
Frontiers of Architectural Research (2018) 7, 151–166
Available online at www.sciencedirect.com
www.keaipublishing.com/foar

Frontiers of Architectural Research
https://doi.or
2095-2635/& 2
open access ar

nCorrespond
E-mail add
Peer review
RESEARCH ARTICLE
Verification tests of a mirror box type
artificial sky without and with building scale
model

Rizki A. Mangkuton, Mhd. Akbar Anthony Siregar
Laboratory of Building Physics and Acoustics, Engineering Physics Research Group, Institut Teknologi
Bandung, Jl. Ganesha 10, Labtek VI, Bandung 40132, Indonesia
Received 10 July 2017; received in revised form 31 January 2018; accepted 1 March 2018
KEYWORDS
Artificial sky;
Mirror;
Luminance;
Illuminance;
Building scale model;
Verification
g/10.1016/j.foar.2018.0
018 The Authors. Higher
ticle under the CC BY-N

ing author. Fax: +62 22
ress: armanto@tf.itb.ac
under responsibility of
Abstract
A mirror box type artificial sky for simulating the CIE standard overcast sky has been designed
and constructed, while the verification method has been developed and tested. Ratio between
the mirror height above the workplane and the room length is 60:133 or 0.451, whereas the
ratio between the mirror height above the workplane and the room width is 5:9 or 0.556. Taking
the CIE standard overcast sky as reference, indoor illuminance ratios at various elevation angles
relative to the zenith is found to be more consistent than luminance ratios. The largest error of
illuminance and luminance ratios are respectively 10% and 43%, obtained at 01 elevation angle.
Horizontal workplane illuminance values are on average 11,400 lx, with illuminance uniformity
U0 and U1 of respectively 0.92 and 0.86. Based on test results with a building scale model, four
out of nine measuring points inside the model have small errors, four have medium error, and
one has a large error of 25%. Most of the obtained errors are within the tolerable range of
7 21% from the ideal values. Based on the conducted tests, the constructed mirror box type
artificial sky is considered appropriate to be utilised for its purpose.
& 2018 The Authors. Higher Education Press Limited Company. Production and hosting by
Elsevier B.V. on behalf of KeAi. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

In the context of building design, daylighting is one of
the important components that positively contribute to
sustainability and energy efficiency. Many researchers have
shown that admission of daylight through openings such as
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windows in buildings give positive effect on health and well-
being of the occupants. Optimum use of daylighting can also
effectively reduce electrical energy consumption particu-
larly from the artificial lighting. Since daylight in reality is
constantly changing, a number of (mathematical) sky mod-
els have been proposed and adapted in standards and
building codes as reference for predicting daylight perfor-
mance of an interior space, particularly during the pre-
design stage of the building.

While direct calculation and estimation methods and
formulae are available, there are cases in which the room
geometries and/or fenestrations are too complex. In this
case, modelling and simulation technique is preferred, using
either physical or computational model. The latter becomes
increasingly more popular nowadays, owing to its flexibility
and efficiency. However, the use of physical (scale) model in
daylight performance prediction has still somehow got its
place in giving a better sensation and understanding of the
context, particularly for educational purpose in schools of
architecture and/or building science. Moreover, with scale
models, not only complex geometries can be analysed, but
simple modifications of the geometry can be made with
interchangeable parts (Pereira et al., 2012).

In daylighting studies, once a scale model is chosen to
represent a space, it should therefore be placed under a
real sky or an artificial sky. For the former case, Mardaljevic
(2002a) have shown that errors in scale model under real
overcast sky were over 50%, whereas under real clear sky,
the errors can be as large as 100%–250%. Under real skies,
there is a large variability not also in terms of exterior
illuminance, but also in terms of luminance distribution of
the sky itself, leading to a large departure from the
mathematical sky model.

As an alternative, artificial skies have been employed as
an analogical simulation tool (Dubois et al., 2015) for
predicting daylight performance in scale models, since
many aspects of the environment can be controlled and
standardised. In general, there are two types of artificial
skies: hemispherical and rectangular. The former is
employed to simulate the clear and intermediate skies, in
which the sky luminance distribution can be controlled
by varying the luminance of (many) individual lamps con-
structing the hemisphere. A hemispherical artificial sky
normally requires a large round space of 6–8m in diameter
Fig. 1 Illustration of sky vault in the
(Szokolay, 2008), thus requiring a relatively high construc-
tion cost. Many laboratories and schools of architecture
however have built this type of artificial sky for research
purpose (e.g. Kittler, 1974; Selkowitz, 1981; Stupple et al.,
1989; Lioutsko and Spiridonov, 1992; Michel et al., 1995;
Mardaljevic, 2002b; Bodart et al., 2006).

The latter form of artificial sky, the so-called mirror box
type artificial sky, has a limited function as simulator of the
CIE standard overcast sky, but is easier to construct due to
its relatively simple design. Typically, a number of tubular
or strip lamps/luminaires are placed on the ceiling of the
rectangular room, and a layer of diffuse translucent mate-
rial is placed beneath the luminaires to diffuse the light
throughout the room. The room walls are covered with
plane mirrors, usually up to the workplane height, to create
inter-reflection while giving the spatial perception of an
infinite horizon. To avoid reflection from below the mirrors,
the lower walls are usually painted black or covered with
black matte material. Despite its simplicity, there are not
many scientific reports on testing and verification of mirror
box artificial skies. Few examples (though not all of them
are publicly available) are Coosky et al. (1989); Bouten and
Rutten (1995); Matusiak and Arnesen (2005); Pereira et al.
(2012). In those mentioned examples, verification tests
were mostly performed either in empty room condition or
inside a scale model under the artificial sky, but rarely both.
This study therefore focuses on both types of verification
tests, conducted in a newly constructed mirror box artificial
sky. In order to conduct a proper verification test, mathe-
matical models of the overcast sky and the daylight avail-
ability metrics shall be revisited and kept as reference.
1.1. Mathematical model

The standard overcast sky was originally proposed by Moon
and Spencer (1942), which were later adopted by the
International Commission on Illumination (CIE, 2003; 2014)
and is still applied nowadays to describe a hypothetical
version of the worst case scenario in which the sky is
covered with thick clouds without any visible patch of the
sun. In this model, the sky vault luminance (Fig. 1) observed
at a given elevation angle θ, Lθ [cd/m2], is empirically
related with the zenith luminance (θ = 901), Lz [cd/m2],
CIE standard overcast sky model.



Fig. 2 Illustration of a measuring point U at a distance D from
a vertical, effective daylight opening ABCD.
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according to the following model:

Lθ ¼ Lz
1þ 2 sin θ

3
ð1Þ

so that the ratio between Lθ and Lz is:

Lθ
Lz

¼ 1þ 2 sin θ

3
ð2Þ

Eq. (1) clearly shows that the sky vault luminance
depends only on the elevation angle θ, and is independent
of the azimuth angle α. Eq. (2) implies that the relative sky
luminance distribution remains constant despite any
changes of Lz, since the ratio Lθ/Lz at any elevation angle
θ depends only on the value of θ itself.

In addition, since it is largely practical to measure
illumination using illuminance, the value of ground illumi-
nance beneath the sky vault is also of common interest.
Referring to Fig. 1, the horizontal illuminance at point O
due to differential element of the sky vault is:

dEo ¼
Lθ⋅rdθ⋅rdα⋅ cos θ

r2
sin θ¼ Lθ sin θ cos θ⋅dθ⋅dα ð3Þ

Substituting Lθ from the definition in Eq. (1), the hor-
izontal illuminance at point O, Eo [lx], due to the entire sky
vault is:

Eo ¼ ∫ 2π
0 ∫ π=2

0
Lz
3
ð1þ 2 sin θÞ sin θ cos θdθdα

¼ Lz
3

1
2
sin 2θ þ 2

3
sin 3θ

� �π=2
0

⋅α
���2π
0
¼ 7
9
πLz

ð4Þ

Suppose the horizontal plane on which point O lies is now
tilted with an angle γ = 901–θ, the illuminance at point O, Eθ
[lx], becomes complex enough to compute using analytical
approach. As an alternative, numerical approach using
validated lighting simulation package Radiance (Ward and
Shakespeare, 1998) can be conducted. The standard Gensky
program that has capability to model the CIE standard
overcast sky was applied, so that illuminance at any point
with any x, y, z orientation under the modelled sky can be
computed accurately. After applying polynomial regression
for Eθ/Eo at θ = 0–901, the following model is obtained:

Eθ

Eo
≈ 0; 446838 þ 7; 82059⋅10−3θ

þ 3; 26125⋅10−5θ2−5; 681519⋅10−7θ3 ð5Þ
In building design practice, the designated value of Eo is

commonly taken as 10,000 lx. The probability of exceeding
this value in a working year period varies between coun-
tries, but is typically within the range of 80%–90%. In
locations near the equator such as Makassar, Indonesia,
the Eo value of 10,000 lx is exceeded about 96% of the time,
while 14,350 lx is exceeded 90% of the time (Rahim, 2009).
The Indonesian national standard on daylighting, SNI 03-
2396-2001 (BSN, 2001) however suggests the use of 10,000 lx
as minimum design sky criterion, referring to the study of
Adhiwijogo (1969) in Bandung.

In the application of daylighting in buildings, the use of
daylight factor (DF), i.e. the ratio between indoor and unob-
structed diffuse outdoor illuminance has been a common
practice. To predict the DF inside buildings at pre-design stage,
the split-flux method (Hopkinson et al., 1966; Tregenza, 1989)
has been long acknowledged, in which DF is assumed to consist
of three main components: the sky, externally reflected, and
internally reflected components (SC, ERC, IRC).

DF ¼ SCþ ERCþ IRC ð6Þ
According to SNI 03-2396-2001, SC, i.e. the ratio between

indoor illuminance directly received from the visible sky (Ei,s
[lx]) and unobstructed diffuse outdoor horizontal (Eo [lx]), is
regarded as the most contributor in DF, so that the daylight
availability criteria can be provided in SC only, instead of DF.
However, SNI 03-2396-2001 assumes the use of uniform over-
cast sky model (Yamauti, 1924) in computing SC, despite the
fact that the uniform sky model has been rendered obsolete.

The analytical value of SC largely depends on the
geometrical situation of the point and the daylight opening
in question. Suppose a measuring point U lies on a horizontal
plane inside a room with an effective, vertical daylight
opening (from which the sky is visible without any internal
nor external obstructions) ABCD, where A is the projection
of U on the plane of ABCD (Fig. 2), and no glazing is applied
on the opening. Assuming the CIE standard overcast sky, the
SC at point U can be determined as follows:

SC¼ Ei;l

Eo
¼

Lz
3
∫ θ′
0 ∫ β

0 ð1þ 2sinθÞ sin θ cos θdθdα

7
9
πLz

¼ 3
7π

∫ θ′
0 ð1þ 2 sin θÞ sin θ cos θdθ⋅∫ β

0 dα

¼ 3
14π

ðβ−β′ cos γÞ þ 2
7π

arcsinð sin β sin γÞ− 1
7π

ð sin 2γ sin β′Þ
ð7Þ

knowing that:

tan θ′¼ tan γ cos α ð8Þ

tan β¼ L
D

ð9Þ

tan γ ¼ H
D

ð10Þ

tan β′¼ tan β cos γ ¼ Lffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
H2 þ D2

p ¼ L=Dffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðH=DÞ2 þ 1

q ð11Þ

where L, H, and D refer to Fig. 2. In the case where the
projection of U does not coincide with any vertex of the
effective daylight opening, the SC shall then be computed
with geometrical addition and/or subtraction, as explained
for instance in SNI 03-2396-2001.



Fig. 3 Floor plan of the artificial sky.

Fig. 4 South elevation view of the artificial sky.
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For a complete prediction, the ERC shall be determined
from the ‘sky component’ due to external obstructions (SCp)
multiplied with their reflectance (Rp), which is normally
taken as 0.2 (Chan, 2008).

ERC¼ SCp � Rp ð12Þ
The IRC can be determined as follows (Hopkinson et al.,

1954):

IRC¼ τjAj

Að1−RÞ ðCRfw þ 5RcwÞ ð13Þ

where τj is the glazing transmittance, Aj is the window area
[m2], A is the total room surface area [m2], R is area-
weighted average of room surface reflectance, Rfw is area-
weighted average of room surface of floor and lower walls
(calculated from the midpoint of the window), Rcw area-
weighted average of room surface of ceiling and upper
walls, and C is a coefficient depending on the obstruction
angle (for 01, C = 39 (Chan, 2008)).

To give a somehow more realistic estimation, correction
factors for room maintenance (M), glazing type (G), and
frame or bar type (B). For a typical vertical window in a
relatively clean room at a non-industrial area, M is taken as
0.90; for clear glass, G is 1.00; and B, which is the ratio
between net and total glazing area, can be estimated at
maximum 0.85 (Szokolay, 2008). The final corrected DF
value is therefore:

DF¼ ðSCþ ERCþ IRCÞ �M� G� B ð14Þ

1.2. Physical model

In principal, a mirror box type artificial sky shall be designed
in such a way that it satisfies the following requirement:

1. The ‘sky’ luminance distribution, described with the
luminance ratio Lθ/Lz at various elevation angles θ and
azimuth (orientation) angles α, shall follow Eq. (2).
Though not originally described in the mathematical
model of the sky, the illuminance ratio Eθ/Eo shall follow
Eq. (5).

2. The diffusor material shall possess a certain luminous
intensity distribution, as described by Matusiak and
Arnesen (2005). The luminance observed from a certain
point at an elevation angle θ is related to the luminous
intensity Iγ [cd] of the ‘sky’ element at an angle γ relative
to the ceiling normal (i.e. γ = 901 – θ), as follows:

Lθ ¼
Iγ

dA cos γ
ð15Þ

where dA is the area of differential element of the
observed sky. The zenith luminance, i.e. the luminance
observed at γ = 0 is:

Lz ¼
I0
dA

ð16Þ

Substituting Lθ and Lz into Eq. (1), yields:

Iγ ¼
1
3
I0 cos θ⋅ð1þ 2 sin θÞ ð17Þ

which is the ‘optimal’ luminous intensity distribution of a
diffusor, so that the luminance distribution of the CIE



Fig. 5 (a) North elevation and (b) east/west elevation view of the artificial sky.
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standard overcast sky can be realised.
If the optimal luminous intensity distribution can be
provided, the horizontal workplane illuminance under
the artificial sky will be largely uniform. The uniformity is
normally described with U0, i.e. the ratio between
minimum and average illuminance, or U1, i.e. ratio
between minimum and maximum illuminance throughout
the workplane. No specific criteria are prescribed for
uniformity, but a relatively high criterion is proposed in
this study: U0 Z 0.8. The average workplane illuminance
is set to be at least 10,000 lx, following SNI 03-2396-2001
(BSN, 2001).

3. The geometry of the artificial sky room shall follow a
certain ratio to allow sufficient amount of multiple
reflections from the mirrors. Measured from the room
centre at the workplane with a distance h to the ceiling,
the required elevation angle θn to achieve n multiple
reflections is

θn ¼ arctan
h

ð2nþ 1Þr ð18Þ

where r is the lateral distance between the room centre to
the mirror (Matusiak and Arnesen, 2005). Considering multi-
ple reflections also lead to a certain height above which a
number of reflections occur. The relevant height beneath
the so-called ‘n-reflection zone’ is:

hn ¼
h

2nþ 1
ð19Þ

where h is the mirror height above the workplane. Empiri-
cally, the ratio between h and the room width shall be near
2:3 if the mirror reflectance is larger than 90% (Coosky
et al., 1989). Otherwise, a smaller ratio up to 2:5 can be
applied (Matusiak and Arnesen, 2005). It should be noted
that Matusiak and Arnesen (2005) suggested a ‘round’ shape
as optimal plan for mirror box artificial sky; this concept
however is not considered in this current study, due to
limited space availability and construction budget.

In order to study the daylighting performance of a
building scale model under an artificial sky, the scale model
shall be constructed in a sufficiently large scale, normally
between 1:10 and 1:20, to allow free movement of the
persons operating the measurement. Having the scale
model placed on a table, the DF (or SC, if all interiors of
the scale model is painted black) at any point inside the
model can be obtained by simultaneously measuring indoor
illuminance Ei and diffuse outdoor illuminance Eo. The latter
is normally measured on the rooftop of the scale model.
However, if the ceiling of the artificial sky is not extremely
high compared to the height of the scale model, it is
perhaps more accurate to measure Eo at the centre of the
table without the scale model, and define a correction
factor relating the values of Eo at the scale model's rooftop
and at the table centre (without the scale model).

1.3. Objectives

The objectives of this study are to design and to physically
verify a new construction of a mirror box artificial sky,
taking into account all criteria mentioned in Section 1.2.
Two verification tests were performed, without and with a
building scale model inside the artificial sky room. Section 2
provides the methods in designing the room and conducting
the verification tests. Section 3 provides the results and
discussion, whereas Section 4 concludes the article.

2. Methods

2.1. Room design

The mirror box type artificial sky in this study was con-
structed in August-October 2016 in Institut Teknologi Ban-
dung, Bandung, Indonesia, utilising an existing internal
space measuring 2660 mm � 2160mm � 2300mm. Fig. 3
displays the floor plan of the artificial sky room.

The room walls were covered with mirrors of 1200 mm
high, installed at 800mm above the floor. The mirror
reflectance is on average (787 5)%. Due to limited avail-
ability of lengthy mirrors, three pieces of mirror were
applied on the south wall (Fig. 4), of which the middle
one is 1800 mm wide. On the north wall, a piece of mirror
was installed in front of the door (Fig. 5a, left-hand side)
with a separate frame and jamb that opens inward (whereas
the room door opens outward, see Fig. 4). On the east and
west walls (Fig. 5b), the mirrors were installed in their
entire piece.



Fig. 6 Interior views of the artificial sky taken with 1801
fisheye lens, viewed from the west wall.

Fig. 7 Layout plan of the measuring points in the artificial sky,
at a height of 800 mm above the floor.
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On the higher end of the mirror, at the height of 2000 mm
above the floor, a 4 mm thick tempered glass were installed
in three pieces; the middle piece is 1800mm � 2160mm,
whereas the other two are 430mm � 2160 mm each. The
entire glass was covered with adhesive sandblast paper as
light diffusor on the interior side, and was supported on
perforated iron beams that were painted white.

Having known the room geometry, the ratio between the
mirror height above the workplane and the room length is
60:133 or 0.451, whereas the ratio between the mirror
height above the workplane and the room width is 5:9 or
0.556. Since the mirror reflectance is roughly 78% (o 90%),
the room geometry has satisfied the third criterion, i.e. be
between 2:3 and 2:5.

To minimise lower side reflections, the lower walls were
covered with black matte rubber mattress. Reflections from
floor tend to be negligible, and the floor was left untreated
with tile finishing of approximately 10% reflectance. Fig. 6
display the interior view of the artificial sky room taken
with 1801 fisheye lens, viewed from the west wall.

For the light source, 32 units of armature MASTER TL5 HE
21W/840 were installed (see Fig. 3). Each armature houses
two Philips TMS122 2 �TL5–28W HFS of 1100mm long, with
a rated correlated colour temperature (CCT) of 4000 K. Each
luminaire emits approximately 3242 lm, yielding a total of
103,700 lm before entering the diffusor. Six electrical
switches were connected to the luminaire system, allowing
one to obtain light output of 6.25%, 12.5%, 25%, 50%, 75%,
and 100% of the maximum.
2.2. Verification without scale model

After the artificial sky room has been constructed, two
series of verification test, i.e. under empty condition and
with scale model, were performed. For the first test, layout
plan of the measuring points are displayed in Fig. 7. All
luminaires were turned on 100% and were kept idle for
approximately an hour to stabilise the output.
To measure the ratios of Lθ/Lz and Eθ/Eo, luminance and
illuminance values were taken at Points 3, 6, 8, 10, and 13,
using luminance meter Konica Minolta LS-110 and luxmeter
HiTester Hioki 3423. The central point of the instrument
sensor was placed at a height of 800 mm above the floor, i.e.
level with the lower edge of the mirrors. Values were read
for various elevation angle θ within the range of 0–901 with
interval of 101, aiming at four cardinal orientations (north,
east, south, and west). In addition, a high dynamic range
(HDR) image of the ceiling was also taken using 1801 fisheye
lens at Point 8, and was later post-processed using Hdrscope
program to visualise the luminance distribution map.

In turn, the workplane illuminance values at the 15
measuring points were taken at six rounds, each started
at 60, 75, 90, 100, 110, and 120min since all luminaires
were turned on initially. During the data collection, the
room was kept empty (without scale model and its table),
excluding the instruments and the operating person.
2.3. Verification with scale model

For the second verification test, a building model of 1:10
scale, measuring 400 mm � 400mm � 300mm, was
employed. The size of this scale model refers to the
specification of the interior space in test case 5.11 of CIE
171:2006 document (CIE, 2006), which was proposed to
assess the accuracy of (computational) lighting simulation
programs. The entire interior and exterior surface of the
model was painted matte black. On one of the walls, there
exists an opening (window) of 200mm � 100 mm, without
any glazing (Fig. 8a). Nine illuminance measuring points
were defined on the floor (Fig. 8b). Note that these points
are different from those defined in the test case 5.11, to
simplify the procedure and the analysis. Fig. 9 displays the
photograph image of the scale model placed inside the
artificial sky, viewed from northwest towards southeast.

The following procedure was observed during the verifi-
cation test:
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1) All luminaires were turned on 100% and were maintained
for approximately an hour.

2) After 1 h, the scale model was centrally placed on a table
inside the artificial sky room (Fig. 9). The window of the
model was positioned facing east.

3) The sensor of a luxmeter was placed on the rooftop of
the scale model, facing the ceiling.
Fig. 8 (a) Elevation view of the window wall, and (b) floor
plan of the scale model used for verification.

Fig. 9 Actual picture of the scale
4) The sensor of another luxmeter (identical brand and
type) was place inside the scale model, on a ‘raiser’ at
the particular measuring point, so that the sensor was
75mm above the model floor. The cable connecting the
sensor and the meter body was stretched to pass a small
hole made on a wall of the model.

5) Both illuminance values were read simultaneously. During
the reading, the operating person knelt on the room
floor, to minimise any possible reflection occurring above
the workplane.

6) Steps 4 and 5 were repeated for all measuring points in
the scale model.

7) The scale model was rotated 1801 so that the window
became facing west. Step 3 until 6 was then repeated.

Since interior reflectance of the scale model can be
assumed zero and external obstructions (which in this case
are the mirrored images of the model itself) are distant
enough to contribute to the interior illuminance, the ratio
between interior (Ei) and exterior (Eo) illuminances at each
measuring point is equal to the sky component SC. Having
known the window geometry and positions of each point,
the ideal SC can be determined analytically using Eq. (7),
with the application of geometrical addition and subtrac-
tion. Fig. 10 displays the elevation view of the window wall
model inside the artificial sky.

Fig. 10 Elevation view of the window wall of the scale model,
together with the projected measuring points.



Table 1 Luminance ratio Lθ/Lz at five measuring points inside the artificial sky, averaged over four orientations.

θ [1] Ideal Point 3 Point 6 Point 8 Point 10 Point 13 Average

0 0.3333 0.2814 0.1552 0.1899 0.1544 0.1642 0.1890
10 0.4491 0.4503 0.4031 0.471 0.4129 0.3973 0.4269
20 0.5613 0.5659 0.5302 0.6248 0.4511 0.5457 0.5435
30 0.6667 0.6334 0.6902 0.7856 0.6226 0.6720 0.6808
40 0.7619 0.9070 0.7556 0.8956 0.7647 0.7406 0.8127
50 0.8440 1.0522 0.8282 0.8233 0.8237 0.7936 0.8642
60 0.9107 1.0005 0.8540 1.1577 0.8968 0.9424 0.9703
70 0.9598 1.0543 0.9660 1.1867 0.9470 0.9274 1.0163
80 0.9899 1.0287 0.9288 1.273 0.9706 0.9913 1.0385
90 1 1 1 1 1 1 1

Table 2 Relative error [%] of luminance ratio Lθ/Lz at five measuring points inside the artificial sky, averaged over four
orientations.

θ [1] Point 3 Point 6 Point 8 Point 10 Point 13 Average

0 15.6 53.4 43.0 53.7 50.7 43.3
10 0.3 10.2 4.9 8.1 11.5 7.0
20 0.8 5.6 11.3 19.6 2.8 8.0
30 5.0 3.5 17.8 6.6 0.8 6.8
40 19.1 0.8 17.6 0.4 2.8 8.1
50 24.7 1.9 2.5 2.4 6.0 7.5
60 9.9 6.2 27.1 1.5 3.5 9.6
70 9.8 0.6 23.6 1.3 3.4 7.8
80 3.9 6.2 28.6 1.9 0.1 8.2
90 0.0 0.0 0.0 0.0 0.0 0.0
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of the scale model, together with the projected measuring
points and the necessary auxiliary points on the wall.

The SC value at Point A, B, and C depends on the width
(L) and height (H) of planes A′LWS, A′KTS, A′KQR, and A′LNR,
and the distance (D) between the measuring point and the
wall. Applying geometrical addition and subtraction gives
that the SC at those three points is: SCA/B/C = SCA′LWS – SCA′
KTS + SCA′KQR – SCA′LNR. The same concept gives that the SC
at Point D, E, and F is SCD/E/F = SCD′KTV – SCD′KQP + SCD′LWV –

SCD′LNP = 2(SCD′KTV – SCD′KQP). Due to symmetry, the SC at
Point G, H, and I is respectively equal to the SC at Point A,
B, and C.

Fig. 8(b) shows that the distance D is 100mm at Point A,
D, and G; 200mm at Point B, E, and H; and 300mm at Point
C, F, and J. Therefore, the SC at Point A (equal with Point
G), B (equal with H), and C (equal with I) can be computed
respectively as follows:

� SCA = SC (L/D = 250/100, H/D = 125/100) – SC (L/D =
50/100, H/D = 125/100) + SC (L/D = 50/100, H/D = 25/
100) – SC (L/D = 250/100, H/D = 25/100)

� SCB = SC (L/D = 250/200, H/D = 125/200) – SC (L/D =
50/200, H/D = 125/200) + SC (L/D = 50/200, H/D = 25/
200) – SC (L/D = 250/200, H/D = 25/200)

� SCC = SC (L/D = 250/300, H/D = 125/300) – SC (L/D =
50/300, H/D = 125/300) + SC (L/D = 50/300, H/D = 25/
300) – SC (L/D = 250/300, H/D = 25/300)
In turn, the SC at Point D, E, and F can be computed
respectively as follows:

� SCD = 2 [SC (L/D = 100/100, H/D = 125/100) – SC
(L/D = 100/100, H/D = 25/100)]

� SCE = 2 [SC (L/D = 100/200, H/D = 125/200) – SC
(L/D = 100/200, H/D = 25/200)]

� SCF = 2 [SC (L/D = 100/300, H/D = 125/300) – SC
(L/D = 100/300, H/D = 25/300)]

Applying Eq. (7) until (11), one will be able to determine
the ideal (analytical) SC value at every measuring point in
question.

3. Results and discussion

3.1. Verification without scale model

3.1.1. Luminance and illuminance ratios
Verification results of the luminance ratio Lθ/Lz at five
measuring points inside the empty artificial sky, averaged
over four orientations (north, east, south, west), are shown
in Table 1, whereas the relative errors, i.e. the absolute of
[measured value – ideal value] / ideal value (in percentage)
are shown in Table 2. Meanwhile, results of Lθ/Lz at four
orientations, averaged over the measuring points, are
shown in Table 3, whereas the relative errors are tabulated



Table 4 Relative error [%] of luminance ratio Lθ/Lz at
four orientations inside the artificial sky, averaged over
five measuring points.

θ [1] North East South West Average

0 42.8 45.9 38.6 45.9 43.3
10 4.4 5.1 7.2 3.0 4.9
20 0.5 5.4 8.3 1.5 3.9
30 2.4 4.9 2.6 3.8 3.4
40 6.3 6.9 5.4 8.1 6.7
50 3.5 5.3 4.2 3.4 4.1
60 10.7 6.2 1.1 10.4 7.1
70 19.0 2.8 5.1 6.8 8.4
80 12.9 7.4 2.0 1.3 5.9
90 0.0 0.0 0.0 0.0 0.0

Table 3 Luminance ratio Lθ/Lz at four orientations
inside the artificial sky, averaged over five measuring
points.

θ [1] Ideal North East South West Average

0 0.3333 0.1907 0.1805 0.2047 0.1802 0.1890
10 0.4491 0.4292 0.4263 0.4168 0.4354 0.4269
20 0.5613 0.5586 0.5311 0.5145 0.5699 0.5435
30 0.6667 0.6827 0.6993 0.6492 0.6917 0.6808
40 0.7619 0.8098 0.8147 0.8028 0.8235 0.8127
50 0.8440 0.8738 0.8884 0.8797 0.815 0.8642
60 0.9107 1.0080 0.9668 0.9011 1.0052 0.9703
70 0.9598 1.1426 0.9863 0.9112 1.0249 1.0163
80 0.9899 1.1176 1.0631 0.9704 1.0029 1.0385
90 1 1 1 1 1 1

Fig. 11 Plot of luminance ratio Lθ/Lz and elevation angle θ
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in Table 4. Scatter plot between Lθ/Lz and elevation angle θ
is displayed in Fig. 11. The luminance distribution map of
the ‘sky’ vault is displayed in false colour scale in Fig. 12.

Results of verification of illuminance ratio Eθ/Eo at five
measuring points inside the empty artificial sky, averaged
over four orientations, are shown in Table 5, whereas the
relative errors are shown in Table 6. Meanwhile, results of
Eθ/Eo at four orientations, averaged over the measuring
points, are shown in Table 7, whereas the relative errors are
tabulated in Table 8. Scatter plot between Eθ/Eo and
elevation angle θ is displayed in Fig. 13.

The verification tests show that the illuminance ratio data
are generally more consistent than the luminance one. This is
possibly due to the fact that a luminance meter has a much
smaller viewing angle (around 21) and higher sensitivity com-
pared to luxmeter, so that a small change on the light output
may be detected as a significant change of luminance value.

The mean errors of illuminance ratios are also relatively
smaller than those of luminance ratios. The largest error of
averaged illuminance ratios is 10.3%, obtained at 01 eleva-
tion angle, while the largest error of averaged luminance
ratios is 43.3%, also at 01. At elevation angles larger than
201, the obtained errors for both luminance and illuminance
ratios are on average less than 10%, hence negligible.
Variations over orientations are smaller compared to those
over points; hence the azimuthal uniformity can be reason-
ably achieved in this artificial sky, even though there are
spatial differences probably due to different reflectances of
the mirror pieces. A larger error at 01 elevation angle is not
unpredictable, since there are large contributions from the
mirrored images at that angle. The sky luminance L0
becomes therefore ρL0 for the first mirrored image, added
with ρ2L0 for the second mirrored image, and so forth;
where ρ is the mirror reflectance, assuming a perfectly flat
and homogenous mirror surface.
, classified by: (a) measuring points and (b) orientation.



Fig. 12 Luminance map distribution of the ‘sky’ vault, displayed in false colour scale (in cd/m2).

Table 5 Illuminance ratio Eθ/Eo at five measuring points inside the artificial sky, averaged over four orientations.

θ [1] Ideal Point 3 Point 6 Point 8 Point 10 Point 13 Average

0 0.4468 0.4851 0.3853 0.4626 0.5383 0.4700 0.4683
10 0.5277 0.4732 0.4963 0.4711 0.6069 0.4821 0.5059
20 0.6117 0.5440 0.6418 0.5507 0.6524 0.6211 0.6020
30 0.6955 0.7007 0.7277 0.7136 0.6885 0.7150 0.7091
40 0.7755 0.7954 0.7911 0.7894 0.7646 0.7984 0.7878
50 0.8484 0.8228 0.8319 0.8346 0.8307 0.8540 0.8348
60 0.9108 0.8461 0.9340 0.8654 0.8681 0.9044 0.8836
70 0.9592 1.0062 1.0018 0.9809 0.9077 1.0123 0.9818
80 0.9903 1.0809 0.9828 1.0893 0.9437 1.0697 1.0333
90 1 1 1 1 1 1 1
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It is also observed that at several elevation angles, the
luminance or illuminance ratios are larger than 1, which
means the zenith is not the brightest spot in the sky vault.
Looking at the luminance map distribution in Fig. 12, it is
evident that due to the two-column configuration of the
luminaires, there are small gaps between these two co-
lumns, yielding a slightly darker zenith, compared to its
immediate surrounding. In the ideal case, a perfect diffusor
should be able to eliminate the problem. Nevertheless,
since the situation mostly happens at high elevation angle
(701 � 801), which rarely contributes to the interior
illuminance of a building space, the problem can be some-
how overcome.
3.1.2. Average illuminance and uniformity
Verification results of the horizontal workplane illuminance
at 15 measuring points, together with the average
(Eav), minimum (Emin), maximum (Emax) illuminance, and
uniformity U0 (= Emin/Eav) and U1 (= Emin/Emax) are dis-
played in Table 9. The values were obtained at six rounds,
each started at respectively 60, 75, 90, 100, 110, and
120 min after the entire luminaires were turned on.

It is observed that all values at all six rounds are
consistent, giving average workplane illuminance of around
11,400 lx, minimum around 10,500 lx, and maximum around
12,200 lx, thus well above the target of 10,000 lx. The
illuminance uniformity U0 is 0.92 (satisfying the minimum
criterion of 0.80), whereas U1 is 0.86, both values practi-
cally unchanged over time. Therefore, the constructed
artificial sky has satisfied the criteria related with average
illuminance and uniformity on the workplane.

There is a tendency that the illuminance decreases over
time, in which for instance the average illuminance mea-
sured at the sixth round (i.e. two hours after the initial
burning) was approximately 6% less than that at the first
round, as illustrated in Fig. 14. Assuming a linear relation-
ship, the average illuminance at the sixth round was



Table 6 Relative error of illuminance ratio Eθ/Eo at five measuring points inside the artificial sky, averaged over four
orientations.

θ [1] Point 3 Point 6 Point 8 Point 10 Point 13 Average

0 8.6 13.8 3.5 20.5 5.2 10.3
10 10.3 6.0 10.7 15.0 8.6 10.1
20 11.1 4.9 10.0 6.6 1.5 6.8
30 0.8 4.6 2.6 1.0 2.8 2.4
40 2.6 2.0 1.8 1.4 3.0 2.1
50 3.0 1.9 1.6 2.1 0.7 1.9
60 7.1 2.5 5.0 4.7 0.7 4.0
70 4.9 4.4 2.3 5.4 5.5 4.5
80 9.2 0.8 10.0 4.7 8.0 6.5
90 0.0 0.0 0.0 0.0 0.0 0.0

Table 7 Illuminance ratio Eθ/Eo at four orientations
inside the artificial sky, averaged over five measuring
points.

θ [1] Ideal North East South West Average

0 0.4468 0.4712 0.4599 0.4803 0.4615 0.4683
10 0.5277 0.5041 0.5062 0.5146 0.4988 0.5059
20 0.6117 0.6036 0.5930 0.6185 0.5930 0.6020
30 0.6955 0.7181 0.6963 0.7153 0.7067 0.7091
40 0.7755 0.7783 0.7886 0.7940 0.7903 0.7878
50 0.8484 0.8509 0.8185 0.8366 0.8332 0.8348
60 0.9108 0.8971 0.8782 0.8888 0.8703 0.8836
70 0.9592 0.9986 0.9756 0.9792 0.9737 0.9818
80 0.9903 1.0394 1.0271 1.0497 1.0171 1.0333
90 1 1 1 1 1 1
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approximately 89% of that at the initial burning, i.e. a
reduction of 11%. Following the model, it will take approxi-
mately 3.6 h before the average illuminance is reduced to
10,000 lx; therefore the artificial sky shall be utilised only
within that maximum duration.
3.2. Verification with scale model

Verification results of the sky component [%] at nine measur-
ing points inside the scale model (Fig. 8) together with the
relative errors are shown in Table 10. Fig. 15a displays the
scatter plot between measured and ideal (analytical) SC in
the scale model, whereas Fig. 15b displays plot of SC as
function of distance to the window, referring to Fig. 8b.

It is observed that four of the measuring points (E, F, H, I)
has a relatively small error within 0.4% � 4%; other four (A,
B, C, G) has a relatively medium error within 13%–17%;
whereas Point D alone has a large error of around 25%. Point
D is the nearest to the window, thus observes the largest
effective daylight opening area. In the standard overcast sky
situation, the sky luminance observed at a measuring point at
any given elevation angle θ will be Lθ; however, in the
artificial sky, Lθ can only be achieved if θ is large enough so
that the ceiling can be directly observed from the measuring
point. At smaller elevation angles, an observer at the
measuring point will observe the mirrored images of the
ceiling, which luminance has been reduced to ρLθ for the first
image, ρ2Lθ for the second image, and so forth.

Fig. 16 illustrates the elevation view of the artificial sky
with the scale model placed in the centre, together with its
first mirrored image. From Point D, one can only directly
observe the ceiling at the maximum elevation angle θ1
= arctan ((100 + 25)/100) E 51.31 until θ2 = arctan (1200/
(1175 + 100)) E 43.31. At θ2 until the minimum elevation
angle θ3 = arctan (25/100) E 14.01, one can only observe
the first mirrored image of the ceiling. Therefore, Point D
(also Point A and G) receives both direct light from the
ceiling and the first reflected light, whereas the other
points receive only the first reflected light of the ceiling.

Nonetheless, looking at the room construction, there exist
two perforated iron beams on the ceiling, which were
installed to support the diffused tempered glass pieces, as
shown in Figs. 10, 13, and 16. These beams are clearly visible
from beneath the ceiling, and consequently yield significant
reduction on the ceiling edge luminance, in such a way that
Point A, D, and G receive light of a smaller quantity
compared to the ideal situation. After observing the data,
it seems that the reduction can be estimated with the
correction factors M � G � B in Eq. (14). Taking the
maximum possible values, i.e. 0.90 � 1.00 � 0.85 = 0.765,
the ‘ideal’ SC at Point D would be 8.58%, and the ‘ideal’ SC at
Point A and G would be 2.70%. This approach can reduce the
error at Point D to 1.5%, at Point A to 13.2%, and at Point G to
8.1%. At the other points, this approach is not necessary since
the constructed elevation angles are not large enough to
observe the ceiling edge as previously explained.

In general, the verification results of SC inside the scale
model can be deemed acceptable, since most of the
obtained errors (departure from the ideal values) are within
the range of 7 21%, i.e. the upper and lower limits of global
errors commonly used in validation of lighting simulation
programs with experiments (CIE, 2006). The tolerable level
of uncertainty is relatively large, considering various poten-
tial sources of error in experimental setups, which in this
case mostly due to non-uniformity and non-symmetry of the
scale model's surface reflectance and dirt depreciation.
Pereira et al. (2012) have however shown that employing
building scale models in daylighting study is still reliable,
which is confirmed in this current study.



Fig. 13 Plot of illuminance ratio Eθ/Eo and elevation angle θ, classified by: (a) measuring points and (b) orientation.

Table 8 Relative error of illuminance ratio Eθ/Eo at
four orientations inside the artificial sky, averaged over
five measuring points.

θ [1] North East South West Average

0 5.5 2.9 7.5 3.3 4.8
10 4.5 4.1 2.5 5.5 4.1
20 1.3 3.1 1.1 3.1 2.1
30 3.2 0.1 2.8 1.6 2.0
40 0.4 1.7 2.4 1.9 1.6
50 0.3 3.5 1.4 1.8 1.7
60 1.5 3.6 2.4 4.4 3.0
70 4.1 1.7 2.1 1.5 2.4
80 5.0 3.7 6.0 2.7 4.3
90 0.0 0.0 0.0 0.0 0.0
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3.3. General discussion

3.3.1. Comparison with hemispherical type
It is generally understood that, compared with the mirror
box type, the hemispherical type artificial sky is more
common and is still considered a better representation of
the ideal and/or real sky conditions. Performance verifica-
tion results of the hemispherical type artificial sky in
literature are therefore discussed here for the purpose of
comparison.
In the study of Selkowitz (1981), the light sources were “a
fluorescent lamp system arranged in 12 banks of fixtures,
and each sector consists of five fixtures holding two 4-foot
fluorescent lamps mounted perpendicular to the dome
radius”. In the case of CIE overcast sky, agreement between
the ideal and measured values of Lθ/Lz were reported as
“excellent”. The numerical values were not reported,
though it may be estimated from the provided graph that
there was an overestimate of roughly 0.02 at 701 elevation
angle and an underestimate of roughly 0.05 at 801. Varia-
tions of the measured values over various orientations, or
whether the reported values were averaged, are unknown
from the report.

In the study of Michel et al. (1995), the light sources were
25 disc luminaires arranged to represent 1/6 of the Tre-
genza sky vault, and the scale model was placed in a
turntable that performed an automated scanning process
to model the entire sky vault. The standard deviation of
relative discrepancy between ideal and measured lumi-
nance values for the CIE overcast sky was reported to be
1.6%. The reproducibility dispersion in estimating DF using
scale model was smaller than 3.4%.

In the study of Bodart et al. (2006), the light sources were
91 tungsten halogen lamps placed in hexagonal array to
represent one patch of the Tregenza sky vault, and hence
adapting the concept of section sky simulator as in Michel
et al. (1995). The reported absolute difference between
ideal and measured luminance values for the CIE overcast
sky was less than 1%, while the simple parallax error was
below 12.5%.



Table 9 Horizontal workplane illuminance [lx] at 15 measuring points inside the artificial sky.

Round

Point 1 2 3 4 5 6 Average

1 11,330 11,120 11,110 10,840 10,670 10,550 10,937
2 11,880 11,750 11,700 11,340 11,230 11,110 11,502
3 12,070 12,030 11,940 11,780 11,580 11,490 11,815
4 11,690 11,520 11,380 11,250 11,100 11,110 11,342
5 10,840 10,670 10,640 10,540 10,280 10,190 10,527
6 11,420 11,180 11,230 10,960 10,880 10,740 11,068
7 12,020 11,800 11,870 11,630 11,500 11,250 11,678
8 12,420 12,190 12,150 12,010 11,840 11,710 12,053
9 12,060 11,720 11,710 11,480 11,430 11,270 11,612
10 11,150 11,000 10,930 10,800 10,600 10,400 10,813
11 11,560 11,230 11,280 11,080 11,060 10,840 11,175
12 12,260 12,010 11,910 11,690 11,670 11,490 11,838
13 12,600 12,340 12,320 12,210 11,990 11,850 12,218
14 12,110 11,880 11,980 11,770 11,520 11,430 11,782
15 11,270 11,020 11,060 10,930 10,790 10,490 10,927
Eav 11,779 11,564 11,547 11,354 11,209 11,061 11,419
Emin 10,840 10,670 10,640 10,540 10,280 10,190 10,527
Emax 12,600 12,340 12,320 12,210 11,990 11,850 12,218
U0 0.92 0.92 0.92 0.93 0.92 0.92 0.92
U1 0.86 0.86 0.86 0.86 0.86 0.86 0.86

Fig. 14 Plot of minimum, average, and maximum illuminance over time (in minutes) after the initial burning.
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To summarise, the obtained errors in all of those men-
tioned studies are relatively very small, which is expected
for hemispherical type. As for the case of mirror box type, a
fair comparison may be done with the results of Pereira
et al. (2012), who reported maximum relative error of
between –20% and –25% in scale models, particularly in the
centre and near the door. Hence, based on the conducted
series of verification tests, the newly constructed mirror
box type artificial sky is considered appropriate to be
utilised for its purpose.

There are of course several limitations on the test,
particularly due to the geometrical layout; e.g. the pre-
sence of supporting beams on the ceiling that reduce the
luminance, the breaking of diffusor and mirrors into several
pieces that potentially lead to discontinuity on the optical
properties, and the luminaire configuration that provides
gap in the centre. There are also uncertainties on the
luminous flux of the luminaires, reflectances of the light
sources, mirrors, and the rest of the interior surfaces.

Another potential source of error is the luminous intensity
distribution of the diffusor material. In the constructed
artificial sky, the ceiling diffusor was tempered glass with
adhesive sandblast paper, which intensity distribution is
unknown, but may be estimated with Lambertian diffusor.
However, as Matusiak and Arnesen (2005) suggested, the
‘optimal’ diffusor shall possess a certain intensity
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distribution (see Eq. (17)), which is quite different from
that of Lambertian diffusor, in order to represent the CIE
standard overcast sky distribution. Hence, certain degrees
Fig. 15 Plot of (a) measured and ideal SC in the s

Fig. 16 Section view of the artificial sky with the scale m

Table 10 SC [%] at the measuring points inside the
scale model, together with their relative errors.

Point SC ideal
[%]

SC measured
[%]

Relative error
[%]

A 3.53 3.06 13.4
B 1.47 1.68 14.8
C 0.63 0.75 18.7
D 11.22 8.45 24.7
E 2.74 2.76 0.6
F 0.92 0.92 0.4
G 3.53 2.92 17.3
H 1.47 1.41 4.0
I 0.63 0.62 2.5
of error were introduced in this case.
Various other sources of error from the room interior

might have also appeared in the experiments. In this case, it
was mostly due to non-uniformity and non-symmetry of the
scale model's surface reflectance and dirt depreciation.
There are also uncertainties on the luminous flux of the
luminaires, reflectances of the light sources, mirrors, and
the rest of the interior surfaces.

Several measures to reduce the errors may be offered as
follows. To increase the amount of reflectance received
from the ceiling, the room shall be built large enough so
that the scale model may sit beneath, perhaps at least, the
‘three-reflection zone’ (see Section 1.2). This will require
the ceiling height above the workplane (h) of at least seven
times the height of the scale model, according to Eq. (19).

To reduce errors from beams and/or other supporting
structures of the ceiling, the use of translucent sailcloth
suspended beneath the light sources may be preferred
(Matusiak and Arnesen, 2005). The sailcloth may be fas-
tened with threads to the existing ceiling construction, even
cale model, (b) SC and distance to the window.

odel in the centre, together its first mirrored image.
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though seams may appear visible and slightly reduce the
ceiling luminance.

The problem with luminous intensity distribution of the
diffusor may be solved with examining several samples of
diffusing translucent material and observe the difference
with the optimal diffusor for the CIE standard overcast sky.
As demonstrated by Matusiak and Arnesen (2005), it would
be impossible to find existing sailcloth materials that closely
matched the optimal diffusor. However, materials that
sufficiently resembles the optimal diffusor at low elevation
(up to 451) angles may be preferred, since the light emitted
at high elevation angles will be reflected multiple times, in
such a way that “the luminous intensity reduces faster
before it eventually falls on the scale model” (Matusiak and
Arnesen, 2005).

Finally, errors from the room interior can be kept to
minimum by performing routine and careful maintenance.
Cleaning of the interior surface shall be scheduled and
conducted in a regular basis, to keep the performance of
such artificial sky over long period. Re-lamping shall be
performed following the manufacturer's suggestion, possibly
every 2 or 3 years. Nonetheless, this study has provided a
clear guideline to verify a (new) constructed mirror box
type artificial sky for the purpose of architectural research
and education.
3.3.2. Applications and outlook
Typical application of this type of artificial sky is to predict
daylight availability (usually indicated with DF) in geome-
trically complex scale models. More recent applications in
literature include: optimising fenestration design to reduce
heating and cooling loads in office buildings (Voll and Seinre,
2014), predicting energy saving potential for various win-
dow shapes, size, and position (Acosta et al., 2015), and
comparing DF and daylight autonomy (DA) metrics in a side-
lit room (Bian and Ma, 2017). In those studies, results with
artificial sky were typically compared with those with real
outdoor sky and/or computer simulation. Depending on the
particular configuration of the artificial sky, the obtained
differences are mostly acceptable. Future applications may
be realised, e.g. for parametric design for achieving energy
efficiency of green buildings (Lin et al., 2013), particularly
those with dome or skylight system (e.g. Al-Obaidi et al.,
2014; Panahiazar and Matkan, 2018) or adaptive solar
façade (e.g. Nagy et al., 2016).

Broader applications with a modified artificial sky have
been reported in predicting thermal performance of build-
ing-integrated photovoltaic/thermal (BIPV/T) system (Yang
and Athienitis, 2014, 2015). The so-called solar simulator
comprise two glass panes with cool air circulated in
between, to simulate “a more realistic sky temperature”,
in order to estimate thermal performance and Nusselt
correlations of the BIPV/T system. This solar simulator, built
in Concordia University, Canada, offers “accurate and
repeatable test conditions in terms of solar radiation, wind
speed, and ambient temperature, which are unpredictable
and unstable in outdoor conditions”. By doing so, perfor-
mance of various energy systems can be assessed in a fully
controlled environment.

These reported studies of Yang and Athienitis (2014,
2015) may promise a new, interesting potential of artificial
sky facilities, in which combination of lighting and thermal
performance tests can be performed with scale model of
green building constructions. Further studies and imple-
mentations of this concept are certainly still necessary. The
outcome will no doubt become invaluable contribution in
achieving integral design and sustainability in the built
environment.

4. Conclusion

A mirror box type artificial sky for simulating the CIE
standard overcast sky has been designed and constructed
in an existing room, while the verification method has been
developed specifically in this study and has been tested
under empty condition and with scale model. The room has
internal dimensions of 2660 mm � 2160 mm � 2300mm, lit
by 32 strip luminaires covered with diffusing tempered
glass. Ratio between the mirror height above the workplane
and the room length is 60:133 or 0.451, while the ratio
between the mirror height above the workplane and the
room width is 5:9 or 0.556. Average reflectance of the
mirror is (787 5)%, so that the room geometry ratios have
satisfied the criteria, i.e. between 2:3 and 2:5.

Verification under empty condition shows that the indoor
illuminance ratios at various elevation angles relative to the
zenith (Eθ/Eo) are more consistent than the luminance ratios
(Lθ/Lz). The largest error from averaged illuminance ratios
is around 10% at 01 elevation angle, whereas the largest
error from averaged luminance ratios is 43%, also at 01
elevation angle. Errors at the other elevation angles are
quite acceptable. The horizontal workplane (800 mm above
the floor) illuminance value is found to be 11,400 lx on
average, satisfying the target criterion of 10,000 lx. The
minimum and maximum values are respectively 10,500 lx
and 12,200 lx. The averaged illuminance value measured
two hours after all luminaires have been turned on entirely
is approximately 94% of the same quantity measured an
hour earlier. The illuminance uniformity U0 and U1 is
respectively 0.92 and 0.86; consistent over time.

Verification with scale model shows that among 9 measur-
ing points inside the model, four has small errors, i.e. 0.4–
4%; four has medium errors within 13%–17%; and one has
large error of 25%. The reduction values is however can be
estimated with the correction factor M�G�B, which is
taken as 0.90 � 1.00 � 0.85 = 0.765. In general, the ver-
ification has yielded a fair result, since most of the obtained
errors are within the range of 7 21% from the ideal values.

References

Acosta, I., Munoz, C., Angel Campano, M., Navarro, J., 2015.
Analysis of daylight factors and energy saving allowed by
windows under overcast sky conditions. Renew. Energy 77,
194–207.

Adhiwijogo, M.U., 1969. Selection of the design sky for Indonesia
based on the illumination climate of Bandung. In: Proceedings of
Symposium of Enviromental Physics as Applied to Building in the
Tropics. Central Building Research Institute, Roorkee.

Al-Obaidi, K.M., Ismail, M., Abdul Rahman, A.M., 2014. A study of
the impact of environmental loads that penetrate a passive
skylight roofing system in Malaysian buildings. Front. Archit. Res.
3, 178–191.

http://refhub.elsevier.com/S2095-2635(18)30012-8/sbref1
http://refhub.elsevier.com/S2095-2635(18)30012-8/sbref1
http://refhub.elsevier.com/S2095-2635(18)30012-8/sbref1
http://refhub.elsevier.com/S2095-2635(18)30012-8/sbref1
http://refhub.elsevier.com/S2095-2635(18)30012-8/sbref2
http://refhub.elsevier.com/S2095-2635(18)30012-8/sbref2
http://refhub.elsevier.com/S2095-2635(18)30012-8/sbref2
http://refhub.elsevier.com/S2095-2635(18)30012-8/sbref2


R.A. Mangkuto, Mhd.A.A. Siregar166
Badan Standardisasi Nasional [BSN], 2001. SNI 03-2396–2001: Tata
cara perancangan sistem pencahayaan alami pada bangunan
gedung. BSN, Jakarta. [in Indonesian: Design guideline of day-
lighting systems in buildings].

Bian, Y., Ma, Y., 2017. Analysis of daylight metrics of side-lit room in
Canton, South China: a comparison between daylight autonomy
and daylight factor. Energy Build. 138, 347–354.

Bodart, M., Deneyer, A., de Herde, A., Wouters, P., 2006. Design of
a new single-patch sky and sun simulator. Light. Res. Technol.
38, 73–87.

Bouten, E., Rutten, A.J.F., 1995. Ontwerp daglichtkamer: Concept
eindverslag and validatie Radiance. Technische Universiteit
Eindhoven, Eindhoven. [in Dutch: Design of daylight room: Final
report concept and validation with Radiance].

Chan, A.L.S., 2008. Methods for Daylight Factor Estimation. Hong
Kong, City University of Hong Kong. Available at: 〈http://
personal.cityu.edu.hk/�bsapplec/methods.htm〉.

Commission Internationale de l′Éclairage [CIE], 2003. ISO
15469:2004 (E) / CIE S 011/E:2003 – Spatial distribution of
daylight – CIE standard general sky. CIE, Vienna.

Commission Internationale de l′Éclairage [CIE], 2006. CIE 171:2006 –

Test cases to assess the accuracy of lighting computer programs.
CIE, Vienna.

Commission Internationale de l′Éclairage [CIE], 2014. CIE 215:2014 –

CIE standard general sky guide. CIE, Vienna.
Coosky, C., Loveland, J., Millet, M., Vagangs, A., 1989. Limits of the

sky: Testing and evaluation of the current state-of-the-art in
mirror-box sky simulation. University of Washington, Washington.

Dubois, C., Cloutier, G., Potvin, A., Adolphe, L., Joerin, F., 2015.
Design support tools to sustain climate change adaptation at the
local level: a review and reflection on their suitability. Front.
Archit. Res. 4, 1–11.

Kittler, R., 1974. New-artificial ‘overcast and clear’ sky with an
artificial sun for daylight research. Light. Res. Technol. 6,
227–229.

Lin, B., Yu, Q., Li, Z., Zhou, X., 2013. Research on parametric
design method for energy efficiency of green building in
architectural scheme phase. Front. Archit. Res. 2, 11–22.

Lioutsko, K.V., Spiridonov, A.V., 1992. Artificial sky for use with
large-scale architectural daylight models. Light. Res. Technol.
24, 25–28.

Mardaljevic, J., 2002a. A ‘Gold Standard’: dataset for the valida-
tion of illuminance predictions. In: Proceedings of International
Energy Agency Task 31 Symposium. International Energy Agency,
Ottawa.

Mardaljevic, J., 2002b. Quantification of parallax errors in sky
simulator domes for clear sky conditions. Light. Res. Technol.
34, 313–327.

Matusiak, B., Arnesen, H., 2005. The limits of the mirror box
concept as an overcast sky simulator. Light. Res. Technol. 37,
313–328.
Michel, L., Roecker, C., Scartezzini, J.-L., 1995. Performance of a
new scanning sky simulator. Light. Res. Technol. 27, 197–207.

Moon, P., Spencer, D.E., 1942. Illumination from a non-uniform sky.
Eng. Soc. N.Y. 37, 707–726.

Hopkinson, R.G., Longmore, J., Petherbridge, P., 1954. An empirical
formula for the computation of indirect component of daylight
factor. Trans. Illum. Eng. Soc. Lond. 19, 201–219.

Hopkinson, R.G., Petherbridge, P., Longmore, J., 1966. Daylighting.
Heinemann, London.

Nagy, Z., Svetozarevic, B., Jayathissa, P., Begle, M., Hofer, J.,
Lydon, G., Willmann, A., Schlueter, A., 2016. The adaptive solar
facade: from concept to prototypes. Front. Archit. Res. 5,
143–156.

Panahiazar, S., Matkan, M., 2018. Qualitative and quantitative
analysis of natural light in the dome of San Lorenzo, Turin. Front.
Archit. Res.. http://dx.doi.org/10.1016/j.foar.2017.11.005.

Pereira, F.O.P., Pereira, R.C., Castaño, A.G., 2012. Quão confiáveis
podem ser os modelos físicos em escala reduzida para avaliar a
iluminação natural em edifícios? Ambient. Construido 12,
131–147 (in Portuguese: How reliable are small-scale physical
models in the evaluation of daylight in buildings?).

Rahim, R., 2009. Teori dan Aplikasi Distribusi Luminansi Langit di
Indonesia. Universitas Hasanuddin, Makassar. [in Indonesian:
Theory and Application of Sky Luminance Distribution in
Indonesia].

Selkowitz, S., 1981. A hemispherical sky simulator for daylighting
model studies. In: Proceedings of the 6th National Passive Solar
Conference. American Section of the International Solar Energy
Society, Portland.

Stupple, S.P., Lynes, J.A., Littlefair, P.J., 1989. Luminance pattern
simulation: design of an artificial BRE average sky. Light. Res.
Technol. 19, 105–113.

Szokolay, S.V., 2008. Introduction to Architectural Science: The
Basis of Sustainable Design, 2nd ed. Architectural Press, Oxford.

Tregenza, P.R., 1989. Modification of the split-flux formulae for
mean daylight factor and internal reflected component with
large external obstructions. Light. Res. Technol. 21, 125–128.

Ward, G., Shakespeare, R.A., 1998. Rendering with Radiance: The
Art and Science of Lighting Visualization. Morgan Kaufman
Publishers, San Francisco.

Yamauti, Z., 1924. Geometrical calculation of illumination. Elec-
trotech. Lab. Tokyo Res., 148.

Voll, H., Seinre, E., 2014. A method of optimizing fenestration
design for daylighting to reduce heating and cooling loads in
offices. J. Civ. Eng. Manag. 20, 714–723.

Yang, T., Athienitis, A.K., 2014. A study of design options for a
building integrated photovoltaic/thermal (BIPV/T) system with
glazed air collector and multiple inlets. Sol. Energy 104, 82–92.

Yang, T., Athienitis, A.K., 2015. Experimental investigation of a
two-inlet air-based building integrated photovoltaic/thermal
(BIPV/T) system. Appl. Energy 159, 70–79.

http://refhub.elsevier.com/S2095-2635(18)30012-8/sbref3
http://refhub.elsevier.com/S2095-2635(18)30012-8/sbref3
http://refhub.elsevier.com/S2095-2635(18)30012-8/sbref3
http://refhub.elsevier.com/S2095-2635(18)30012-8/sbref4
http://refhub.elsevier.com/S2095-2635(18)30012-8/sbref4
http://refhub.elsevier.com/S2095-2635(18)30012-8/sbref4
http://personal.cityu.edu.hk/~bsapplec/methods.htm
http://personal.cityu.edu.hk/~bsapplec/methods.htm
http://personal.cityu.edu.hk/~bsapplec/methods.htm
http://refhub.elsevier.com/S2095-2635(18)30012-8/sbref5
http://refhub.elsevier.com/S2095-2635(18)30012-8/sbref5
http://refhub.elsevier.com/S2095-2635(18)30012-8/sbref5
http://refhub.elsevier.com/S2095-2635(18)30012-8/sbref5
http://refhub.elsevier.com/S2095-2635(18)30012-8/sbref6
http://refhub.elsevier.com/S2095-2635(18)30012-8/sbref6
http://refhub.elsevier.com/S2095-2635(18)30012-8/sbref6
http://refhub.elsevier.com/S2095-2635(18)30012-8/sbref7
http://refhub.elsevier.com/S2095-2635(18)30012-8/sbref7
http://refhub.elsevier.com/S2095-2635(18)30012-8/sbref7
http://refhub.elsevier.com/S2095-2635(18)30012-8/sbref8
http://refhub.elsevier.com/S2095-2635(18)30012-8/sbref8
http://refhub.elsevier.com/S2095-2635(18)30012-8/sbref8
http://refhub.elsevier.com/S2095-2635(18)30012-8/sbref9
http://refhub.elsevier.com/S2095-2635(18)30012-8/sbref9
http://refhub.elsevier.com/S2095-2635(18)30012-8/sbref9
http://refhub.elsevier.com/S2095-2635(18)30012-8/sbref10
http://refhub.elsevier.com/S2095-2635(18)30012-8/sbref10
http://refhub.elsevier.com/S2095-2635(18)30012-8/sbref10
http://refhub.elsevier.com/S2095-2635(18)30012-8/sbref11
http://refhub.elsevier.com/S2095-2635(18)30012-8/sbref11
http://refhub.elsevier.com/S2095-2635(18)30012-8/sbref12
http://refhub.elsevier.com/S2095-2635(18)30012-8/sbref12
http://refhub.elsevier.com/S2095-2635(18)30012-8/sbref13
http://refhub.elsevier.com/S2095-2635(18)30012-8/sbref13
http://refhub.elsevier.com/S2095-2635(18)30012-8/sbref13
http://refhub.elsevier.com/S2095-2635(18)30012-8/sbref14
http://refhub.elsevier.com/S2095-2635(18)30012-8/sbref14
http://refhub.elsevier.com/S2095-2635(18)30012-8/sbref15
http://refhub.elsevier.com/S2095-2635(18)30012-8/sbref15
http://refhub.elsevier.com/S2095-2635(18)30012-8/sbref15
http://refhub.elsevier.com/S2095-2635(18)30012-8/sbref15
http://dx.doi.org/10.1016/j.foar.2017.11.005
http://dx.doi.org/10.1016/j.foar.2017.11.005
http://dx.doi.org/10.1016/j.foar.2017.11.005
http://refhub.elsevier.com/S2095-2635(18)30012-8/sbref17
http://refhub.elsevier.com/S2095-2635(18)30012-8/sbref17
http://refhub.elsevier.com/S2095-2635(18)30012-8/sbref17
http://refhub.elsevier.com/S2095-2635(18)30012-8/sbref17
http://refhub.elsevier.com/S2095-2635(18)30012-8/sbref17
http://refhub.elsevier.com/S2095-2635(18)30012-8/sbref18
http://refhub.elsevier.com/S2095-2635(18)30012-8/sbref18
http://refhub.elsevier.com/S2095-2635(18)30012-8/sbref18
http://refhub.elsevier.com/S2095-2635(18)30012-8/sbref19
http://refhub.elsevier.com/S2095-2635(18)30012-8/sbref19
http://refhub.elsevier.com/S2095-2635(18)30012-8/sbref20
http://refhub.elsevier.com/S2095-2635(18)30012-8/sbref20
http://refhub.elsevier.com/S2095-2635(18)30012-8/sbref20
http://refhub.elsevier.com/S2095-2635(18)30012-8/sbref21
http://refhub.elsevier.com/S2095-2635(18)30012-8/sbref21
http://refhub.elsevier.com/S2095-2635(18)30012-8/sbref21
http://refhub.elsevier.com/S2095-2635(18)30012-8/sbref22
http://refhub.elsevier.com/S2095-2635(18)30012-8/sbref22
http://refhub.elsevier.com/S2095-2635(18)30012-8/sbref23
http://refhub.elsevier.com/S2095-2635(18)30012-8/sbref23
http://refhub.elsevier.com/S2095-2635(18)30012-8/sbref23
http://refhub.elsevier.com/S2095-2635(18)30012-8/sbref24
http://refhub.elsevier.com/S2095-2635(18)30012-8/sbref24
http://refhub.elsevier.com/S2095-2635(18)30012-8/sbref24
http://refhub.elsevier.com/S2095-2635(18)30012-8/sbref25
http://refhub.elsevier.com/S2095-2635(18)30012-8/sbref25
http://refhub.elsevier.com/S2095-2635(18)30012-8/sbref25

	Verification tests of a mirror box type artificial sky without and with building scale model
	Introduction
	Mathematical model
	Physical model
	Objectives

	Methods
	Room design
	Verification without scale model
	Verification with scale model

	Results and discussion
	Verification without scale model
	Luminance and illuminance ratios
	Average illuminance and uniformity

	Verification with scale model
	General discussion
	Comparison with hemispherical type
	Applications and outlook


	Conclusion
	References




