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ABSTRACT 

This paper introduces an active computational tool to generate 
and comparatively evaluate integrated building envelope and 
interior lighting system designs. In this context, active compu
tational support denotes the derivation of possible design 
schemes based on preliminflly performance considerations. The 

INTRODUCTION 

Conventional lighting design support tools can be 
labeled as "passive," as they require complete and 
detailed design descriptions before performance analysis 
can be done. This represents a major drawback, particu
larly in view of tile integrated building envelope and inte
rior lighting system design strategies tilat ainl at effective 
daylight utilization for building energy-use reduction 
(Mahdavi et aJ. 1994b; Ne'eman and Longmore 1973; 
Lynes et aJ. 1966). Given the interdependence of the 
design variables and contextual parameters involved 
(aperture size and shape, glazing transmittance, room 
size, proportions and reflective properties, tinle-depen
dent outdoor daylight levels), the convergence toward 
an appropriate design solution cannot be effectively 
supported by conventional sinmlation tools. Rather, sys
tems are needed that would actively support the itera
tive translation of performance requirements (desirable 
illuminance values, appropriate light distribution, toler
able brightness contrast levels, reduced electrical energy 
use, etc.) into integrated building envelope and lighting 
design schemes. 

APPROACHES TO ACTIVE DESIGN SUPPORT 

The concept of an active design support environment 
inlplies the derivation of prelinlinary envelope and room 
features, as well as possible lighting system designs based 
on a set of constraints associated with daylight availabil
ity, task requirements, and designers' preferences. Two 
possible strategies for providing active design support 
are the "bidirectional inference" approach and the "gen
erate-and-test" approach. 

"generate-and-test" method is adopted to realize this active sys
tem feature. The tool is intended to facilitate the comparative 
evaluation of the generated envelope and room-lighting schemes 
in view of daylight utilization potential, visual performance cri
teria, and energy consumption levels. 

A bidirectional sinlulation environment facilitates not 
only the evaluation of a given design solution in terms of 
its performance, but also the derivation of formal and 
semantic inlplications of performance criteria, thus al
lowing parallel design generation and perfonnance eval
uation. The bidirectional inference approach inlplies 
either an explicit (direct) transformation of performance 
requirements into corresponding design solutions or an 
inlplicit ("trial-and-error" -based) performance-driven 
convergence toward the desired state of the design solu
tion (Mahdavi and Berberidou-Kallivoka 1993, 1994; 
Mahdavi 1993). 

However, in this paper the focus is on the generate
and-test approach, which requires the generation of a 
matrix of potential design solutions based on logical and/ 
or heuristic rules, the performance sinlulation of the gen
erated design using conventional computational tools, 
the comparative evaluation of the results, and selection of 
desired solutions based on prespecified performance cri
teria/priorities (Mahdavi et aJ. 1993, 1994a). 

Both approaches require the use of appropriate sinlu
lation algorithms for the computation of interior light lev
els. The next section provides a brief description of the 
computational modules adopted. 

THE COMPUTATIONAL BACKGROUND 

Exlernallrradiance and illuminance 

A computational module (Mahdavi et aJ. 1994a) has 
been developed to predict solar irradiance on any arbi
trarily oriented surface based on geographical data (lon
gitude, latitude), tinle information, the Linke-turbidity 
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factor, the Reitz diffuse radiation factor, and albedo, as 
well as the orientation of the receiving surface element. 
The module initially computes the eclipticallength, solar 
declination angle, and local solar and standard times. 
Adopting the horizontal coordinate system, the position 
of the Silll is specified by the solar azinlUth and altitude, 
whim are computed using a Wlit vector pointing toward 
the SWl. As the solar beam is subjected to atmospheric 
refraction, an adjusted altitude is adopted (Heindl and 
Koch 1976; Linke 1942; Reitz 1939). 

The current inlplementation of the computational 
environment relies on "standard" tables (for example, 
Hopkinson et al. [1966]), as well as a linlited set of original 
lwninous efficiency data derived from sinlultaneous 
measurements of irradiance and illwninance (some 
examples are shown in Figures 1 and 2). Presently, the 
solar irradiance module models the direct solar contribu
tion in considerable detail, but the Wlderlying sky model 
is asswned to be isotropic. However, given the flexibility 
of the adapted data structure and the matrix-based 
description of the sky lwninance distributions (described 
in the next section), no principal obstacle exists regarding 
the adaptation of more detailed modeling approaches in 
the future (as an example, Perez et al. [1992]). 

600 
---- lIIumlnance (102 Ix) 

-------0------- Irradlance (W-m"2) 
700 

600 

500 

'00 

300 

o~-+--+--+~~~~~~=-~~ 
9.50 1():20 10:50 11:20 11:50 12:20 12_50 13:20 13;50 14:20 

Time 

FIgur9 1 Comparative I"adlance and illuminance 
measurements on a horizontal surface (Pittsburgh, 
Pa., CathedralofLearning, October 29, 1993). 
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FIgur9 2 Comparative I"adiance and Illuminance 
measurements on a horizontal surface (Pittsburgh, 
Pa., Cathedral of Learning, November /0, 1993). 

Daylight Model 

Computation of Indoor Illuminance Values After 
the external illwninance levels are known, interior illumi
nance levels can be computed using a daylight sinlulation 
module (DSM) (Mahdavi and Berberidou-Kallivok.a 
1993). The direct sky contribution for arbitrary sky lwnl
nance distribution patterns is computed by discretization 
of the sky sphere and the application of nwneric integra
tion methods (Mahdavi et al. 1994a). Provided actual 
measured data are available, relative lwninance values 
can be attributed to discrete patches of a spherical sky 
model (see Figure 3). Otherwise, standard or synthetic 
sky lwninance distribution patterns ~an be adopt~d. The 
spherical sky model can be munencally orgalUzed ill 

terms of a matrix with altitude (<1» and azinluth (~) angles 
as dinlensions (see Table 1). For example, given the sky 
matrix the relative interior illwninance due to sky con
tributi~n at a reference point on a horizontal surface is 
given by: 

TABLE 1 Relative Luminance Dlstrtbutlon 
of the Sky Model Organized In Terms of 

Altitude ('1') and Azimuth (1') Angles 

9, 92 ... <in 

0, 

°2 

... 

Om 

FIgur9 3 Spherical projection for treatment of the sky 
luminonce distribution determlnotlon of sky com
ponent and obstruction effect, 
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'2 \}2 J J cosO· sinO·Z. ~·~",·d.p·dO 
~, ~, y, (1) 

E, 5 = 2. .12 ·100[%] 
, J J COSO·sinO·zq·d.p·dO 

~=O~=O y, 

where 

z~,~ = relative sky luminance, 
~'" = glazing transmittance, 
.p = altitude, and 
o = azimuth, 

The approach used for the calculation of the relative 
interior illuminance due to sky contribution on a horizon
tal surface also can be applied for the computation of day
light-based illuminance on other (arbitrarily oriented) 
surfaces that could "see" the terrain (e,g., walls, ceiling, 
furniture, etc.), To achieve this, the virtual sky dome 
(including its discrete patches) is mirrored about the hor
izontal plane (terrain). The discrete patches of this virtual 
"subterranean dome" can be adjusted using relative 
luminance factors to simulate actual terrain luminance 
distribution. 

Reflected Sky Contribution-Obstructions Obstruc
tions (overhangs, buildings, vegetation) are treated by 
projection of their outline from each reference point onto 
the virtual sphere (see Figure 3), A discretization of the 
external reflecting surface into small patches is applied 
and each patch is then projected onto the virtual sphere, 
The relative luminance values attributed to the obstruc
tion replace those of the sphere patches occluded by the 
obstruction, lnternalobstructions (e,g., partition walls) are 
modeled similarly except the relative luminance values 
attributed to the occluded sphere patches are zero. 

Interreflected Contribution The interreflected con
tribution to the indoor illuminance levels is computed 
based on the radiosity method. Adapting a numerical 
approach, the room surfaces can be discretized, resulting 
in a series of small patches. For each patch the radiative 
balance equations can be formulated leading into a set of 
linear equations.ln the thermal domain, this would yield 
the following generic equation: 

11-1 
Ji = E," Wb ,'+ (l-n· L F .. ·J. (2) 

, I j = 1 IJ J 

where 

l; 
Ei 

Wb,i 
Fij 

= radiosity; 
= emittance, 

= emissive power of the black body, 
= view factor from patch i to patch j (cp, Equation 

3 and Figure 4: 

cos01 . cos02 . dAj 
F"j = 2 

It·r 
(3) 

Figure 4 Determination of view factor from patch I to 
patch I. 

If the emissive power is replaced by the initial day
light-based illuminance (E,,s,i)' a set of simultaneous 
equations can be defined that yields for the (photometric) 
radiosity of patch i (Jv,i) with reflectance (Pv,i): 

( 
/I-I ) Jv i = Pv i' E . + L F .. · J .. , , r, s, I j = 1 IJ v, J 

(4) 

After the radiosities of all patches are known, the inter
reflected contribution at any point in the room can be 
derived from the radiosity matrix, 

Electric lighting Contribution 
The selection of a computational algorithm for the 

simulation of electric lighting must be discussed in the 
specific context of the envisioned design support strategy. 
The essential motivation behind the development of an 
integrated lighting evaluation program is to provide 
"active" support for the design development phase and 
not merely evaluate finalized design solutions. 

The "generate-and-test" and the implicit "bidirec
tional inference" approaches (Berberidou-Kallivoka 1995; 
Mahdavi and Berberidou-Kallivoka 1994) can use both 
simplified approaches, such as the zonal cavity methods 
(IES 1961, 1984), as well as more detailed algorithms (e.g., 
radiosity, ray-tracing). The explicit bidirectional inference 
method can only use simplified algorithms because a 
"direct" translation of performance requirements into 
design solutions cannot be supported by detailed simula
tion approaches. 

To support the generate-and-test and the implicit bidi
rectional inference methods, a detailed computational 
module has been developed (Mahdavi et al. 1994a). This 
module calculates the direct illuminance based on the 
luminous intensity pattern of the source stored as a 
matrix or represented as a generative function. The inter
reflected component of the illuminance is determined 
based on the discretization of room surfaces, derivation of 
view factors, and computations of radiosities. 
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A DEMONSTRATIVE CASE STUDY 

Model Assumptions 

Earlier studies (Mahdavi and Berberidou-Kallivoka 
1994; Mahdavi 1993) have demonstrated how bidirec
tional or II openll simulation environments can be used 
to guide the room and envelope design based on 
requirements of daylight availability. To demonstrate the 
functionality of the generate-and-test approach as the 
underlying mechanism behind an integrative lighting 
design environment, an illustrative design sequence is 
discussed here. This sequence starts with an initial office 
space design (see Figure 5). 

Based on information on the statistical relationship 
between installed total flux and target average illumi
nance levels and a rule-based generation of basic Imni
naire layouts, and assUIning two different Imninaire types 
(see Figure 6), a demonstrative matrix of system configu
rations (luminaire layout) and their operational modi (onl 
off status) was derived (Figure 7). Two window configu
rations were considered for the envelope of the office (fig
ure 8). Other attributes (room surface reflectances, glazing 
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Figure 5 Schematic Illustration of the office space 
plan (all measures In cm) Indicating the three light
Ing zones with the corresponding "virtual" illumi
nance sensors. 

Figure 6 Schematic illustration of the luminous IntenSity 
distribution patterns of the two lumlnalre types (Ll 
andL2). 
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Figure 7 Maxtrix of/umlnalre layouts (C 1. C2) and their 
operational status (SO. SI. S2). 
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Figure 8 Schematic illustration of the two window 
configurations WI and W2. 

transmittance) were kept constant throughout the simula
tions. Due to the demonstrative nature of this specific case 
study, the nmnber of possible lUIninaire and layout con
figurations is rather small. However, there is no concep
tual or computational reason against generation and 
management of a significantly larger set of options. 

Performance Descriptors 
Once a complete set of Imninaire and room configu

rations is defined, system performance analysis can be 
performed computationally. The results can be organized 
in a matrix in terms of multicriteria performance indices, 
thus facilitating a comparative evaluation of different 
designs. These indices are typically (a) illmninance, (b) 
Imninance, (c) uniformity factor, (d) glare index, and (e) 
system energy use. 

As long as the design configurations are static, single 
values of these performance criteria may be sufficient for 
the comparative evaluation. This is, for example, the case 
when different electrical lighting configurations are stud
ied without considering daylight use and occupancy fluc
tuations (and the associated dynamism of light control 
schedules). Various approaches can be adopted to cater to 
,the dynamic nature of the environmental conditions and 
internal processes such as time-step (e.g., hourly) simula
tions or methods based on Fourier analysis. It is obvious 
that a detailed transient simulation of the lighting condi
tions can provide a realistic picture of the dynamic behav
ior of a proposed design. However, this also leads to the 
generation of a rather extensive set of nUInerical values 
for each performance indicator. Clearly these large sets of 

, 
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Figure 9 Derivation of step-functions for time-depen
dent outdoor illuminance levels (demonstrative 
illustration). 

information must be "compressed" into manageable val
ues if two designs are to be compared in their "totality." 

For example, in the energy simulation domain, for
mats such as ruIDual energy consumption (numeric accu
mulation of the hourly simulation results) are used as 
global performance descriptors. Also, statistical methods 
are applied to the extensive set of simulation results to 
achieve the data compression needed for comparative 
design evaluation. Furthermore, the requirements of 
standards and building codes often are formulated in 
terms of these global specifiers. Because there is no single 
valid method for this data compression, the approach 
adopted in this paper and detailed here should be seen as 
one of many possibilities. However, the general concepts 
and the computational methods proposed in this paper 
can accommodate many other compressed representa
tions of large data sets. 

In this study the time-dependent external illuminance 
level functions were translated into step-functions de
riving discrete values for well-defined time periods (Fig
ure 9). From these step-functions, matrices were derived 
to capture the dynamism of external illuminance levels in 
terms of computationally manageable discrete terms (see 
Table 2). Table 3 shows a highly compressed version of 
this matrix for a specific city where the illuminance levels 
are represented using only five discrete levels. 

TABLE 2 General Mattlx for TIme-Dependent 
External illuminance Levels 

(I,. t2 ..... tm = Time Segment of the Day. and 
0,. 02 ..... On = Day of the Year) 

t, t2 ." tm 

D, 

D2 

... 

Dn 

TABLE 3 Compressed Version of illuminance Mwrtx 
(cp. Table 2) for PIHsburgh. Pa. with Only Five Discrete 

illuminance Levels (In Ix) RepresenHng the Year 

illuminance (In Ix) for TIme Periods 

8am-ll am 11 am -14pm 14pm-17pm 

June 5500l &XJOO 5500l 

October 30<XXl 5500l 30<XXl 

December 10<XXl 2lXlOO 10<XXl 

March 30<XXl 5500l 30<XXl 

This simplification appears to be justified due to the 
lack of detailed illuminance measurements for most loca
tions (illuminance data often must be derived from mea
sured or computed irradiance levels) and the previously 
mentioned need for manageable data sets for compara
tive evaluation of design alternatives. 

Results 

Electrical Lighting Table 4 summarizes the sinmla
tion results for comparative evaluation of various config
urations using electric lighting only (the two envelope 
configurations, WI and W2, are considered to be equiva
lent because the differences between the two options 
caused by the differences in the reflections from the inside 
glazing surface were found to be insignificant). It includes 
data on the average illuminance levels on various room 
surfaces, as well as the uniformity factor (expressed as the 
ratio of minimum illuminance to average illuminance), 
glare index (computed for two reference points/direc
tions in the room), and estimated rumual electric energy 
consumption. Figure 10 illustrates the relative perfor
mance of the solutions for multicriteria evaluations. It is 
important to note that Table 4 and Figure 10 do not intend 
to provide a single optimal solution. Rather, they should 
provide decision support through the criteria-based rat
ing of various design options and the demonstration of 
the performance tradeoffs and their implications. There
fore, the identification of the most desirable design solu
tion (or the decision to continue design exploration) is a 
function of pertinent perfonnance criteria and their rela
tive priority (importance, weight) as defined by relevant 
requirements and/ or as perceived by the deSigner. 

Oaylighting Principally, various strategies can be 
applied to use daylight availability, thus redUCing the de
pendency on electric lighting (selective operation of 
luminaires, occupancy-driven light controls, continuous 
dimming). To simulate the combined effect of electric 
lighting and daylighting, the following approach was se
lected. The office space (Figure 5) was subdivided into 
three lighting zones, each equipped with a (virtual) illu
minance sensor. The luminaire set corresponding to each 
zone was turned off during those time segments when the 
"measured" illuminance level on the reference task level 
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TABLE 4 Mal~x for Mulllc~le~a Compa~son 01 Elecl~cal Ughllng Solullons (cp. Figures 510 8) 

Uniformity Elec. Energy 

Enoor Ecelling E~dewall EbaCkwall Efronlwall Faclor Glare Index Consumpllon 
L C (Ix) (Ix) (Ix) (Ix) (Ix) (-) (-) (kW.h.y-l) 

11 C1 490 69 211 239 285 0.75 15.96 2.592 

11 C2 485 70 227 237 284 0.74 19.34 2.592 

l2 C1 757 103 352 313 382 0.71 14.71 2.592 

L2 C2 723 98 326 325 392 0.71 18.38 2.592 

TABLE 5 Mat~x for Mulllc~te~a Compa~son of Ughtlng and Envelope System Design Opllons Involving Daylight Utilization 
for Two Envelope Configurations (WI and W2), Two Lumlnalre Types (Ll and L2) and Two Lumlnalre Layouts (Cl and C2) 
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Figure 10 Comparative illustration of Illuminance, uni
formity factoe and glare index (expressed as the 
percentage of the maximum value In each cate
gory) for various design configurations (electrical 
lighting only). 

was more than 500 lx. Table 5 and Figure 11 show the sim
ulation results (average annual values of illuminance, uni· 
formity factor, glare index, and annual energy use) for 
comparative evaluation of various design options involv
ing the combined effect of daylighting and electric light-

E'rontwoll 
(Ix) 

335 

267 

331 

262 

327 

260 

330 

261 

Uniformity Elec. Energy 
Factor Glare Index Consumption 

(-) (-) (kW.h.y-l) 

0.47 22.18 641 

0.53 22.38 641 

0.51 22.19 499 

0.64 22.38 499 

0.46 22.20 572 

0.50 22.40 572 

0.47 22.19 499 

0.51 22.38 499 
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Window Configuration and Lumlnalre LayouVType 

Figure 11 Comparative illustration of average annual 
illuminance, uniformity factoe and annual energy 
use (expressed as the percentage of the maximum 
value In each category) for various design configu
rations (combined and electricalllghfing). 

ing. This matrix, as such, does not (and is not intended to) 
provide an "optimal" solution. Of course, it is theoretically 
possible to apply numeric weights to individual perfor
mance criteria to derive a "definitive" ranking of the var
ious designs. However, this numeric "homogenization" of 
inherently different parameters involves many concep
tual shortcomings and practical difficulties. The authors 
believe it may be preferable to view the matrix of Table 5 
as a structured informational framework explicating the 
criteria needed for a systematic trade-off analysis to be 
performed by the designer. 
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CONCLUDING REMARKS 
If it is true that mathematical reasoning involves an 

inherent noncomputable aspect, the same must undoubt
edly apply to the design thinking process. The research 
presented in this paper should thus not be understood as 
an attempt toward the "automation" of building enve
lope and lighting system design. The objective, rather, is 
to support the design deciSion-making process through 
timely provision of well-structured and relevant technical 
information concerning the relative performance of vari
ous design alternatives. The active approach to design 
support is in order, as the conventional prescriptive rules 
and passive simulation techniques fail to sufficiently 
address the inherent dynamism of the contextual design 
parameter (such as climatic conditions) and the increas
ing complexity of building enclosure and lighting system 
options and controls. 
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