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Abstract Space syntax involves a set of techniques for analyzing the spatial configurations of
various spaces at building and urban scales. Religious spaces, such as prayer halls, are exam-
ples of buildings where observers experience space mostly from a single point of view. Further-
more, traditional space syntax is mainly used in the analysis of visibility and space cognition in
terms of isovists and graph-based measures. The other aspects of space cognition, such as day
lighting, artificial lighting, and glare, are carried in the isolation of the space syntax analysis.
This paper proposes the scaling of the space syntax field for the inclusion of other parameters,
such as daylighting, and integration of the associated performative measures to space syntax
analysis of the mosque typology to aid in the studying of overall space cognition based on com-
fort and environmental parameters. We present a case study on a typical mosque layout using
multi-objective optimization. The analysis presented in the paper has implications for the
architectural designs of spaces with respect to glare management and daylight potential.
Moreover, it is unique and builds on our previous work for the exploration of comfort, visibility,
and proximity thresholds for stationary observers.
ª 2019 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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Fig. 1 Bait Ur Rouf mosque, Aga Khan Award for Architecture
(AKDN).
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1. Introduction

Space syntax was developed by Bill Hillier, Julienne Han-
son, and colleagues at the Bartlett, University College
London in the late 1970s and early 1980s as a tool to help
architects and urban planners simulate the likely social
effects of their designs primarily at the urban scale at the
Bartlett Unit for Architectural studies, University College
London. It is a robust technique for describing and
analyzing patterns of architectural space at building and
urban level. It establishes an objective method to evaluate
and investigate the relationships between morphological
structure of man-made environments, social structures, or
events. “Space syntax is a set of techniques for the analysis
of spatial configurations of all kinds, especially where
spatial configuration seems to be a significant aspect of
human affairs, as it is in buildings and cities.” Space syntax
is also defined as “a family of techniques for representing
and analyzing spatial layout of all kinds” (Hillier, 1999). It
attempts to explain human behaviors and social activities
from a spatial configuration point of view (Hillier and
Hanson, 1989).

The space syntax approach has potential in the explo-
ration of spatial configuration and enhancement of the
cognition of social and cultural networks but has limitations
in the integration between spatial dimension and environ-
mental analysis dimensions. The spatial configuration is
linked to cognition, as explained by Hiller (2007), but a
remaining question persists on the relationship between
architectural space characteristics and the resulting human
behavior describing the operability of space as intended or
not (Rana and Batty, 2004). To further explain the rela-
tionship between spatial patterns and perception, Malhis
(2016) introduced a tool that captures user experience
and reflects visual, axial, and compositional attributes
within the complexity of space. Space syntax is a calcu-
lative method for spatial understanding, patterns, and
configuration, but published information on the influence
of space geometry on user behavior and, especially, the
overlap with the environmental parameters, such as
daylighting, glare, and thermal, are rare. Much of the work
published explains the evolution of mosque design but does
not explain the impacts of the experience of prayers. Ratti
detailed some limitations within the field of space syntax
for being that calculative method and overlooking other
dimensions that may be of impact (Ratti, 2004), citing room
improvements to gain a deeper insight on the matter of the
“social logic of space.” Hillier’s response to Ratti further
explained the field and associated methods at the urban
scale, citing the advantages of space syntax in reducing the
complexity into simple language which is easily understood
(Hillier and Penn, 2004).

In this research, we selected the mosque as a prototype
for exploring an integrated approach with environmental
analysis, such as daylighting and glare analysis. Mosques are
special spaces because they are characterized by interac-
tion between cognitive and visual measures. The cognitive
measures include daylighting, acoustics, and air flow pat-
terns. Daylight is an importance factor that supports the
experiential nature of places of worship. The quality of any
space can be determined at a glance through the use of
light. It provides the perception of understanding of space
as a whole. As Biller Hiller always said, “How we design
cities is how we understand them.” A similar analogy can be
applied to building design and how we understand it. In our
previous work, we brought three dimensions within the
space syntax approach to describe how usersein this case
worshippersecommunicate with each other inside a mos-
que, with the Imam visually or through hearing alone and
with the building itself as a medium or conduit for a full
experience which assists in the completion of a successful
prayer. We investigated visibility, comfort, and proximity as
cognitive issues that can be explained only by using space
syntax, but we excluded the environmental stresses
explained previously and explored in this paper.

2. Observation

In a mosque, the main objective of a user is a successful
journey, that is, a successful prayer experience. By study-
ing daylight, we can understand an important parameter
that is often a concern during architectural design. The
question is: Is daylight an important design parameter or
not? Accordingly, do excessive or very minimal daylight
affect the prayer’s journey? Bait Ur Rouf Mosque in Dahka,
Bangladesh is an example of a building regarded as a refuge
for spirituality owing to the impact of ventilation and light,
according to the Aga Khan Trust for Architecture. The
building, the recipient of the award in the 2014e2016
cycle, was completed in 2012. The main strengths of the
design in addition to the thermal treatments were the four
light courts and the play of light from the dome, enhancing
the experience of the users and raising the mosque on a
plinth on a site axis creating a 13-degree angle with the
Qibla direction, which called for innovation in the layout
(Fig. 1).

To study the interaction between space syntax measures
and daylighting approach in static spaces, we must identify
a prototypical religious space. However, we find numerous
configurations for religious spaces such that distilling all
their spatial features into one prototypical space is diffi-
cult. In mosques, specifically the prayer halls, prayer hall
space has taken various forms (hypostyle or dome).
Therefore, a mosque must be broken down into various



Fig. 2 (a) (b) Typical plans of modern Mosques (source: A history of architecture, SB Fletcher, 1987).
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spatial categories before analysis (Aazam, 2007). The most
central space in a mosque is the prayer hall. This space
usually takes the form of a square and/or a rectangle to
allow worshippers to line up in rows spaced equally during
prayers.

The prayer hall has other shapes, such as a circle or a
hexagon, which are not as common as the rectangle and
square and which create other issues relating to the func-
tion of the mosque prayer hall. These non-rectilinear
shapes result in directionality and lines of unequal
lengths. Prayer halls with such shapes exist sparingly in
history and modern architecture for various reasons. The
circular Hagia Sofia in Turkey, which was originally built as a
church, is an example of such prayer hall. However, in the
majority of today’s mosques architecture, one specific
configuration appears frequently, i.e., bilateral symmetry
space with four or more columns usually carrying a
momentous feature such as a dome. Fig. 2a demonstrates
different shapes of mosques built in the last three decades
in the Arabian Gulf region. Fig. 2b illustrates the floor plan
plates for several Greek cross churches. The common
feature is the bilateral symmetry space.
3. Tools and measures

A brief introduction to the tools and measures. (Or add
tools and measures within the methodology).



Fig. 3 (a) Optimization variables (windows’ height, windows’ width, and sill height), (b) Mosque orientation towards the Qibla.
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3.1 Radiance

Developed by Ward (1994), Radiance is an open-source
backward raytrace and illuminance simulation engine
which is extensively validated, highly efficient, and widely
used by many researchers. Although Radiance does not
have a user-friendly graphical user interface, it easily
Fig. 4 Holistic analys
integrates as an efficient back-end engine for various
software applications, such as DesignBuilder (Tindale and
Potter, 2015), Ecotect (Roberts and Marsh, 2001), Honey-
bee (Roudsari et al., 2013), and IES-VE (IES-VE, 2019),
because its structure is based on a command-line collection
of commands. Additionally, Radiance is an open source
software, and its basic code has been used in other
is for Cases 1 to 3.



Fig. 5 Multi-objective optimization summary.
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applications, such as Daysim, which is an annual daylight
autonomy simulation engine (Reinhart, 2006). Daylight
simulation in Radiance has two methods: luminance and
illuminance. The former considers the light emitted from
the source, that is, forward ray-tracing, which is mainly
used for glare analysis. The latter is associated with the
object subject to daylight. This object could be a plane,
furniture element, or a point; the results are based on
either an image or a point grid. The light intensity values
calculated with an octree-based render algorithm for the
Fig. 6 Case optimization results and o
image-based simulation can be visualized as spatial contour
lines that indicate light intensity values. For the point-grid
simulation, it is represented as a table of point coordinates,
their related light intensity values, and a direction vector,
i.e., (X-position, Y-position, Z-position, X-direction, Y-di-
rection, Z-direction, and light intensity lux). The accuracy
of the results is dependent on many parameters, such as
number of ambient bounces (ab), image resolution,
ambient accuracy (aa), and ambient diffusion (ad).
ptimum case result demonstration.



Fig. 7 Window numbering.
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3.2. Useful daylight illuminance

Introduced by Nabil and Mardaljevic (2005), useful daylight
illuminance (UDI) is a validated range of daylight illumi-
nance wherein users feel comfortable. This range is within
100e2000 lux and set based on reports of occupants’
preferences through annual data collection with different
skies and operable sun shades.

3.3. Daylight glare probability

Quantifying visual discomfort has been subjected to many
research investigations where several glare indices were
developed; among these indices, daylight glare probability
(DGP), developed by (Wienold and Crhsitoffersen, 2006), is
the most recently used in the quantification of glare caused
by daylight luminance. Alongside the UDI metric, glare
analysis is a main criterion for evaluating indoor daylight
quality because the DGP formula consists of two parts. Part
1 depends on the vertical eye illuminance and Part 2 on the
detected glare sources (size, luminance, and position). The
Fig. 8 Window areas
vertical eye illuminance can easily be calculated by Day-
sim. The DGP index is defined as follows:
DGPZc1: Ev þ c2:log
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4. Methodology

We introduce coupling between DepthmapX (Turner, 2001)
space syntax analysis and generative analysis tools, such as
Ladybug Tools, which are a collection of free computer
applications that support environmental design and edu-
cation. Among the available environmental design software
packages, Ladybug Tools is among the most comprehensive,
connecting 3D Computer-Aided Design interfaces to a host
of validated simulation engines. We use one mosque pro-
totype with different configurations to enable the evalua-
tion of the relationship between column locations, their
spatial impact, and the opening size and location analyzing
the north façade with the best daylight potential. Using the
generative tools allows the development of a script to
automate the different simulation cases needed to deliver
numerous variations that can eventually feed machine
learning and enable us to understand the thresholds of
design (Fig. 3a and b).

4.1. Proximity analysis

Behavioral mapping has revealed the third and final attri-
bute that largely influence users’ experience within a
mosque. It is the linear distance or proximity to the Qibla
wall, as close as possible to the front lines. Dark blue in-
dicates the shortest distance, whereas red indicates the
longest distance from the Qibla wall. The numbers under
each analysis indicate the number of nodes within close
proximity (distance ranging from 0 to 3) to the Mihrab.
of optimum cases.



Table 1 Radiance simulation parameters used in annual
daylight simulation.

Command Arguments Values

RPICT Ambient value (av) 1.0, 1.0, 1.0
Ambient accuracy (aa) 0.2
Ambient divisions (ad) 2048
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4.2. Visibility analysis (visual integration)

The visibility of the Mihrab where an Imam gives his Friday
speech or leads the prayers is a vital part of worshippers’ or
visitors’ experience in a mosque. The following figure pre-
sents a visibility graph analysis testing the effect that
different spatial configurations could have on the users
experience within the prayer hall of a mosque.

To secure good levels of visual comfort, a parametric
Pareto multi-objective optimization was conducted for the
six cases using a well-known visual programming plugin for
Rhinoceros 3D called Grasshopper. The multi-objective
optimization plugin used in this study is Octopus devel-
oped by Robert Vierlinger (2013) which uses evolutionary
computation principles in simultaneously searching for
multiple goals. However, for daylight simulation and glare
analysis, a Rhino/Grasshopper plugin based on Radiance
and Daysim called Honeybee (Roudsari et al., 2013) was
used to simulate the optimization fitting function.
Table 2 Detailed optimum result for Cases 1 to 3.

Case Window Window
Area m2

Total win.
Area m2

Gross Average
UDI

WWR

1 W1 12 39.75 0.1774 1109
W2 12
W3 10
W4 1
W5 1
W6 1
W7 1
W8 1
W9 0.75

2 W1 12 34.5 0.154 1182
W2 12
W3 6
W4 0.5
W5 1
W6 0.5
W7 1
W8 1
W9 0.5

3 W1 14.05 45.4241 0.113 839
W2 15.37
W3 11.93
W4 0.64
W5 0.65
W6 0.95
W7 0.5
W8 0.55
W9 0.75
5. Multi-objective optimization

To find a mutual optimized solution among conflicting ob-
jectives, a multi-objective evolutionary optimization plu-
gin, Octopus based on Grasshopper for Rhino was used to
measure the trade-off solutions between the optimum
variables of different objectives. Optimization variables
include 1) window’s height, 2) window’s width, and 3) sill
height. These variables were assigned to three windows
evenly distributed along each of the right, left, and back
walls of the mosque as shown in Figs. (4e8). The objective
functions exploited in the optimization process are as
follows:

1. Maximizing Daylight: This involves finding the within-
range optimum illuminance values at height of 0.5 m
from the floor level. This function was achieved by
measuring the average UDI values within a grid of points
distributed along the mosque area. A grid-based daylight
simulation component in Grasshopper was created using
Honeybee plugin which utilizes Radiance engine in the
back-end. The input radiance parameters are shown in
Table 1.

2. Minimizing Windows’ Area: The gross fenestration area
constitutes the major role in heat gain into buildings
through the building envelope, which could drastically
affect the thermal environment in the space. Thus,
minimizing the window/wall ratio (WWR) is a key
objective for minimizing thermal incident into buildings.
However, windows are the main source of natural
daylight, and maximizing the WWR would have a positive
effect on lighting energy efficiency in the building.

Considering these two conflicting factors, i.e., mini-
mizing WWR to decrease heat gain and maximizing WWR to
obtain the best daylight illuminance level, the optimum
solution should simultaneously satisfy the objectives of
these two extremes, without domination of either. The role
of the multi-objective optimization algorithm is to itera-
tively generate random variables. For each iteration, a
grid-based daylight simulation process is performed to
calculate the illuminance value for each grid point. The
average illuminance values and the total window area are
calculated and plotted simultaneously. During these itera-
tive processes, each generation is optimized by genetic
algorithm. The optimal solution is a set of feasible solutions
referred to as Pareto front. Figure summarizes the opti-
mization methodology.

5.1. Limitations of the study

This study has several limitations. First, the case study is
located in Cairo, which means that the Qibla direction is
oriented toward the southeast. Thus, the back wall, the
right wall, and the left wall will be directed toward the
northwest, the southwest, and the northeast directions,
respectively, as shown in Fig. 3 (b). Second, the number of
windows on each of the three walls (all mosque walls
except for the Qibla’s wall) are fixed at three windows
equally spaced. Only their width, height, and sill height are
variables in the optimization function.
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6. Results

After the optimization process for each case for the several
generations of genes and capturing of the Pareto optimum,
maximum daylight was observed to have come from the
right wall oriented toward the southwestern direction with
a maximum exposure to direct solar radiation. The win-
dows’ height H on this wall is not fixed, that is, the two
windows at the front are higher than the one at the back,
and the width of all windows on the southwestern side are
around 4 m. Figure depicts the area of the windows for the
optimum cases where the area of windows 1 and 2 are al-
ways larger than window 3. In addition, columns’ different
distributions do not constitute a significant impact on the
daylight values and the DGP, as shown in Fig. 6.

In Case 1, the best objectives for the average daylight
values and windows’ area are 1109.74 lux and 11.3 m2,
respectively. For Case 2 these values are 1102 lux and
10 m2, respectively. In case 3, the values are 893.89 lux and
13.8 m2, respectively. However, these best objectives do
not simultaneously reflect the best among the two objec-
tives; thus, selecting a Pareto front constitutes a trade-off
between the conflicting choices.

As shown in Fig. 6, the Pareto front for all cases except
Case 3 exhibits a sudden change in the slope as shown in the
multi-objective optimization result charts. This drop in the
slope is used to define the best Pareto front for these cases.
However, in Case 3, specifying an optimum closest-to-the-
equilibrium point is more difficult due to its linearity, as
shown in the multi-objective optimization result charts.

Table 2 summarizes the output of the optimization
process. The optimum values for the input variables for
each window as labelled in Figure, and their equivalent
WWR and UDI values are summarized in Table 2.

7. Conclusion

This paper proposes integrating daylight analysis tools and
performative measures with space syntax analysis of archi-
tectural building to aid in the studying of the overall space
cognition based on comfort and environmental parameters.
We present a case study on a typical mosque layout using
multi-objective optimization. We believe that coupling
space syntax with daylight analysis utilizing methods, such
as multi-objective optimization, can influence the design
process and support the decision making for this type of
building typologies, especially for over illumination and
glare avoidance. We recommend the use of sDA and ASE
instead of UDI to consider high-illumination spots in the
room. Alternatively, a limit may be added to the UDI per
area (for example <2000 lux) so that no areas overheat or
are illuminated (glare). Moreover, adding glare metrics
(such as DGP) as one of the objective functions in the
optimization ensures a rigorous case study and ensures that
no perceptible glare is present in the room from any of the
windows. Our analysis shows that Case 2 has a better
average daylight performance and a smaller WWR which
means it is better in preventing heat gain inside the space.
Furthermore, the different distribution of column place-
ments does not constitute a significant impact on the
daylight values and the daylight glare probability, as shown
in Table 2. The analysis presented in the paper has impli-
cations for both architectural designs of spaces with respect
to glare management and daylight potential. It is unique and
builds on our previous work to explore thresholds of com-
fort, visibility, and proximity for stationary observers.
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