar input/output measurements of interest, simulated or otherwise
cquired input data can be used, replacing the actual measure-
ents. The inputs defining the blinds’ positions and the lights’

tatus either need to be predetermined, adjusted manually or by
eans of the controller. Since the method uses measurements

nstead of physical characteristics in order to define the rela-
ions of the model, programming skills and the effort to manually
esign the room interior are not needed. The proposed structure
f the fuzzy models is very simple (5 inputs, 1 output, 3 Gaus-
ian membership functions per input and 3 fuzzy rules) and the
uzzification/defuzzification procedures are simple vector multi-
lications. The simplicity of the model is reflected in the fact that

t is a fast model, with short evaluation times, which facilitates
ts inclusion in other applications or control algorithms. Finally,
ven though the model’s structure is simple, the validation results
ave very accurate estimations in comparison with the measure-
ents.
Although the proposed methodology has advantages, the fuzzy

pproach also has some drawbacks, which need to be consid-
red when adopting the concept. In contrast to methods based
n the physical modelling of the daylighting processes and pre-
rogrammed algorithms, which normally require only the input
art of the data in order to obtain the output, the fuzzy approach
equires both the input and the output part of the data in order
o parameterize the model using an automated training proce-
ure. After the model is parameterized, only the input data is
equired. Moreover, since the model is based on measured data,
hich defines the room’s characteristics, the calculation of the

ndoor illuminance under different conditions (e.g., different geom-
try, reflectances, sensor positions, etc.) needs a re-training of the
odel with new measurements. From this point of view, other

ools like Radiance outperform the proposed method, since they
re able to calculate a more-or-less accurate indoor illuminance
or an arbitrarily positioned surface [25,26].

The purpose of the study is not to propose a specific model that
ould represent a general solution for all possible situations (like
adiance, for instance), but to propose a simple methodology for
ow to obtain a model for a particular environment, where the
odel is characterized as fast, accurate and easy to obtain, without

xcessive knowledge of the particular problem. Furthermore, since
he in-depth studies on, e.g., building automation, control design,
nergy conservation, living comfort, etc., are practically impossible
o perform on real systems, due to varying weather conditions and

oor repeatability, the use of a relatively simple illuminance model
f sufficient accuracy in combination with the simulation proce-
ures allows fast and repeatable testing of the designed algorithms
r the model-based control of real processes.
ings 70 (2014) 343–351

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
7.49 m × 4.93 m × 3.88 m (l × w × h), a floor area of 38.80 m2 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 11.4 m2, 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 lux. 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/m2. 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 0 to 2000 lux. A complete description of the automation
system and the applied control algorithms can be obtained from
the paper by Košir et al. [13]. The global and diffuse solar radiation
are measured in W/m2, 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

he function describing the input-to-output space can be as close
o the real physical relation as the learning data can describe
t. Such a system can, therefore, be definitely valid only in the
icinity of the mapped data space. This could be considered
s one of the drawbacks of the black-box approach, as if the
earning-data input–output relation is missing, the later incidence
f such an input could lead, but not necessarily, to incorrect
utput estimations and should be experimentally validated. How-

ver, if sufficient data is available, the black-box approach has
ertain advantages over conventional modelling approaches. As
entioned before, when the structure of the black box is speci-

ed, its relations are determined only according to the input and
zzy black-box illuminance model.

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. 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-
ig. 3. Comparison between the measured and the reconstructed external illumi-
ance for 5 days in early August.

.2. Model structure

The proposed black-box illuminance model is based on a
akagi–Sugeno (TS) fuzzy-inference system (FIS) [27] that was
rained using real environment measurements as the inputs and
utputs. The model, in TS form, approximates a nonlinear sys-
em by smoothly interpolating affine local models [27]. Each local

odel contributes to the global model in a fuzzy subset of the space
haracterized by a membership function. The affine TS model can
e used to approximate any arbitrary function with any desired
egree of accuracy [28–30]. The generality can be proven with
he Stone–Weierstrass theorem [31], which suggests that any con-
inuous function can be approximated by a fuzzy-basis function
xpansion [32]. Since the light-flow dynamics can be, from the
oom-illuminance point of view, considered as infinitely fast or
nstantaneous, the black-box model is regarded as a static model
rom the modelling perspective. This means that a change in either
he global or the diffuse light, the blinds’ position or the lights’
tatus has an immediate effect on the change in the observed illu-
inance, with no transitional dynamics, meaning that the value of

he current illuminance is completely independent of the previous
lluminance sample. The fuzzy model uses the external illuminance

ultiplied by the position of the blinds, the global and diffuse solar
adiation, the lights’ status and the blinds’ position as the inputs
nd the indoor illuminance as the output. The reason for using the
ultiplied external illuminance and blinds position as the input is

hat better estimation results can be achieved, in comparison to
he results with only external illuminance as the input, which is a
onsequence of a prior virtual increase in the external illumination
multiplied by a factor from 1 to 5), dependent on the position of
he blinds. The multiplication, therefore, implies that more light is
ntering the office when the position of the blinds is higher (higher
lat angle) or if the blinds are completely retracted. This impli-
ation allows better estimations of the indoor illuminance by the
uzzy model, since the particular input already partially describes
he relation between the external illuminance and the blinds’ posi-
ion. However, the relation between the external illuminance, the
linds position and the indoor illuminance is not linear, as implied

y the multiplication, but nonlinear, which is later defined by the
orresponding fuzzy membership functions and the antecedent
ules. The use of the global and diffuse radiation as two  of the
nputs (besides the external illuminance, the blinds’ position and
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,
which is 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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easurements, the external illuminance reconstruction is not
eeded and the measured external illuminance can be used as an

nput to the fuzzy model directly.
Knowing that during sunny summer days the external illumi-

ance can go above 100,000 lux, the missing (saturated) data needs
o be reconstructed in order to achieve better estimations of the cal-
ulated value. As the fuzzy model also uses the global and diffuse
olar radiations (among others) as its inputs, it is able to suffi-
iently well predict the indoor illuminance levels, even when the
xternal illuminance goes above the sensor’s limit (20,000 lux) and
ts value is not reconstructed; however, estimations during peak
aylight are less accurate. The reconstructed signal is far from
eing equal to the actual illuminance levels; however, according
o the validation results presented, an approximate estimation of
he external illuminance suffices. Since the daily illuminance trend
ollows approximately the same shape, it can be approximately
econstructed according to the total saturation time of the external
lluminance sensor, as given in Eq. (1):

sat = tend − tstart

qreconstruct(tstart : tend) = 1.5 × 104 ×
√

(−(linspace(−tsat, tsat))
2 + t2

s

2

qill = qill + qreconstruct, 

here tstart and tend represent the beginning and the end of the
ensor saturation in hours, tsat represents the overall length of the
aturation in hours, qreconstruct represents the reconstructed illumi-
ance signal to be added to the measured illuminance signal in lux,
ill represents the external illuminance signal in lux and the com-
and linspace(a, b) represents a vector of linearly spaced values

etween a and b.
Fig. 3 shows the comparison between the measured and the

econstructed external illuminance, as obtained by Eq. (1) for a
art of the training data (5 days in early August), where the sensor
eaches its upper limit.

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

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

.4. Model parameterization

The parameterization of the fuzzy model, also known as the

out1 = [qill · sblinds · clill−1, qglob · clglob−1, qdif · cldif −1, slights · cllights−1, 

out2 = [qill · sblinds · clill−2, qglob · clglob−2, qdif · cldif −2, slights · cllights−2, 

out3 = [qill · sblinds · clill−3, qglob · clglob−3, qdif · cldif −3, slights · cllights−3, 
raining, was carried out for 1 month of different measurements
ith a sample time of 15 s. The data was chosen in a manner

hat covered all four seasons and as many real-world situations as
ossible, i.e., sunny, cloudy, foggy weather, different sun azimuths
ings 70 (2014) 343–351 347

(linspace(−tsat, tsat) + tsat)

(1)

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/m2, the external
illuminance between 0 and more than 20,000 lux (reconstructed

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:

· clblinds−1] · [0.0002238, −0.2234, 2.091, 453.3, 182.4]T − 373.1,

(2)

· clblinds−2] · [0.002637,  0.3512, 1.361, −99.01, −16.13]T − 168.1,

(3)

· clblinds−3] · [0.01307,  −0.8077, 1.146, 128.5, −1.442]T + 19.17,

(4)

where qill represents the external illuminance, sblinds represents
the blinds’ position, qglob and qdiff represents the global and dif-
fuse solar radiation, slights represents the lights’ status and clx−n (x
– correspondent input, n – cluster number) represents the degree
of membership (from 0 to 1) of the given input to the correspond-
ing cluster. Finally, the indoor illuminance qin is obtained using the
following equation:
qin = out1 + out2 + out3. (5)

The membership functions shown in Fig. 5 and the fuzzy rules
described by Eqs. (2)–(5) define the so-called mapping of the



348 V. Logar et al. / Energy and Buildings 70 (2014) 343–351

0.5 1 1.5 2

x 105

0

0.2

0.4

0.6

0.8

1

qill*s blinds [lux]

D
eg

re
e 

of
 m

em
be

rs
hi

p

clill-1clill-3

0 200 400 600 800

0

0.2

0.4

0.6

0.8

1

qglob [W/m2]

D
eg

re
e 

of
 m

em
be

rs
hi

p

clglob-1clglob-3

0 50 100 150 200 250

0

0.2

0.4

0.6

0.8

1

qdiff [W/m2]

D
eg

re
e 

of
 m

em
be

rs
hi

p

cl cldiff-1 diff-2cldiff-3

0 0.2 0.4 0.6 0.8 1

0

0.2

0.4

0.6

0.8

1

slights [0 - OFF, 1 - ON]

D
eg

re
e 

of
 m

em
be

rs
hi

p

cllights-1

cllights-2

cllights-3

1.5 2 2.5 3 3.5 4 4.5

0

0.2

0.4

0.6

0.8

1

s [1 - 5]

D
eg

re
e 

of
 m

em
be

rs
hi

p

clblinds-1

clblinds-3

cl blinds-2

clglob-2clill-2

e inp

i
t
s
F
q
(
5
d
o
o

p
0

0.98]

0.83]

.99]  

ut3 =
blinds

Fig. 5. Shape and distribution of the fuzzy membership functions on all fiv

nput–output data space. Generally, each input contributes to
he combined output according to the corresponding member-
hip functions, its centre position and kurtosis and Eqs. (2)–(5).
or instance, if the input data is the following: qill = 20, 000 lux,
glob = 560 W/m2, qdiff = 200 W/m2, slights = 0 (lights off) and sblinds = 4
90◦ slat angle (horizontal)) the estimated illuminance would be
69 lux, while the measured illuminance is 574 lux. The proce-
ure to obtain the estimated illuminance value is the following:
bserving the upper-left graph of Fig. 5, the membership degree
f the external illuminance (20,000 lux) multiplied by the blinds’

out1 =  [80,  000  lux  ·  0.42,  560  W/m2 ·  0.68,  200  W/m2 ·  0.30,  0  · 1.00,  4  · 

out2 =  [80,  000  lux  ·  0.19,  560  W/m2 ·  0.96,  200  W/m2 ·  0.70,  0  ·  1.00,  4  ·  

out3 =  [80,  000  lux  ·  0.06,  560  W/m2 · 0.26,  200  W/m2 · 0.10,  0  · 0.78,  4  · 0

qin =  out1 +  out2 +  o
osition (position 4) to clill−1 is 0.42, to clill−2 is 0.19 and to clill−3 is
.06, observing the upper-right graph, the membership degree of
uts for all three data clusters as obtained by the ANFIS training algorithm.

the global solar radiation (560 W/m2) to clglob−1 is 0.68, to clglob−2
is 0.96 and to clglob−3 is 0.26, observing the middle-left graph, the
membership degree of the diffuse solar radiation (200 W/m2) to
cldiff−1 is 0.30, to cldiff−2 is 0.70 and to cldiff−3 is 0.10, observing the
middle-right graph, the membership degree of the lights’ status
(lights off - 0) to cllights−1 is 1, to cllights−2 is 1 and to cllights−3 is 0.78
and observing the lower-left graph, the membership degree of the
blinds’ position (position 4) to clblinds−1 is 0.99, to clblinds−2 is 0.83
and to clblinds−3 is 0.98. Each value of the input and the correspond-
ing degrees of membership are used by Eqs. (2)–(5) accordingly in
Eq. (6):

 · [0.0002238,  −0.2234,  2.091, 453.3,  182.4]T −  373.1 =  389.8,

 ·  [0.002637,  0.3512,  1.361, −99.01,  −16.13]T −  168.1 =  197.8,

·  [0.01307,  −0.8077,  1.146,  128.5,  −1.442]T +  19.17  =  −18.49,

 569.1  lux,

(6)
the final result of the estimation is thus qin = 569.1 lux. Similarly,
the indoor illuminance estimation for different model inputs can
be obtained.
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Fig. 6. Illuminance model validation; first graph shows the comparison of the
measured (black line) and model simulated (grey line) indoor illuminances for 12
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r
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d

econstruction; third graph shows the position of the blinds and the lights’ status,
espectively; fourth graph shows the illuminance estimation error (dashed vertical
ines show the mean absolute error interval).

Fig. 6 shows the validation of the model by comparing the mea-
ured and model-estimated indoor illuminances for 12 different

ays (days 1–3: June, days 4–6: September, days 7–9: December,
ays 10–12: March), covering different solar positions and climatic
onditions. The model was validated using the data from different
ays than were used for the model training.
ings 70 (2014) 343–351 349

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 0 lux 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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xternal illuminance, global and diffuse solar radiations, blinds’
osition, lights’ status and indoor illuminance, in order to define the
elations and obtain the parameters of the model. After the model
s parameterized using the particular input/output measurements
f interest, simulated or otherwise acquired input data can be used,
eplacing the actual measurements if desired. The study has shown
hat a relatively simple fuzzy structure can be used in order to esti-

ate the indoor illuminance at a particular spot. Since the fuzzy
pproach is based on simple mathematics and the model’s struc-
ure only incorporates three membership functions per input and
hree fuzzy rules, the estimation of the indoor illuminance is very
ast, allowing the use of the model in broader online or offline envi-
onments. The evaluation of the model for 12 days of data as shown
n this paper (approximately 70,000 samples at 15 s sample time)
akes approximately 0.1 s on a desktop PC running Matlab R2009a
oftware, with the following specs: Intel Core 2 Quad, 2.4 GHz;

 Gb RAM; 32 bit Windows 7. Furthermore, low estimation errors
MAE = 25 lux, RMSE = 12.60%, MBE  = 7.76%) suggest a satisfactory
eliability for the proposed estimator.

The fuzzy black-box approach has its advantages and flaws,
hen compared to other similar methods, which need to be con-

idered when deciding for the appropriate illuminance-estimation
ethod. Briefly, the advantages of such an approach are the ease

f model design and parameterization, an accurate estimation, the
athematical simplicity, a quick calculation and the fact that only

imited knowledge of the process is needed. Since the fuzzy model
s parameterized from the measured data, the model’s structure can
lso be used at different latitudes, different building orientations,
indow sizes, indoor photometric and geometric characteristics,

tc., but only if the data is available to properly parameterize the
odel. This claim has not been experimentally validated; however,

ollowing the essence of the black-box approach, i.e., to define a
elation between the model’s inputs and outputs without exten-
ive knowledge about the background to the problem, but only
ossessing the required input/output data, the claim is reasonable.

While the proposed approach has certain advantages over other
ethods, it also has some general flaws, which mainly originate

rom the need for measurements. A fair number of measurements,
n as many real situations as possible, are needed in order to
btain a robust and versatile model that covers a broad range
f climatic conditions (external illuminance, solar radiation) and
ther influential variables (blinds, lights). Moreover, the proposed
pproach is able to estimate the illuminances for only one position;
hus, if the illuminance levels of different positions in a room are
equired, measurements from multiple illuminance sensors should
e obtained and used to train a multiple-output fuzzy model.

During the study it was discovered that, depending on the
esired model versatility for different conditions, measurements
or at least a few days (3–5) are needed in order to parameter-
ze the model to satisfactorily estimate the illuminance for similar
nputs. If estimations for a broader range of inputs are needed, at
east 15 days of data are required. In order to obtain the results as
hown in this paper, 30 days of data for different climatic conditions
hould be used. The study revealed, that the model performs sur-
risingly well even if the training data is obtained only during the
ummer (due to higher external illuminances and solar radiations)
nd the model is used for estimations in the other three seasons,
.e., training data: 15 consecutive days in July, validation data: 10
onsecutive days in January, yields: MAE  = 35 lux, RMSE = 18.1%,
BE  = 12.2%. Using a method in this manner, a relatively small

mount of model-training data is needed, which can be obtained
uickly in exchange for a slightly lower accuracy of the model.
The black-box fuzzy model for indoor illuminance estimation,
s presented here, is not primarily intended to be used as a stand-
lone application, although it can be, but to be included in broader
est environments, useful for a variety of studies, for instance:

[

ings 70 (2014) 343–351

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 Lindelöf [17], i.e., as a model-based
control approach using embedded controllers.
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era measurements in tracking-error fuzzy control of mobile robots, WSEAS
Transactions on Systems and Control 8 (2009) 441–450.

25] C.F. Reinhart, M.  Andersen, Development and validation of a Radiance model
for  a translucent panel, Energy and Buildings 38 (2006) 890–904.
26] J. Mardaljevic, Validation of a lighting simulation program under real sky con-
ditions, Lighting Research and Technology 27 (1995) 181–188.

27] T. Takagi, M. Sugeno, Fuzzy identification of systems and its applications to
modelling and control, IEEE Transactions on Systems Man  and Cybernetics 15
(1985) 116–132.

[

[
[

ings 70 (2014) 343–351 351

28] L.X. Wang, J.M. Mendel, Fuzzy basis functions, universal approximation, and
orthogonal least-squares learning, IEEE Transactions on Neural Networks 3
(1992) 807–814.

29] B. Kosko, Fuzzy systems as universal approximators, IEEE Transactions on Com-
puters 43 (1994) 1329–1333.
30] G.H. Ying, Necessary conditions for some typical fuzzy systems as universal
approximators, Automatica 33 (1997) 1333–1338.

31] R.R. Golberg, Methods of Real Analysis, John Wiley and Sons, New York, 1976.
32] C.H. Lin, Siso nonlinear system identification using a fuzzy-neural hybrid sys-

tem, International Journal on Neural Systems 8 (1997) 325–337.

http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0120
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0120
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0120
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0120
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0120
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0120
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0120
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0120
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0120
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0120
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0120
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0120
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0120
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0120
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0120
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0120
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0120
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0120
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0120
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0120
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0120
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0120
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0120
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0120
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0120
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0120
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0120
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0120
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0120
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0120
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0120
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0120
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0120
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0120
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0120
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0120
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0120
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0120
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0120
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0120
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0125
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0125
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0125
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0125
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0125
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0125
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0125
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0125
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0125
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0125
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0125
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0125
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0125
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0125
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0125
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0125
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0125
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0125
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0125
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0125
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0125
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0125
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0125
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0130
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0130
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0130
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0130
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0130
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0130
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0130
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0130
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0130
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0130
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0130
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0130
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0130
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0130
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0130
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0130
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0130
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0130
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0130
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0130
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0130
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0130
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0135
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0135
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0135
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0135
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0135
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0135
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0135
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0135
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0135
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0135
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0135
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0135
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0135
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0135
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0135
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0135
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0135
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0135
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0135
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0135
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0135
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0135
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0135
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0135
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0135
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0135
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0135
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0140
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0140
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0140
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0140
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0140
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0140
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0140
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0140
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0140
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0140
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0140
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0140
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0140
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0140
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0140
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0140
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0140
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0140
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0140
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0140
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0140
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0140
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0140
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0145
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0145
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0145
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0145
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0145
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0145
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0145
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0145
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0145
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0145
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0145
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0145
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0145
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0145
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0145
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0145
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0145
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0150
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0150
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0150
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0150
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0150
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0150
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0150
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0150
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0150
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0150
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0150
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0150
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0150
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0150
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0150
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0150
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0150
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0150
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0155
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0155
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0155
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0155
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0155
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0155
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0155
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0155
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0155
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0155
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0155
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0155
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0155
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0160
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0160
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0160
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0160
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0160
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0160
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0160
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0160
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0160
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0160
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0160
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0160
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0160
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0160
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0160
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0160
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0160
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0160
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0160
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0160
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0160
http://refhub.elsevier.com/S0378-7788(13)00799-8/sbref0160

	Using a fuzzy black-box model to estimate the indoor illuminance in buildings
	1 Introduction
	2 Indoor environment
	3 Black-box illuminance model
	3.1 Concept of the black-box approach
	3.2 Model structure
	3.3 External illuminance reconstruction
	3.4 Model parameterization

	4 Results
	5 Conclusion
	Acknowledgement
	References


