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ABSTRACT
This paper describes the development, implem-
entation, and evaluation of a computational tool for
the comprehensive support of the lighting design
process. The factors which are determined to be
critical for this purpose, and which this study attempts
to address, include a) consistent, coherent and first
principles based underlying algorithms, b) the
detailed modeling of the contextual parameters such
as the sky and site conditions, c) provision of
evaluation support for interpreting the computed data,
d) the provision of active design support to explore
the relationships between the design variables and the
performance indices, and e) integration with other
building performance simulation tools to encourage
the exploration of inter-relationships between the
energy aspects of lighting, thermal comfort, HVAC
systems, and passive heating and cooling.

INTRODUCTION
This paper outlines an effort toward providing com-
prehensive computational lighting design support.
This effort entails a unique synthesis of the following
capabilities and features:

1. First-principles based lighting modeling from sche-
matic to final design phases: A lighting simulation
software is developed which uses a hybrid radiosity
and ray tracing approach with extended form fac-
tors for the simulation of light propagation. Sky
light is modeled by applying numeric integration
methods to sky luminance distributions derived us-
ing advanced empirically based sky models. 

2. Detailed modeling of the context: Five sky models
(Perez, Kittler, Brunger, ASRC-CIE, Perraudeau)
are implemented and comparatively analyzed using
sky scanner data collected in Singapore.

 
3. Design evaluation support: Design evaluation sup-

port is provided by aggregate performance indica-
tors such as glare and uniformity indices, besides
illuminance and luminance for all surfaces. 

4. Active lighting design support: A preference-based
approach in conjunction with an investigative pro
jection technique is used for performance-drive
design exploration. Individual or multiple perfor
mance variables (glare, uniformity, minimum illu
minance, average illuminance, etc.) can be used
deriving the design evolution trajectory.

5. Integration with other simulation tools: The light-
ing simulation module is integrated within a large
software environment (SEMPER) for the predic
tion and evaluation of multiple performance indica
tors (for energy, light, acoustics, etc.) in building
The building representation needed for lightin
simulation and analysis is directly derived from th
design representation (shared object model) in 
SEMPER environment using a homology-base
mapping technique.

We also present an evaluation of the tool using me
sured data in a test space with complex geometry 
a dynamic facade with movable devices.

THE COMPUTATIONAL ENGINE
The computational engine uses a first-principles bas
light modeling algorithm which is not only applicable
to geometrically simple environments with diffusel
reflecting surfaces but also to non-orthogon
geometries with obstructions and surfaces w
complex reflectance and transmittance functions. T
objective is to use the same detailed modeli
approach at any stage of the design process with
falling back on simplified procedures in the earl
stages of design due to the low design resolution. T
is also applied to the modeling of the contextu
parameters, such as the climatic and site conditio
via the use of detailed sky models along with a syst
for a detailed description of the site surroundings.

MODELING LIGHT TRANSFER
A radiosity based approach, using extended form fa
tors to take into account specular reflections (Telli
and Bouatouch 1991) is used for modeling light tran
fer. This model was extended to take into accou
transmitting surfaces. The environment is numerica
1
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discretized into small patches and a system of radiative
balance equations (Eq. 1) is derived for all patches and
solved. In the computation of the form factors, the al-
gorithm enters into a recursive ray-tracing mode
whenever a specular surface is encountered. Thus, in-
termediate patches can contribute to the form factor
between two patches by specularly reflecting light
from one to the other. 

  Eq. 1

where Li
d  global diffuse radiance of patch i

LE
i self emitted radiance of patch i

EFFji extended form factor from j to i

Lj
d global diffuse radiance of patch j

In Figure 1, the surface patches j and k contribute to
the extended form factor between patch i and patch m

by specularly reflecting light from i onto m. 

Figure 1. Graphical representation of the computation of ex-
tended form factors.

Progressive radiosity is used to solve the system of
radiative balance equations which are thus derived.

MODELING SKY LIGHT
The sky dome is discretized into a matrix of patches,
the center of each patch being geometrically located in
terms of its altitude ( ) and azimuth ( ). Any one of
five sky luminance modeling algorithms (Perez,
Kittler, Brunger, ASRC-CIE, CIE) can be used to
derive the relative sky luminance for the center of each
of these sky patches. If the outdoor horizontal diffuse
illuminance is known, either from measurement or
from weather files, the relative sky luminance for each
patch can be normalized using the horizontal diffuse
illuminance to obtain the absolute sky luminance
distribution pattern.

The sky patch visible through a discretized window
patch is determined for a particular reference point and
its contribution (as per its absolute luminance) is
integrated into the total sky component for that
reference point. The integration is performed over all

sky patches visible from the reference point. Thu
given a sky luminance distribution, the interio
illuminance due to the sky contribution  at 

reference point on a horizontal surface is given by:

Eq. 2

where  absolute luminance of the sky point 

with altitude of  and azimuth of 

 glazing transmittance

External obstructions are treated by projection of th
outlines onto the virtual sphere. The luminances of t
occluded sphere patches are replaced by those of
obstructions. For this purpose, the radiosity solutio
for the external surfaces has to be obtained before
radiosity solution for the internal surfaces can be c
culated. The alternative is to solve a very large syst
of radiative balance equations for all interior as well 
exterior surface patches. In a complex environme
the number of patches can grow unmanageably. In 
sponse to this problem we make the assumption t
the interior surfaces have an insignificant contributio
towards the illumination of the exterior surfaces. Th
allows us to break up one large system of equatio
into two smaller systems of equations - one for exte
or surfaces and one for interior surfaces. After the 
diosity solution for the external surfaces has be
obtained, their contribution to the illumination of th
interior surfaces can be computed.

EVALUATION OF SKY MODELS
For a reliable prediction of illuminance and luminanc
distribution in daylit interiors, detailed data on th
availability of daylight in general and the luminanc
distribution of the sky in particular are necessary. W
performed a comparative assessment of five sky lum
nance models in view of their applicability in the trop
ical context, using measured data in Singapo
(Mahdavi et al. 1998a). The five sky luminance distr
bution models considered were:

1. CIE standard overcast sky (CIE 1973).
2. All weather sky model (Perez et al. 1993). 
3. ASRC-CIE model (Perez et al. 1990).
4. Brunger’s model (Brunger 1987).
5. Kittler’s model (Kittler 1986).

The results are given in Figure 2 which shows t
mean relative errors with a deviation range which co
tains 70% of all relative error values.
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Figure 2: Mean Relative Errors with the corresponding Devia-
tion Ranges containing 70% of the relative errors. (a: CIE, b: 
Perez, c: Kittler, d: Brunger, e: ASRC-CIE)

DISCUSSION:
Based on the available empirical data of the sky con-
ditions in Singapore, the following provisional conclu-
sions were derived by the study:

1. Based on the criteria of "high correlation" and a
"small error range", the Perez and Kittler models
perform better in the prediction of Singapore’s sky
luminance distribution.

2. The majority of the models display a tendency to-
ward overestimating the sky luminance values, par-
ticularly in the sky region further away from the sun
position.

3. There is not much variation in the models’ predic-
tive performance over the various sky conditions,
with the exception of the CIE standard overcast sky
model which has a predictably poor performance
under clear sky conditions.

DESIGN EVALUATION SUPPORT
For the purposes of design evaluation, it is helpful to
summarize the large amounts of illuminance and lumi-
nance data generated by the simulation tool into aggre-
gate performance indicators such as glare and
uniformity indices. It is also necessary from the per-
spective of conforming to codes and design guidelines
which are sensitive to the issue of visual comfort and
daylighting in buildings and which prescribe ranges
for these indicators. In response to this requirement
various glare indices (DGI, Hopkinson 1971; CGI,
Einhorn 1979; and UGR, Sorenson 1991) and unifor-
mity indices are implemented as a part of the lighting
model.

Three examples of uniformity indicators are imple-
mented. The first is taken from Hentschel 1982 and is
given by:

Eq. 3

where Emin is the minimum (horizontal) illuminance
and Em is the average (horizontal) illuminance.

This indicator involves, per definition, numeric value
of light levels at a single point. Occasionally it ha
been argued that the reliability of the so derived un
formity indicator can be affected due to the uncerta
ties involved in obtaining the individual illuminance
level at a certain point.

In response to this, a number of statistically mo
elaborate indicators have been proposed as sec
generation uniformity indicators. One of these pr
posals (Mahdavi et al. 1995) has been implemented
provides the following definition for the illuminance
distribution uniformity factor and delivers uniformity
attributes between 0 and 1:

Eq. 4

where ESD is the standard deviation and Em the aver-
age value of the illuminance levels.

However, as with all second generation indicators, t
uniformity indicator of Eq. 4 has a limitation. It is
indifferent to the specific topological pattern of adja
cent illuminance (or luminance) patterns. Therefor
certain fields which have obviously different distribu
tion patterns yield identical uniformity attributes n
matter if first or second generation indicators a
applied (Mahdavi and Pal 1998b).

In response to this problem, a third uniformity indica
tor was proposed by Mahdavi and Pal 1998b as 
concept of a single-number "entropic distributio
index" (EDI). For a rough approximation of the
entropic distribution index (EDI) of a two-dimen
sional orthogonal field with n grid elements (with cor-
responding illuminance levels Ei), the following
formulation was proposed:

Eq. 5

where  and  are the global and local probab
ity terms as per the following definitions:

Eq. 5

Eq. 7
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where  is the illuminance level at point i,  is
the average illuminance of the whole field,  is the
standard deviation of the illuminance levels of the
whole field, and  is the local average of the illu-
minance levels in the immediate neighbourhood of
the point i.

The EDI was implemented and the evaluative
potential of the various uniformity indices was
explored. We showed a clear potential for an entropy-
based measure of light distribution uniformity as it
can address the extreme value dependency of the first
generation uniformity indicator (Eq. 3) and the
topological indifference of the second generation
uniformity indicator (Eq. 4) (Mahdavi and Pal 1998).

EMPIRICAL EVALUATION
One of the evaluation studies was performed in the In-
telligent Workplace (IW). This is a recently estab-
lished laboratory at the Carnegie Mellon University
campus for demonstration and hands-on study of ad-
vanced building systems/technologies and their inte-
gration. The western section of a south bay in IW is
dedicated to daylight studies (Figure 3). This area is
partitioned from the rest of IW using white-colored
partitions. About 60% of the external wall of the space
consists of glazing. The facade system includes a set of
three parallel external moveable louvers which can be
used for shading purposes and - to a certain degree -
for light redirection and transmission purposes. Con-
tinuous illuminance measurements have been per-
formed between December 1997 and December 1998.
Outdoor light conditions are monitored using a total of
11 illuminance and irradiance sensors that are installed
on the daylight monitoring station on the roof of the
IW.

To empirically evaluate the lighting model’s perfor-
mance, the illuminance levels at the 10 sensor posi-
tions in the test space were both measured and
simulated for various times/dates and louver positions.
Measured global and diffuse outdoor irradiance values
were used to derive the sky luminance distribution.
Quality control of the measured data was carried out
before selecting the time periods for which the simula-
tions were done. A total of 1080 data points (108
hours, 10 sensors) were used for the evaluation. Figure
4 shows the mean relative errors of the simulation for
this data set.

Figure 5 shows the distribution of errors. In general,
the lighting model’s predictions of indoor light levels
match the measurements quite well. Detailed inspec-
tion of the results showed that predictions under clear
sky conditions are not as accurate as those for cloudy
conditions. The reasons for this and approaches to fur-
ther enhancement of the simulation tool are currently
being explored.

Figure 3: Plan and section view of the test space.
 

Figure 4: Mean relative errors for the 10 sensor positions.

Figure 5: Histogram showing the distribution of relative errors.
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ACTIVE DESIGN SUPPORT
Conventional simulation tools are "mono-directional"
in the sense that a particular set of design attributes
(formal, semantic, and contextual) is translated into a
"unique" set of results or performance indicators. They
do not support moving in the other direction, i.e., in the
generation of possible configurations of design at-
tributes to achieve required performance indices.

In order to address this requirement, Mahdavi and Ber-
beridou 1994, developed the concept of a bi-direction-
al inference mechanism which could enable the
designer to generate partial design configurations
based on desired performance indices. To deal with
the issue of ambiguity inherent in the one-to-many
mapping between the performance indicator and the
design configurations, a preference based conver-
gence strategy is applied. Thus a preference scale can
be defined for any design variable which can be as-
signed successive degrees of preference ratings for a
well defined set of continuous or discrete values it can
assume. The preference structure and constraints may
be specified by the user or can be derived based on em-
pirical studies, codes, standards and other technical lit-
erature.

In a preference-based convergence approach for bi-di-
rectional analysis, a preference index Dp, for a design
variable Dv can be defined if and only if Dp can be ex-
pressed as a function of Dv:

Eq. 8

After the preferences are defined, the bi-directional in-
ference engine uses an iterative approach or "investi-
gative projection technique" (Mahdavi and
Berberidou 1994) which iteratively moves towards a
preferable design using a quasi-greedy procedure. The
objective is to achieve the desired performance change
by increasing the preference attributes of the variables
with the lowest current preference attributes, or - in
case these preferences cannot be increased - to achieve
the desired performance change by decreasing the
preference attributes of the variables with the highest
current preference attributes. An example is given be-
low as an illustration of the use of active design sup-
port.

Three cases are presented here where the user explores
the tradeoffs between the design variables of overhang
depth and glazing area in terms of average illumi-
nance, uniformity and glare within a room. The prefer-
ence values for the two design and three performance
variables are shown in Table 1. The values used for the
preferences are for illustrative purposes only. The user
may choose to use a different set of preferences if de-
sired. The base-case design is shown in Figure 6.

Figure 6: The base-case design configuration. (Overhang
depth is 0.3 m)

In the first case, the design exploration is driven by t
objective of maximizing the average preference f
uniformity (Eq. 4), average illuminance, and dayligh
glare (DGI). Equal weights are given to the three pe
formance variables in taking their average preferen
The design evolution trajectory given in Figure 
shows that the average preference of the performa
variables can be improved by increasing the glazi
area and reducing the overhang depth from the b
case.

In the second case, the design evolution is guided
the objective of improving the average illuminanc
alone. The results are shown in Figure 8. The avera
illuminance is increased by increasing the glazing ar
and reducing the overhang depth. However, the av
age illuminance is brought closer to the desired 15
lx by then increasing the overhang depth.

In the third case, the design evolution is driven by t
objective of improving the uniformity. The results ar
shown in Figure 9. Both the glazing area and the ov
hang depth increase to achieve this objective. 

The base-case and the final designs according to 
three different objectives are shown in Figure 10.

Dp f Dv( )=

Table 1: Preferences for performance and design variables.

Preference [-]

0 0.6 1 0.6 0

Glz. Area [m2] 1 4 5 6 7

Ov. Depth [m] 0.1 0.5 1 1.2 1.5

Avg. illum [lx] 0 200 1500 3000 10000

Uniformity [-] 0 0.5 1 - -

Glare [-] - - 0 15 30

6m5m

0.5m

1.5m

1m

2m
1m

2m
5
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Figure 7: The design and performance trajectory for 10 iterations for Case 1.

Figure 8: The design and performance trajectory for 10 iterations for Case 2.
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Figure 10: The base-case and the recommended design based on the three different criteria of the cases explored.
INTEGRATION WITH OTHER TOOLS
The lighting simulation tool is integrated within a larg-
er software environment (SEMPER) which is being
developed for the prediction and evaluation of multi-
ple performance indicators (for energy, light, acous-
tics, etc.) in buildings (Mahdavi 1996). SEMPER
incorporates an object-oriented, space-based shared
building representation, with dynamic links to differ-
ent building performance evaluation applications. It is
thereby intended to computationally support the eval-
uation of buildings across multiple performance man-
dates concurrently, with a view toward achieving total
building performance and systems integration.

The overall architecture of SEMPER is shown in Fig-
ure 11. All applications in SEMPER share a common
object model (SOM) which reflects the building repre-
sentational requirements of seven simulation modules
and is implemented in Java. Each application may
have a number of application-specific objects within
it’s own object model. The dynamic links between ap-
plications occur at the object model level through
mechanisms such as derived values, thereby, avoiding
direct links between application data structures. This
use of a shared object model, but with independent
data structures for each application, allows the indi-
vidual applications to be developed fairly indepen-
dently, while still communicating in an effective
manner.

The building representation needed for lighting simu-
lation and analysis is directly derived from the design
representation (shared object model) in the SEMPER
environment using a homology-based mapping tech-
nique. Figure 12 shows the mapping between the

shared object model in SEMPER and the lighting d
main object model.
The shared object model has knowledge of archite
tural spaces as well as their constituents (enclosure
ements) and their relationships (adjacencies, sha
walls/roofs, etc.). The lighting domain receives this i
formation and can associate surface layers with ea
enclosure, opening, attachment, or partition eleme
The surface layers include information on surface r
flectance and transmission properties. These surfa
can then be segmented into smaller grid elements
facilitate the radiosity solution. No user intervention 
required to map subsequent changes in the architec
al representation to the lighting model. Similarly, th
lighting results can be used by other domains (e.g. 
electrical lighting power consumption can be used 
the energy module) without user intervention.

Figure 11: Schematic Representation of the Architecture of
SEMPER

Shared
OM
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Kernel

Domain
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Domain
Kernel
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Figure 12: Mapping between the shared object model and 
lighting domain object model.

CONCLUSIONS
This paper has given an overview of the development
of a lighting simulation model within a software envi-
ronment which a) uses consistent, coherent and phys-
ically-based algorithms, b) provides active design
support and design evaluation support, and c) supports
the process of integrated design of building systems.
Future work includes adding a user interface for the
lighting module and further validation studies.
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