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Quanti� cation of parallax errors in sky simulator
domes for clear sky conditions
J Mardaljevic BSc MPhil PhD
Institute of Energy and Sustainable Development (IESD), De Montfort University, Netherleys Building,
Scraptoft, Leicester LE7 9SU, UK

Received 27 March 2002; accepted 14 June 2002

Scale model illuminance measurements in sky simulator domes are inherently
subject to parallax errors. The magnitude of these errors under a number of Com-
mission Internationale de l’Éclairage (CIE) clear sky con� gurations is quanti� ed
using computer simulation techniques. In practical operation of a sky simulator
dome, a second parallax error in the normalization measurements for horizontal
illuminance is likely to compound the parallax error in the other illuminance
measurements. This additional parallax error is accounted for in the simulations.
The concept of a parallax-bounded volume is introduced. This is the volume of
the dome which, on the basis of parallax alone, must contain a scale model if it
is not to be subject to errors in the measurement of illuminance beyond a given
tolerance. The � ndings indicate that, on the basis of a credible design goal for
the sky simulator dome, high accuracy illuminance predictions (610%) are practi-
cally unattainable.

1. Introduction

Daylight modelling under non-overcast sky con-
ditions has received considerable attention in
recent years. Various theoretical formulations of
non-overcast sky luminance distributions have
appeared in the literature since the mid-1970s.
Worldwide studies such as the International
Daylight Measurement Programme (IDMP) have
produced a vast body of empirical data on day-
lighting parameters. These range from extensive
monitoring of basic daylight quantities to long-
term measurements of the sky luminance distri-
bution. The sky luminance distribution data have
been used to test the performance of a number
of sky models.1,2 Simultaneous measurements of
sky luminance distributions and internal daylight
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illuminances have been used to test computer
predictions of internal illuminances under real
sky conditions.3–5 Furthermore, the ef� cient pre-
diction of hourly internal illuminance levels for
a full year has been demonstrated using lighting
simulation techniques.6–8 For physical modelling
approaches, there are now two arti� cial sky
simulator domes (SSDs) in the UK that are cap-
able, in principle, of modelling any sky lumin-
ance distribution.9,10 The dome at University
College London (UCL, UK) is 5.4 m in diameter
and has 270 lamps to provide sky illumination.
The dome at the Welsh School of Architecture
(Cardiff University, UWCC) is larger, 8 m in
diameter and has 640 lamps. Similar examples
further a� eld include the scanning sky simu-
lator at the EPFL in Lausanne (Switzerland),11

the Bartenbach LichtLabor (Austria) dome
(diameter 6.5 m, 393 lamps)12 and the Sekisui
Corporation’s all-sky simulator in Nara (Japan).
The Sekisui sky simulator is reputed to have cost
one million $US.13 Evidently, the modelling of
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314 Parallax errors in SSDs

daylight under non-overcast skies is an area of
considerable research activity, underpinned by
signi� cant capital investment in the construction
of several sky simulator domes.

It has long been appreciated that scale model-
ling in arti� cial skies under non-uniform lumin-
ance distributions is prone to parallax errors.
These arise because the effective luminance dis-
tribution ‘seen’ at a point varies depending on
the position of the point. This is so for any non-
uniform luminance distribution including, of
course, the Commission Internationale de l’Écl-
airage (CIE) Standard Overcast Sky where the
zenith luminance is three times that of the hor-
izon. A recent paper by Lynes and Gilding14

described an investigation into parallax errors for
the CIE Standard Overcast Sky. The authors
note that:

The parallax error could well be exacer-
bated if the overcast distribution is replaced
by, say, a clear sky or an ‘average’ sky
characterised by gradients of luminance.

The work of Lynes and Gilding is expanded
upon in this paper to quantify the effect of paral-
lax errors for non-overcast luminance distri-
butions – precisely the conditions that the new
sky simulators are intended to model.

2. Parallax in SSDs

SSDs that reproduce non-uniform luminance
patterns are inherently subject to parallax errors
because the angular distribution of luminance is
‘correct’ only for the centre point, i.e., La Þ Lo

Þ Lb (Figure 1). Any point away from the centre

Figure 1 Parallax errors in SSDs

will ‘see’ a luminance pattern that is different
from the ‘correct’ distribution, in other words: a
parallax error. The change in luminance distri-
bution that can result from parallax errors is
illustrated in Figure 2. The images show the
view of a CIE clear sky luminance pattern
mapped onto a dome of � nite size as seen from
three different points along the north–south
diameter. The CIE clear sky luminance pattern
was generated for a sun position that was due
south at altitude 45°, this is marked M on the
accompanying diagrams. The view for each case
was horizontal, level with the horizon and
directed due south. The � rst image (a) shows the
‘correct’ (or zero-parallax) view of the lumin-
ance distribution as seen from the origin. Image
(b) shows the luminance distribution that is vis-
ible from a point mid-way to the north ‘horizon’
(i.e. edge of the dome). The peak in luminance
distribution is now at a lower altitude and sky
that lies to the north of the zenith is now seen
at the edges of the hemispherical � eld of view.
The view point in the last image (c) is now mid-
way towards the horizon in the south, and the
peak in the luminance distribution is seen at a
higher altitude than the correct value of 45°. Illu-
minance is the integral of luminance over the
projected (i.e. cosine-weighted) hemisphere.
Thus for any point not at the origin, the change
in the ‘visible’ luminance distribution will result
in deviation of the received illuminance from the
correct (i.e. zero-parallax) value at the origin.
Evidently, parallax errors will be present when
illuminances are measured at any point in a sky
simulator other than the origin, for non-uniform
luminance distributions. The questions addressed
here are: how large are these errors likely to be
and how can they be quanti� ed in a systematic
way.

2.1 Design goal for SSDs
SSDs are intended to reproduce a wide range

of sky luminance patterns, from overcast through
to clear skies with the possibility perhaps of
including real sky luminance patterns measured
by sky scanners. It is not practicable to evaluate
parallax errors in SSDs for all sky types, since
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Figure 2 Hemispherical � sh-eye views of the CIE clear sky distribution looking south from (a) the origin, i.e., zero-
parallax, (b) mid-way to the north horizon and (c) mid-way to the south horizon

a near in� nite range of sky con� gurations are
possible. Thus a � nite number of possible sky
types needs to be identi� ed. An evaluation that
is too small in scope, however, may offer too
limited an insight to be of practical value. A
compromise between completeness and tracta-
bility was achieved by assuming the following
credible, design goal for an SSD: accurate pre-
diction of vertical south illuminance under CIE
clear sky conditions for a number of possible sun
positions. The rationale for this design goal was
as follows. First, the vast majority of building
designs have vertical glazing. If an external ver-
tical illuminance cannot be accurately predicted,
then the internal illuminances, horizontal or
otherwise, will not be correct. Second, a south
facing surface is exposed to a greater variation
in sky luminance patterns, for a given non-
overcast sky model, than other orientations.
Lastly, clear sky conditions can occur for any

above horizon sun position, so, ideally, the SSD
should perform ‘well’ for any of these positions.
The goal therefore is to determine, subject only
to parallax errors, what volume of space within
the SSD will give ‘accurate’ values for vertical
south illuminance under a number of CIE clear
sky con� gurations. This space is referred to here
as the parallax-bounded volume or PBV. The
extent of the PBV will depend on the desired
accuracy, i.e., deviation from the zero parallax
value. Evidently, the lower the desired accuracy,
the greater the allowed parallax errors and the
larger the PBV. The extent of the PBV was
determined for three accuracy bands: ‘high’,
‘medium’ and ‘low’, which refer, respectively,
to vertical south illuminances within 610%,
625% and 650% of the zero-parallax value.

The sun positions used for the evaluation of
parallax error were based on the range of above-
horizon sun positions that occur throughout the
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year for the Midlands (UK) (Figure 3). A grid
of 22 points that span a major part of the distri-
bution were selected (1 symbols in Figure 3).
These were the sun-position loci for each of the
22 CIE clear sky con� gurations evaluated. The
points cover much of the range of possible sun
positions for altitudes above 15°. The design
goal therefore was an ‘accurate’ value of vertical
south illuminance for each of the 22 CIE clear
sky con� gurations.

Note that parallax errors due to the displace-
ment of the sun, as ‘seen’ from any point in an
SSD other than the origin, were not evaluated in
this study. This is in part because sun parallax
errors are highly sensitive to the size and
photometry of the particular lamp used to
model the sun. Also, the relative illuminance
effect of the sun and the sky is, to a degree,
arbitrary, which would greatly complicate the
evaluation approach described above. Further-
more, the objective here is to evaluate the per-
formance limit of the full sky dome rather than
the heliodon, which, in terms of cost and com-
plexity, is a lesser device than the dome, and in
itself it is not a novel apparatus.

The PBV of an SSD, based on the achieve-
ment of the design goal for the three accuracy
bands, was accurately determined using com-
puter simulation techniques (see Section 2.4).
Indeed, it is not a straightforward task to attempt
to investigate these effects using illuminance
measurements in actual SSDs because a number
of confounding factors are present. Signi� cant
amongst these are incomplete sky coverage and
stability of the luminous output of the lamps.11

Figure 3 Sun position for the 22 CIE clear sky con� gurations evaluated

In contrast, with computer simulation it is poss-
ible to specify the luminous environment –
geometry and sky luminance pattern – with exact
precision. Furthermore, the illuminance received
directly from a diffuse dome is relatively trivial
to determine and can be reliably predicted with
high accuracy (better than 61%, see Section
2.4). Thus, computer simulation permits a rigor-
ous analysis of a fundamental property of SSDs
(i.e., parallax error) that is not contaminated by
the particular characteristics of this or that dome
(e.g., diameter, number of lamps, coverage, etc.).
As such, this study delineates the theoretical lim-
its of performance – based on the design goal –
of SSDs in general. To preserve generality, only
illuminance received directly from the sky dome
is considered. In other words, there is no ground-
re� ected component of illuminance.

2.2 Determining the PBV
At present, the usable space in an SSD is not

a prescribed quantity. Since it is appreciated that
parallax errors will occur, keeping the model
dimensions to a minimum is advised. However,
it is not always easy, or even practicable, to con-
struct building models accurately in very small
scales. Furthermore, work by Cannon-Brookes15

has shown that imprecision in model construc-
tion can be the cause of large errors when the
models are used to predict illuminance. On
the basis of those � ndings, where parallax
errors were not a concern, it was rec-
ommended that building models should be
made larger rather than smaller to minimize
errors in construction. Thus, in SSDs where
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parallax errors are unavoidable, it is desirable
to establish the maximum possible dimensions
of the building model – as constrained by the
PBV – that can achieve the stated design goal.

The likely extent of the PBV within the SSD
was based on preliminary tests that disclosed
parallax errors in excess of 50% (i.e., ‘low’
accuracy) for points further than 0.5R from the
origin, where R is the radius of the dome. This
scale was used to size a cuboid, or block, that
encompassed the space of the SSD that was
tested for parallax. The dimensions of the block
were 0.9R 3 0.9R 3 0.45R. The base was
centred on the origin and the block occupies
| 17% of the hemisphere’s volume. The block
was used to locate a three-dimensional array of
calculation points that were equally spaced in the
x, y and z directions with a separation of 0.05R
(Figure 4). Thus the array was of size 19 3 19
3 10 giving a total of 3610 calculation points.
This is referred to here as the ‘test volume’. The
vertical south illuminance at each of these 3610
points was computed inside a dome of radius R
con� gured to give an exact CIE clear sky lumin-
ance pattern as seen from the zero-parallax point
(i.e., origin). This was repeated for each of the
22 clear sky con� gurations. The set of points ST

that gave a prediction within 6T% of the zero-
parallax point for all 22 clear sky con� gurations
was determined as follows. For a particular sky
con� guration i, the set BT

i is all those points pi

Figure 4 Volume of dome assessed for parallax errors

where the parallax error (%) in the vertical illu-
minance is within 6T% of the zero-parallax
point:

BT
i 5 {pi:uparallax erroru # T} (1)

The PBV ST is that collection of points that is
common to all 22 BT

i sets. In other words, a
volume of intersection:

ST 5 BT
1 > BT

2 > BT
3 > % > BT

22 (2)

This is illustrated schematically in Figure 5. For
clarity, only three of the BT

i sets are shown. The
renderings are visualizations of the sets BT

i where
the vertical south illuminance is within 6T% of
the zero-parallax value. For this illustration, the
white marker shows the point in space where the
evaluation was made. In order to visualize the
volume delineated by the points, a cube of side
equal to the spacing between the points was
placed ‘behind’ each one. Thus the points are on
the south-facing side of the cubes. The light- and
dark-shaded cubes indicate over-prediction and
under-prediction, respectively (for points within
the given error band). This is of course an
example of a Venn diagram showing the region
(here, volume) of intersection of a number of
sets. To recap, the set of points ST describes the
PBV of the SSD for prediction of vertical south
illuminance within the given error band 6T%
for all 22 CIE clear sky con� gurations. In prac-
tice, more than one type of parallax error may
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Figure 5 Schematic illustrating the intersection of volumes containing points within a given error band (only three
of the 22 are shown)

occur in an SSD; they are described in the fol-
lowing section.

2.3 Simple and compound parallax errors
At � rst sight, it may seem that the parallax

error in vertical illuminance is simply due to the
difference between the vertical illuminance Vo at
the origin and the vertical illuminance Vp meas-
ured elsewhere. This difference is referred to
here as the simple parallax error SPE. Expressed
as a percentage it is:

SPE 5 S Vp 2 Vo

Vo
D 3 100% (3)

However, an additional error, also resulting from
parallax, is likely to be introduced because of
the way SSDs are operated in practice.

It is generally the case that illuminance
measurements for a scale model need to be nor-
malized using a simultaneous measurement of
unobstructed horizontal illuminance. In part, this
is because SSDs cannot reproduce the very high

absolute illuminance levels that occur on bright
days. In principle, this should not be a drawback
because, provided the luminance distribution is
correct, the measured illuminances can be scaled
(i.e., normalized) to arbitrary large absolute
levels as desired. In the usual mode of operation
of an SSD, the lamps are programmed to repro-
duce a particular luminance distribution (e.g.,
CIE clear sky) – no attempt is made to achieve
a speci� c horizontal illuminance level. It is
understood that factors relating to the control
and functioning of the luminaries (e.g., the range
and stability of the luminous output) necessitate
this approach. Thus, for each sky modelled in an
SSD, the horizontal illuminance that it produces
is not known a priori and must be measured.
This measurement is referred to here as the nor-
malization illuminance. The usual practice is that
the normalization illuminance (i.e., unobstructed
horizontal illuminance) is taken simultaneously
with each one or more illuminance measure-
ments for the scale model. The most practical
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way to achieve this is to place a photocell on
top of the scale model (Peter Raynham, UCL,
15 January 2001, private communication). Once
the normalization illuminance is known, the
other illuminance measurements can be scaled
to be in accord with any desired absolute value
for horizontal illuminance, called here the ‘set-
point’. For the scenario used in this analysis, it
would mean that the horizontal illuminance is
measured at the same time as the vertical south
illuminance. If measured anywhere other than
the origin, which is likely to be the case when
a scale model is present, the horizontal illumin-
ance will be subject to its own parallax error.
This will add to the already present (i.e., simple)
parallax error in the vertical illuminance giving
what is referred to here as the compound paral-
lax error, or CPE.

CPE is determined as follows. The diffuse
horizontal set-point Hd can be any value and it
is used to convert illuminance measurements in
SSDs to ‘real-world’ illuminances. For example,
say that the SSD was programmed to reproduce
clear sky conditions and that the (unobscured)
horizontal illuminance at the zero-parallax point
(i.e., origin) was measured to be Ho. Other
measurements taken in the SSD can then be
scaled to the set-point horizontal illuminance by
multiplying them by the normalization factor
Hd/Ho. However, if the normalization illumin-
ance is measured at n instead of the origin, the
normalization factor used will be Hd/Hn, which
contains a parallax error (Figure 6). This is fac-
tored into the measurement of other illuminances
when they are normalized to the set-point Hd.
CPE is calculated using the vertical illuminance
Vp normalized using Hd/Hn, and the zero-
parallax vertical illuminance Vo normalized
using the zero-parallax factor Hd/Ho. CPE is
therefore:

CPE 5 1 Vp S Hd

Hn
D 2 Vo S Hd

Ho
D

Vo S Hd

Ho
D 2 3 100% (4)

Since the set-point illuminance is arbitrary,
Equation 4 can be simpli� ed by using Hd 5 Ho

to give:

CPE 5 S (VpHo/Hn) 2 Vo

Vo
D 3 100% (5)

In principle, the normalization illuminance can
be measured at any point on or around a scale
model in an SSD that gives the least obstructed
view of the sky dome. In practice, it is likely to
be the case that the SSD users will attempt to
minimize the parallax errors by placing the nor-
malization photocell on top of the scale model
and directly above the origin, in other words,
along the z-axis.

As the compound parallax error involves two
illuminance values, Vp and Hn, that are measured
at different points, p and n, the magnitude of the
CPE will be sensitive to the relative location of
the points. The effect of the relative positioning
of the normalization photocell to the vertical
illuminance photocell was determined for two
locating strategies. In the � rst, the normalization
illuminance was evaluated at the height of the
vertical illuminance photocell pz plus 0.05R
(Figure 7b). Here the normalization photocell is
at the minimum possible height above the verti-
cal illuminance photocell (for the grid spacing
used in this analysis). For the second locating
strategy, the normalization illuminance was
evaluated at a height equal to twice that of the
vertical illuminance photocell, i.e., 2 pz (Figure
7a), except for when pz 5 0, where the � rst strat-
egy is used. Recall that the z-dimension of the
block extends from z 5 0 to z 5 0.45R. So,
to provide normalization illuminances for both
locating strategies, the normalization illumin-
ance was evaluated at points along the z-axis
from the origin (i.e., the zero-parallax value) to
z 5 0.9R in steps of 0.05R. The locating stra-
tegies are summarized as follows:

Locating strategy 1: nz 5 pz 1 0.05R (6)

Locating strategy 2: nz 5 pz 1 0.05R for pz 5 0

nz 5 2pz for pz . 0 (7)
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Figure 6 Schematic showing relative position of calculation points for vertical illuminance and normalization

Figure 7 Locating strategies for the relative position of the vertical and horizontal illuminance evaluation points

When evaluated on top of the building model,
the normalization photocell has an unobstructed
‘view’ of the sky dome, though, as noted earlier,
at any height above the origin there is a parallax
error because the photocell doesn’t ‘see’ the full
hemisphere of the sky. Parallax error notwith-
standing, when the view is unobstructed, the
horizontal illuminance received at the photocell
is invariant to rotation of the sky (or model)
about the z-axis. Thus, the normalization illum-
inance needed to be evaluated only for those CIE
clear sky con� gurations with unique sun alti-
tudes, i.e., 15°, 30°, 45° and 60° (Figure 3).

2.4 Computation of parallax errors
The effect of parallax errors on illuminance

modelling in SSDs was quanti� ed using com-
puter simulation. The rigorously validated Radi-
ance lighting simulation system16 was used to
predict vertical and horizontal illuminance quan-
tities in an SSD of unit radius (R 5 1) for a
range of CIE clear sky con� gurations (Figure 3).
The SSD was modelled as a diffuse emitting
hemisphere. The CIE clear sky luminance distri-
bution was mapped onto the dome as a continu-
ous pattern in exact accordance with the standard
equation.17 The CIE clear sky model is nor-
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malized to zenith luminance Lz, and the lumin-
ance Lq of the sky at point q on the sky vault is
given by:

Lq 5 Lz

(0.91 1 10e23u 1 0.45 cos2u) (1 2 e(20.32/sing))
(0.91 1 10e23(p/22gs) 1 0.45 sin2gs) (1 2 e20.32)

(8)

where gs is the zenith sun angle, u is the angle
between the sun and q, and g is the zenith angle
of q.

As noted, illuminance is the integral of
luminance over the projected hemisphere. The
Radiance system was used to solve the lumin-
ance integral using hemispherical sampling. The
number of ray samples for each computation was
set to 4096 (though the actual number used will
vary slightly from this value). This number of
ray samples was determined from tests carried
out to ensure that suf� cient rays were used each
time to guarantee accurate predictions, i.e.,
within 1% of a fully converged result. Interp-
olation was disabled to ensure that ray sampling
was initiated from every calculation point. These
procedures effectively eliminate any signi� cant
source of error in the Radiance predictions –
they can be taken as accurate to better than 1%
and more than adequate for the quanti� cation of
parallax errors. The vertical south illuminance
was computed at each of the 3610 calculation
points (Figure 4) for the 22 different clear sky
con� gurations (Figure 3), giving a total of
79 420 computations. The horizontal illumin-
ance used for normalization was predicted at 19
points along the z-axis for each of the four
unique sun altitudes giving a total of 76 compu-
tations. The results are described in the next sec-
tion.

It should be noted that parallax errors are
entirely avoided in the normal use of the Radi-
ance program by modelling the sun and sky as
source solid angles.16 In this way the sky and
sun are effectively in� nitely distant from the
local scene. Hence the luminance pattern on the
sky vault is invariant to position in the local
scene and parallax errors do not occur.

3. Results

The magnitude in the simple parallax errors for
vertical and horizontal illuminance that can
occur in an SSD are shown in Figures 8, 9 and
10. The � rst two plots show the parallax error
in vertical illuminance across the north–south
diameter (Figure 8) and the positive z-axis
(Figure 9). The parallax error in horizontal
illuminance along the positive z-axis (i.e., the
normalization illuminance) is given in Figure 10.
In each case, curves are given for CIE clear sky
con� gurations with the sun due south at altitudes
15°, 30°, 45° and 60°. The linear extent of the
test volume (bold line with bars) is shown on
each plot. Most striking is the sensitivity of the
parallax error in vertical south illuminance along
the north–south diameter for the various sun alti-
tudes (Figure 8). As expected, close proximity
to the circumsolar region of the luminance
pattern (i.e., towards the south) results in
illuminances higher than the zero-parallax
value of 100 lux. Conversely, illuminances to
the north of the origin are lower than the
zero-parallax value, but the effect is less pro-
nounced. The variation in vertical south
illuminance along the z-axis (Figure 9) shows
consistent over-prediction towards a peak value
for each curve, followed by reduction of the
error and a change of sign for two of the lines.
Recall that horizontal illuminance evaluated
along the z-axis is used to calculate CPE (Section
2.3). How this quantity alone varies with height
is shown in Figure 10. Here the effect of parallax
is to give lower illuminances than the zero-paral-
lax value for all sun altitudes except at 60°. The
line plots are instructive, but it is not possible to
infer from these how the space within the SSD is
affected by parallax errors, simple or compound.
How this was accomplished is described in the
following section.

The PBVs are presented as visualizations of
the set of points ST for the various error types,
accuracy bands and locating strategies. The
PBVs for the simple parallax error are shown in
Figure 11. Note, as well as computing the lumin-
ance integrals to predict illuminance, the Radi-

 at Slovak Academy of Sciences on September 4, 2014lrt.sagepub.comDownloaded from 

http://lrt.sagepub.com/


322 Parallax errors in SSDs

Figure 8 Parallax error in unobstructed diffuse vertical south illuminance along the north–south diameter of an SSD
under CIE clear sky conditions at solar noon

Figure 9 Parallax error in unobstructed diffuse vertical south illuminance along the z-axis of an SSD under CIE clear
sky conditions at solar noon

ance program was also used to generate the vis-
ualizations (i.e., renderings) of the PBVs. The
markers co-incident with the ring (i.e., ground)
plane show those positions where an ‘accurate’
prediction was achieved for a point in the plane
of the base of the dome. In other words, at height
zero. For practical scale modelling, these points

are unlikely to be usable unless the physical
model could be positioned below the ground
plane (a plausible arrangement perhaps for the
evaluation of designs with roof lights). The ren-
derings in Figure 11 show that the extent of the
PBV is very sensitive to the accuracy band. For
low-accuracy predictions of vertical south illum-
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Figure 10 Parallax error in unobstructed diffuse horizontal illuminance along the z-axis of an SSD under CIE clear
sky conditions at solar noon

inance (i.e., within 650% of the zero-parallax
value), the PBV clearly extends beyond the
region of space tested. For medium-accuracy
(625%) predictions, the PBV is markedly
smaller with a north–south dimension of | 0.5R
and a height of | 0.2R. At high accuracy, there
are only three points above the ground plane
where the vertical south illuminance is within
610% of the zero-parallax value. This PBV
could just contain a building model that is
| 0.15R long, | 0.05R wide and | 0.05R high.
Applying these scales to the UWCC sky simu-
lator dome (4 m radius), the building model
would have dimensions | 60 3 | 20 3 | 20 cm.
Applied to the UCL dome (2.7 m radius), the
dimensions would be | 40 3 | 14 3 | 14 cm.

In standard operation of an SSD, it is expected
that normalization of the vertical illuminance
measurements will introduce a second type of
parallax error called the CPE (Section 2.3).
Including this factor in the calculation of the par-
allax error (Equation 5) results in a diminution
of the PBV for all three accuracy bands (Figure
12). The principal effect of including the nor-
malization error is to signi� cantly reduce the
height of the PBV, this is readily apparent in the
renderings. As expected, this effect is greatest

with the second locating strategy. Notice that for
pz 5 0 and pz 5 0.05R the locating strategies
(Equations 6 and 7) give the same values for nz.
Accordingly, the pattern of box-markers at these
two heights is the same for both. Most striking
is the observation that high-accuracy predictions
(610%) of vertical south illuminance were not
achieved for any points above the ground plane.
In fact, for high-accuracy predictions, both locat-
ing strategies produced the same PBV: nine
points level with the ground plane (accordingly,
only one rendering of the PBV is shown).

The results for both simple and compound
parallax errors are given in tabular form also
(Table 1). It is possible to relate the maximum
dimensions of a scale model – as constrained by
the PBV – to the diameter of an actual SSD by
approximating the PBV to the shape of a cube.
The volume associated with each point of the set
ST is (0.05R)3, and for the N points above the
ground plane, the total volume is N (0.05R)3.
This volume is equivalent to a cube of side D
where:

D 5 0.05R(N1/3) (9)

This relation is plotted in Figure 13 for the
medium and low accuracy bands using both
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Figure 11 Results for simple parallax error

locating strategies. The diameter of the SSDs at
UCL and UWCC are marked. It is clear from
the renderings of the PBVs that a cube is a crude
approximation to their actual shape. In actual
use, to be enclosed by the PBV, a scale-model
would have a depth and width greater than D,
and a height less than D.

4. Discussion

The PBVs for SSDs under clear sky conditions
have been evaluated based on a credible design
goal and for a range of accuracy bands. Given
the likely mode in operation of an SSD, it would
appear that the PBVs for CPE best describe the
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Figure 12 Results for compound parallax error

Table 1 Simple and compound parallax error results

Accuracy Number of calculation points within
band accuracy band pz . 0 and (pz $ 0)

Simple Compound parallax error
parallax error

nz 5 pz 1 0.05 R nz 5 2pz

650% 749 (942) 201 (394) 150 (343)
625% 108 (171) 23 (86) 22 (85)
610% 3 (12) 0 (9) 0 (9)

theoretical performance limit of SSDs. These
� ndings have implications for the use and oper-
ation of SSDs and raise a number of issues:

1) High-accuracy (610%) predictions in SSDs
are practically unattainable on the basis of
parallax errors alone.

2) The PBVs for medium-accuracy predictions
(625%) place quite severe limitations on
scale-model dimensions, even for the 8-m
dome at UWCC.

3) Any expansion of the design goal to include
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Figure 13 Maximum dimension of model versus SSD diameter (cube approximation)

a greater number of sky types and/or con-
� gurations is likely to result in further dimin-
ution of the PBV for any given combination
of accuracy band and locating strategy. At
best, the PBV will remain unchanged, but it
cannot increase in size without relaxing the
criteria for the original design goal.

4) It is expected that practical operation of an
SSD will introduce a number of other factors
that will add to the uncertainty of measure-
ments taken from scale models. For example,
less than exact reproduction of clear sky lum-
inance patterns, incomplete sky coverage,
and of course, inaccuracies in scale-model
construction.

5) The sky was modelled as a diffuse emitting
hemisphere whereas actual SSDs are com-
prised of a large number of luminaires pro-
viding directional illumination. The light-
� eld in an actual SSD therefore is likely to
be more complex than that modelled here. It
is dif� cult to anticipate how this might effect
the assessment of the PBV. The parallax
characteristics of a particular SSD, based on
luminaire photometry, could be modelled
using lighting simulation if the data were
available.

6) There may be instances, say for models with
low internal re� ectance, where the accuracy
of internal illuminance measurements is more
dependent on the directly visible luminance
through the window than the vertical illumin-
ance at the plane of the window. For these
special circumstances, the effective PBVs
may be larger than those evaluated here.
However, errors resulting from incomplete
sky coverage could be quite signi� cant when
the ‘view’ through the window happens to
include a large patch of ‘black’ sky between
the luminaires.

This study has shown that the theoretical limits
of performance of SSDs, based on parallax
errors alone, are suf� cient to bring into question
the practicality of SSDs as an instrument for pro-
ducing reliable, high-accuracy scale-model illu-
minance data under clear sky conditions. It
would appear that no better than medium
accuracy (625%) is attainable, and that other
confounding factors may make that dif� cult to
achieve.

There exists a perception that physical model-
ling approaches give the most reliable illumin-
ance data, and they are often used as a bench-
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mark to evaluate other prediction techniques. In
light of the work presented here, the earlier � nd-
ings of Cannon-Brookes15 and the already dem-
onstrated high accuracy for computer simul-
ation,5 it would seem that there is considerable
evidence to challenge this perception. Indeed,
the accuracy of illuminance modelling in SSDs
cannot be readily assumed and needs to be dem-
onstrated.
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Discussion

Comment 1 on ‘Quanti� cation of
parallax errors in sky simulator domes
for clear sky conditions’ by
J Mardaljevic
P Raynham (Bartlett School of Architecture,
University College London)

The paper by Mardeljevic represents a good way
to characterize the parallax errors in dome skies.
However, it represents a generalized approach
to the problem. In a real Variable Luminance
Arti� cial Sky (VLAS), the sky is made up from
a number of discrete sources and is not a lumi-
nous hemisphere. This gives rise to a number of
differences in the errors caused. To investigate
the effect of these I have recalculated the paral-
lax errors reported by Mardeljevic by using the
Bartlett VLAS.

The Bartlett VLAS is a dome 5 m in diameter
which contains 270 luminaires. Each luminaire
is controlled on a digital dimmer giving 255
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