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Abstract

This study investigates the special case of girls’ schools in Saudi Arabia, where

there are strict privacy requirements due to sociocultural and religious factors.

In the last few decades prototype buildings were introduced in this country

to cover for the demand for school buildings in Saudi Arabia following the rapid

economic growth since the discovery of oil. Prototypes were used for boys’ and

girls’ schools without due consideration of the privacy requirements applicable to

girls’ schools. In the girls’ schools most windows are blocked with dark opaque

films or solid boards to maintain privacy. Such window treatments make electrical

lighting a necessity at all times. Consequently, girls’ schools have become one of the

biggest energy consumers in the country when taking into consideration the number

of schools and the peak time operational hours Moreover, the quality of life for the

occupants of the buildings has been affected, as the lack of daylight is known to

have negative effects on health, well-being and productivity.

This study will be examining the use of perforated solar screens on existing

windows to resolve the problem, The aim of the research is to ascertain the configu-

rations for the parameters of the proposed perforated solar screen, in order to provide

acceptable daylight performance alongside maintaining privacy for occupants. The

investigated parameters are: perforation rate, depth ratio, aspect ratio, cell size and

tilting angle. Different values of each parameter are tested using lighting simulation

and a qualitative study was designed and applied in order to investigate the privacy

aspects. The results of these investigations have identified the recommended configu-

ration for the parameters of perforated screens for each one of the main orientations:

north, east, south and west, to achieve acceptable interior daylight conditions and

provide privacy.
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1.1 Introduction

Providing visual privacy for occupants has become a rising issue in an increasingly

crowded world, where traditional spacing between windows in buildings is often

not possible. In some extreme cases, due to socio-cultural restrictions, the need

for providing visual privacy tends to directly control the design of buildings and

the way they operate and how their openings are treated. In order to investigate

this area, the author looks at the specific case of girls’ schools in Saudi Arabia,

and in particular those schools that were not designed initially to be used as girls’

schools for reasons discussed later in this chapter. Windows currently used in these

schools are non-openable and covered with dark opaque materials. Many problems

are associated with this act, especially the lack of indoor daylighting. Therefore, a

better solution is needed for those windows.

There are numerous benefits from using natural light to provide illumination

indoors in school buildings for students’ health and well-being, both psychologically

and physiologically, and in saving energy on lighting to reduce carbon emissions,

the main contributing factor of global warming. Although using natural light has

some negatives such as glare, low uniformity ratio and heat gain, these can be

overcome however, by using appropriate sun-shading strategies designed according

to the orientation and location of the building.

This thesis examines the use of perforated solar screens in girls’ schools in Saudi

Arabia to promote privacy and enhance indoor daylighting which could accordingly

reduce energy consumed in artificial lighting.

1.2 Research context

It is important to look through the local context in order to have a better under-

standing of the problem. This section presents a background of the context of this

research; it provides an overview of geographical characteristics of the local context
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of Saudi Arabia and the capital city of Riyadh. It also explains the economic and

demographic development of the last 50 years leading to the current issues discussed

here as relevant to this study. The section also introduces the education system and

the socio-cultural background in Saudi Arabia that led to the privacy issue in girls’

schools.

1.2.1 Location and climate of Saudi Arabia

Saudi Arabia is located in South-west Asia and occupies four fifths of the Arabian

Peninsula with an area of 1,960,582km2, making it the third largest country in Asia

following China and India, and the second largest Arab country after Algeria. It is

bounded on the north by Iraq and Jordan, on the north-east by Kuwait, on the east

by the Arabian gulf, Qatar and the United Arab Emirates (UAE), on the south by

Oman and Yemen, and on the west by the Red Sea and the Gulf of Aqaba, with

a total estimated land boundary length of 4,431km and 2,640km coastline (Figure

1.1).

Figure 1.1: Map of Saudi Arabia (source: Nations Online Project 2018).
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This widespread area contains a variety of topography although one third of the

total area is sandy deserts. There are mountains as high as 2,740m in the south and

western regions, and the central region is located on a large plateau with an elevation

range between 1,520m in the west and 610m in the east (Worldmark Encyclopedia

of Nations 2007). Although there are lots of wadis, there are no perennially flowing

waters nor lakes except some small oases in deserts. This location makes its climate

one of the hottest climates.

Koenigsberger (1973) has defined climate as “an integration in time of the phys-

ical state of the atmospheric environment, characteristic of a certain geographical

location”. Climate is one of, if not, the most important factor influencing build-

ings and human behaviour (Fathy 1986). Peel et al. (2007) have categorised the

world map into 29 different climate zones, and the climate of Saudi Arabia was cat-

egorised as a hot arid climate, since it is located between the tropic of Cancer and

the equator, and therefore, the location is one of the most likely to receive direct

solar radiation on Earth (Solar GIS 2013). Saudi Arabia is one of the hottest and

most arid countries in the world, as it is located within the same desert belt as the

Sahara (Facey 1997).

The country has a variation in geographical barriers such as mountains, plateaus,

deserts, oases and valleys which divide the country into different climatic regions,

each of which has its own climate, traditions and architectural heritage (Ministry of

Culture and Information 2000). Talib (1984) and El-Sabbagh (1982) have explained

that there are four local climatic regions in Saudi Arabia. The central region has a

hot and arid climate. The coastal region in the east and west has a hot and humid

climate. The upland region, with mountains as high as 1200–1800m, has a cold rainy

climate, and the northern region has a hot dry climate. This research is focusing on

school buildings in the city of Riyadh which is located in the central region.

The city of Riyadh is surrounded by deserts so generally it has a hot and arid

climate and it lies on Latitude 24.7◦ north, Longitude 46.80◦ east and elevated 612m
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above sea level (High Commission for the Development of Riyadh 2016). Summer

temperatures could reach 42◦C accompanied by harsh sandstorms (Abanomi and

Jones 2005).

1.2.2 Development of Saudi Arabia and the city of Riyadh

Over the last 50 years, cities and towns in Saudi Arabia have been developed sig-

nificantly due to the strong economic growth resulting from the discovery of its

oil reserves. Establishing the oil industry has led to a vast economic growth that

changed the country into a modern developing one (Mubarak 2004). As a result,

a remarkable growth in urban development has been witnessed in most cities in

general and specifically in Riyadh.

The rapid economic growth has been followed by a demographic growth, and

the country has become one of the fastest growing countries in the world. According

to the Food and Agriculture Organisation of the United Nations, in a database to

compare the economic growth and the urbanisation between countries, the popula-

tion of Saudi Arabia multiplied seven times in about 50 years from 4.2 million in

1961 to 32.2 million in 2016 (Food & Agriculture Organization 2017). The data

includes the most recent survey conducted in Saudi Arabia by the Saudi Central

Department of Statistics and Information (Figure 1.2). With a 2.7% expected an-

nual growth, the population is expected to reach 37,610,985 inhabitants by 2025

(Aldossary 2015).

Being the capital of the country, Riyadh has grown more rapidly than any other

region. In about 40 years, due to urbanisation and migration to big cities, Riyadh

has transformed from a town in the 60s with 25,000 inhabitants to an international

metropolis with ten times the population of 2.5 million inhabitants by the year 2000

(Al-Hemaidi 2001). The population was then doubled in one decade reaching 5.2

million inhabitants in 2010 (Al-Qahtany 2014). The United Nations estimates a

growing annual rate of 2.95% in urban areas of Saudi Arabia, however, recent re-
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Figure 1.2: Population growth in Saudi Arabia (adapted from: World Bank 2017).

ports showed that Riyadh had a 4% annual growth between 2010 and 2016 reaching

a population of 6,506,700 (High Commission for the Development of Riyadh 2016),

which is equal to more than 20% of the total population of Saudi Arabia. The pop-

ulation of Riyadh is expected to reach 10 million by 2020 (Garba 2004). Parallel to

the demographic growth, there was also a forced spatial growth, for accommodating

the increasing number of inhabitants. The area of Riyadh has expanded more than

a hundred times in about half a century. The recorded area of the city reached

765km2, 2435km2 and 2700km2 in 1996, 2008, 2011 respectively (Ibrahim 2010).

Figure 1.3 shows satellite images for the urban growth of Riyadh from 1972 to 2016

(US Geological Survey 2016).

In order to organise and control the expanding demand for services, the Govern-

ment of Saudi Arabia established the local and national governance in 1970, namely,

the Ministry of Planning, that was in charge of national development planning, and

the Ministry of Municipal and Rural Affairs, that was in charge of spatial planning

at the national, regional and local levels in addition to the provision and manage-

ment of infrastructure (Almotairi 1995). This growth has resulted in many changes

in the social context and surrounding environment of the city; these changes have
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(a) Riyadh 1972. (b) Riyadh 1990. (c) Riyadh 2016.

Figure 1.3: Satellite images showing development of Riyadh (source: US Geological
Survey 2016).

been discussed extensively in the relevant literature (Chaaban 2008; Al-Fouzan 2012;

Mubarak 2004).

As Riyadh is the biggest, most developed and most populated city with the

highest annual growth rate, the city is chosen to be the focus of this research rather

than any other city in Saudi Arabia.

The traditional architecture in Saudi Arabia has been developed over centuries

to reflect and adapt to the local environment and its hot climate. There have been

efforts to utilise wind circulation for cooling, using techniques such as, central court-

yards, wind catchers and shading devices (Al-Oraier 2005). Some buildings embed-

ded these techniques in seeking to provide acceptable levels of comfort in the indoor

environment for inhabitants. The massive population growth forced the govern-

ment to commission housing projects with foreign construction companies in order

to meet the demand for housing, generating large-scale urban development. Over

time, it appeared that the imported foreign designs and regulations were inadequate

for meeting inhabitants’ needs and local conditions (Al-Hathloul 1981), especially

the issue of visual privacy in buildings. This growth impacted on the urban scale,

and the resulting landscape became more crowded, affecting the traditional privacy

spacing between windows in buildings. Moreover, this direct application of foreign

architectural forms has resulted in a construction practice that does not respond to

the key local factors and does not consider local materials and traditions.
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1.2.3 Global warming in Saudi Arabia

The vast growth in Saudi Arabia created demands for infrastructure and new build-

ings of all types. Consequently, the energy demand and consumption has substan-

tially risen, affecting the development of the country; some important industrial

projects have been delayed and sometimes brownouts have occurred as a result of

insufficient capacity of power supplies, particularly in the summer when the peak

cooling demand occurs (Al-Twaijri 2002). Alongside the energy demand issues,

there are also environmental problems due to the generation of pollutants by this

massive energy consumption as the demand is largely met by gas. In the last 20

years, Carbon Dioxide (CO2) emissions in Saudi Arabia have risen from 218 million

tonnes to 464.4 million tonnes (World Bank 2017) (Figure 1.4).

Figure 1.4: CO2 emissions in KSA (adapted from: World Bank 2017).

A report in 2014 (British Petroleum 2014) stated that Saudi Arabia is the 12th

largest consumer of total primary energy in the world. Consequently, the country is

now one of the highest CO2 production countries per capita, and is now comparable

to that of major industrial countries such as Australia and the US (World Bank

2017) (Figure 1.5).
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Figure 1.5: Country ranking for CO2 emissions per capita (adapted from: World
Bank 2017).

Generating electricity in Saudi Arabia is completely dependent on the unsus-

tainable practice of fossil fuel burning (at the time of writing this thesis), which

has a major environmental impact on air, climate, water and land (Alnatheer 2006;

Taleb and Sharples 2011). The government of Saudi Arabia signed the Kyoto proto-

col in 2004 committing to minimise the environmental damage and reduce the rate

of energy consumption (Taleb and Sharples 2011). However, the US Energy Infor-

mation Administration (EIA) (2014) estimates an annual growth of at least 4.5% of

energy demand in Saudi Arabia. In 2010, Saudi Arabia accounted for 4.5 hectares of

ecological footprint per person (Susilawati and Al Surf 2011), that is almost double

the universal average per person. The Saudi Ministry of Industry and Electricity

has estimated that by 2023, at least 77,000GW will be needed in Saudi Arabia at a

cost of $117 billion (Al-Oraier 2005).

According to the Intern-governmental Panel on Climate Change (IPCC) (2014),

greenhouse gas emissions contribute most to global warming, and the building sector

among all sectors, has the greatest potential for greenhouse gas reductions. Around

two fifths of the consumed energy around the world is used to operate buildings

(Hong et al. 2000; Roodman 1995). This is comparable to the 41.7% in the US and
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44% in European Union (Energy Information Administration 2012). In contrast to

these, the proportion of energy consumed by the building sector is higher in Saudi

Arabia because the industrial sector is much smaller than in the US and Europe.

In previously published reports (Ministry of Industry and Electricity 1993,

2002), the building sector is found to be responsible for 65% of the total energy con-

sumption (Al-Sanea et al. 2012). Thus, in such a big capital city like Riyadh, this

number is as high as 88% according to the Saudi Consolidated Electrical Company

(2001), the only provider of electricity in Saudi Arabia. This large consumption of

electrical energy by buildings in Saudi Arabia presents a major potential for reducing

energy consumption (Fasiuddin and Budaiwi 2011). Therefore, architects, engineers

and designers have a significant role to play in controlling energy consumption and

its corresponding impact on global warming by improving the design of buildings

and the integration of services to lower the energy consumption of buildings.

Desert areas such as Saudi Arabia have a great potential for providing a suc-

cessful sustainable environment in buildings, because they are endowed with an

abundance of clear skies and excellent luminous settings (Sabry et al. 2010). Previ-

ous studies have shown that retrofitting a residential building with due consideration

to the local climate in Saudi Arabia can reduce the electrical consumption effectively

(Al-Mofeez 2007; Numan et al. 2000). Other studies also indicated that by doing

so in Saudi Arabia, a payback time for the cost of a power plant could be as short

as seven years (Al-Khoutani 2001; Al-Ragom 2003), this payback time refers to the

save in budget since the government pays electricity bills for public buildings in-

cluding schools. Retrofitting old buildings has also a potential to bring economical

benefits at national level (Al-Khoutani 2001) as retrofitting old buildings could save

capital investment on a new power generating plant and increase efficiency in plant

operation. The above findings are based on studies considering all building types.

It is anticipated that the potential will be at least similar, if not higher, for school

buildings, as discussed below and due to the fact that schools operate at peak hours

with regard to electricity usage.
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1.2.4 Schools in Saudi Arabia

After discussing the development of Saudi Arabia and Riyadh particularly in Section

1.2.2, it is apparent that the education sector has also expanded rapidly in a short

period of time. As a matter of fact, the education sector faced the most sudden

changes, given also that the education in Saudi Arabia has become compulsory

only in the late 60s (Al-Soliman 1994), in fact the first ever high school for girls

in Saudi Arabia opened in 1963 (Al-Hokail 1992). According to the Ministry of

Education in Saudi Arabia, the number of enrolled students in schools multiplied

ten times from 300,000 in 1965 to more than 3 million students in less than 40 years

(Ministry of Education 2004). Numerous school building projects were needed across

all levels to accommodate this large number of students, which tripled the number

of school buildings in less than 35 years from 3,283 in 1970 to 30,414 (Abanomi

and Jones 2005). As a fast solution during that time, many buildings were rented

and re-purposed to be used as schools. These buildings were originally designed

and built for other uses, mostly residential and commercial (Al-Soliman 1995). Due

to this emerging need to build as many schools as possible in the shortest period,

prototype school buildings were also introduced. The key factors driving the design

of these prototype buildings were low cost and fast construction; therefore, schools

were designed with little effort made towards the utilisation of the natural resources

to improve indoor conditions (Abanomi and Jones 2005). In the 70s and 80s five

prototype design variations were used around the country, according to the size

requirement for the new school (Al-Soliman 1995). These prototypes were used

across the country without considering the local climate of each region (Khafaji

1987; Al-Soliman 1981, 1994).

The latest report of the General Authority of Statistics in Saudi Arabia (2017)

about numbers of pupils and schools in Riyadh, is summarised in Table 1.1 and 1.2

respectively. The last column of the table (highlighted) presents the data covering

the number of female students in public schools which is related to this research.
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In Riyadh, almost all schools rely on mechanical equipment to cool down spaces

in summer and provide heating in winter, and rely on artificial light to illumi-

nate interior spaces (Abanomi and Jones 2005; Al-Hemmiddi 2002). Consequently,

these schools have become major energy consumers, considering the high number of

schools (2,692) as can be seen in Table 1.2 and the fact that they operate during

peak hours (Al-Soliman 1981).

Table 1.1: Numbers of students in Riyadh (Source: General Authority of Statistics
2017).

Boys Girls
Private Public Private Public

Elementary pupils 58,203 169,448 45,495 185,809
Middle pupils 25,142 84,429 15,225 92,757
Secondary pupils 39,327 38,844 21,970 59,647
Total 122,672 292,721 82,690 338,213
Grand total 836,296

Table 1.2: Numbers of schools in Riyadh (Source: General Authority of Statistics
2017).

Boys Girls
Private Public Private Public

Elementary schools 163 513 232 456
Middle schools 150 267 146 276
Secondary schools 109 112 105 163
Total 422 892 483 895
Grand total 2,692

Public education is free in Saudi Arabia (at the time of writing this thesis), and

therefore the cost of constructing and running schools falls on the government funds

for education. As the main income to the country is oil productions and revenues

from oil is not stable, sometimes the education budget is frozen or reduced because

of low oil prices (Shash 2005). In fact the oil price has recently dropped and the

government started to struggle and reduce the budget in all sectors. Therefore, it

is important to reduce the running cost for school buildings in order to enhance

resilience and limit reliance on the unstable revenue from oil.
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1.2.5 Privacy for women in Saudi Arabia

In a conservative society like that of Saudi Arabia, there are some religious and

cultural barriers that affect everyday life. According to Struyk (2005), part of the

problem faced by Riyadh and many other cities in the Middle East and North Africa

is the struggle between the modern, globalised city and the traditional Muslim ideals

of the community. Most relevant to this research is the level of privacy required

for women, as females must remain covered in the attendance of unrelated men

(Mahfouz and Serageldin 1990). They have to wear a black robe called Abaya and

a veil on the head to be covered. The requirement for women wearing Abaya and

veil in public spaces is regulated in Saudi Arabia by the Islamic law. The restriction

applies also to non-Muslim women present in the country. In addition to being

a requirement, the notion of privacy is also embedded in the religious belief for

most Saudi women; some women continue to wear Abaya when travelling in other

countries although they are not obligated to.

According to Susilawati and Al Surf (2011), privacy is a challenging factor for

Riyadh’s residents today, and the reason for that is the lack of proper building codes

that may help regulate the need for privacy. This need for privacy has resulted in

a gender restriction in some buildings such as schools, banks and some government

buildings in order to allow female employees and students to work or study without

wearing a veil inside their working environment, whether it is a whole building or

just a section in a building. In order to provide visual privacy, windows of such

buildings should not provide any visual connection from outside to the inside. The

most common features used for this purpose are frosted glass, blackout films or

curtains. This prohibition imposed by socio-religious restrictions is the reason why

the education sector is gender separated in Saudi Arabia (Al-Mayoof 2003).

This separation adds more challenges to the resources and budget for education,

as it means that every district needs at least two schools, one for boys and one for

girls. Consequently, each school has to cover a larger catchment area for students
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than any other ordinary school resulting in longer distances between students and

their school and longer transportation trips. This high level of privacy is the main

reason for gender separation in the education system in Saudi Arabia. Hence, the

level of privacy required in girls’ schools is extremely high. Girls’ schools have female

only teachers and employees, and no men are allowed inside including male parents.

The only exception is for emergency cases when fire fighters or paramedics need

access. None of the school occupants should be identifiable from outside through

openings.

1.3 Definition of the problem

The previous section discussed the rapid growth in the education sector since pri-

mary education became compulsory in this region in the 1960s. To meet this need,

the government used prototype buildings and these prototype schools were not dif-

ferent in design for either gender so were introduced without any consideration to

the privacy issue. The issue would have been solved if schools were designed to

be used for girls in first place, as is the case with many private girls’ schools that

were designed with courtyard solutions for privacy and access to daylight. Instead

administration of public schools tried to solve the problem by covering windows

with black opaque films or boards. Photos of the current situation in public schools

where the issue is experienced were presented by Abanomi (2005) (Figure 1.6). He

discussed that this approach does not only affect the well-being of students and en-

ergy demand for artificial lighting, it also increases the yearly maintenance cost and

time as these covers must be removed from every single school during the annual

maintenance process every summer (Figure 1.7).

However, this research is concerned with retrofitting of the existing buildings

in urban areas with little, if any, leeway in design modification. In 2017 there were

about 900 public girls’ schools in Riyadh as presented in Table 1.2. Solving this

problem would affect a large number of schools and pupils in Riyadh; any method
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(a) An example of a way to cover windows.

(b) Near the end of a school year, the black film is ruined because
of the heat from the sun and needs to be replaced.

Figure 1.6: Examples of using dark opaque films to cover windows to maintain
privacy (source: Abanomi 2005).

identified may have the potential to be transferable to other locations within this

broader region, given the similarities in building typologies, climatic characteristics

and privacy requirements.
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Figure 1.7: Removing the black films during annual maintenance every summer
(source: Abanomi 2005).

1.3.1 Possible solutions

Since the problem concerns retrofitting of existing buildings and not new-build

schools, any solution applicable to early design stages or major retrofits that would

modify the building’s footprint on site are ignored. This would include solutions

such as internal courtyards (DeKay and Brown 2013). The author reviewed previ-

ously suggested possible solutions, that appear to have the potential to solve this

particular problem for girls’ schools in Riyadh. More specifically, the following pos-

sible solutions to be applied on windows in order to solve the problem can be listed

as follows:

• Covering windows completely, the solution currently applied (Figure 1.6a),

and discussed by Abanomi (2005).

• Low-e tinted films on windows (Schaefer et al. 1997).

• Frosted glass (3M-Glass-Finishes 2017).

• Perforated solar screens (Mashrabiyas) (Fathy 1986; Sherif et al. 2010b).
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The advantages and disadvantages of these options are summarised in Table

1.3. It is evident that the first three options: covering windows completely; using

UV dark window films; and using sand-blasted glass, have disadvantages over some

of the requirements present in the particular design problem stated here that ren-

der them unsuitable for application. However, using perforated solar screens has

more advantages than all other options and yet its disadvantages may be overcome

through design optimisation. This solution is a vernacular principle revisited in

this research to assess whether it can satisfy contemporary living requirements and

standards, and is discussed more in Chapter 2. This research is looking into in-

vestigating its parameters to create proper understanding of how each parameter

affects its performance in providing indoor daylight and maintaining visual privacy

for occupants.

Table 1.3: Comparing possible solutions.

Advantages Disadvantages

Covering windows •Provides privacy. •Blocks view to outside.
completely •Blocks daylight completely.

Low-e dark films •Reduce UV. •Privacy can be
•Provides view to outside. breached when internal

illuminance is higher
than outside.

Sand-blasted glass •Provides privacy. •Blocks view to outside.
•Allows daylight in.

Perforated solar screens •Provides view to outside. •Some configuration can
•Provides privacy. reduce interior daylight.
•Allows daylight to admit. •Ability to provide
•Blocks direct sunlight. privacy has not been
•Succeeded to solve investigated yet.
similar problems vernicularly.

1.3.2 The research gap

After reviewing previous work in investigating parameters of Mashrabiya and their

impacts on daylight performance in hot arid areas, later discussed extensively in
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the literature review in Chapter 2, it is found that most work has been done for

residential living rooms and to the knowledge of the author, very little has been done

for classrooms. Moreover, no qualitative study has been conducted to investigate

how different configurations of perforated solar screen parameters affect the aspect

of maintaining visual privacy of occupants. This research builds on these findings.

1.4 Research aim and objectives

Although the research is directed to solve an existing issue in girls’ schools in Saudi

Arabia, the overall aim of this research is to develop a design guide for identifying

configurations of perforated solar screens that is able to maintain privacy and provide

acceptable levels of indoor daylighting for a building in a specific location with

openings at any known orientation. The aim is driven by the desire to improve

daylighting levels in Girls’ Schools in Saudi Arabia to reduce energy demand for

artificial lighting and to improve access to daylight which would improve pupils’

productivity and well-being, whilst maintaining the privacy levels expected from

the socio-cultural and religious norms in the region.

The objectives of this research are as follows:

1. To establish whether the use of perforated solar screens is a successful design

solution for achieving acceptable interior daylight levels.

2. To establish whether using perforated solar screens is able to maintain privacy

for occupants.

3. To examine the parameters of perforated solar screens and evaluate how they

affect both the daylight performance and the visual privacy for occupants.

4. To recommend values for each parameter of perforated screens that would

satisfy the requirements for visual privacy and achieve an acceptable level

of daylight at the same time in classrooms in Saudi Arabia. It is however,
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intended that the results can be generalised to recommend these values for

any location and for any set of variables including the occupancy time of the

space.

1.5 Research hypothesis

The basis of this PhD is the supposition that perforated screens are able to solve

the problem of resolving privacy and daylighting concerns in girls’ schools in Saudi

Arabia, and that there are different recommended configurations for each cardinal

direction.

1.6 Research outline

This thesis is divided into five chapters, each of which deals with a specific part

of the research. The following key points give an overview of the contents of these

chapters:

Chapter One: Introduction

This chapter introduces the research and presents the Saudi Arabian context, with

focus on the capital city of Riyadh, its climate, crowded urban context and the issue

of privacy for women in general and in girls’ school buildings in particular. It also

introduces and describes the issue of privacy in Saudi Arabia. The chapter also

highlights the objectives of this research and the contribution of the thesis to the

body of knowledge. It defines the problem and states the research question. It also

gives a brief overview of the research outline including the structure of the thesis.
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Chapter Two: Literature review

This chapter starts with a review of privacy trying to identify ways of assessing

privacy in buildings. The chapter then provides an overview of the theory of daylight

in buildings with a focus on the physiological and psychological implications on

occupants and the energy consumption of buildings. The chapter also introduces

the origin and history of Mashrabiya, a type of perforated solar screen that is typical

in the research context. It also describes the design parameters of this type of solar

screen providing also a review of previous work regarding those parameters. The

chapter also reviews the literature in the area of measuring and predicting daylight

performance inside buildings, methods and simulation tools in order to inform the

choice of an appropriate methodology for conducting this research.

Chapter Three: Methodology

This chapter presents the literature review outcomes and the options regarding

available research methods; it analyses them and concludes that the selected method

is the most appropriate to achieve the research aims and objectives. The chapter

then introduces the workflow of the thesis that explains the necessary preparations

before starting the experiments in this research. The workflow also explains the

phases of the research and how the experiments are spread in these phases. The

chapter ends with explaining the research methods used to evaluate interior daylight

and privacy, and how the results of these experiments will be presented.

Chapter Four: Research

This chapter presents the final results of all experiments in each of the four phases

of the research. The discussion revisits the research hypothesis and research aims,

and answers the research question drawing from the research outcomes of both the

daylight performance and privacy assessments. The chapter ends with recommen-
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dations for the configurations of parameter values to achieve that.

Chapter Five: Concluding discussion

This chapter presents the concluding discussion to this work in response to the

research aim, objectives and hypothesis. Moreover, the chapter gives general rec-

ommendations and suggestions for future research work in the same field.

Reference list and Appendices

At the end of the thesis, a reference list is presented followed by appendices. The

appendices include:

1. Two papers published during the PhD study presenting the findings of the

work with relevance to the effect of perforated solar screens on interior daylight

levels.

2. Risk assessment form.

3. Research ethics application that was approved by the School’s Research com-

mittee.

4. Prevent duty form prepared in compliance with guidelines.

5. The questionnaire used in this research.

6. Permission to use KAY pictures in this research.

7. Licensed images displayed in this research.

8. Method of presenting results of light simulation.
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Literature Review
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2.1 Introduction

This chapter reviews the current literature in the relevant subject areas. It starts

with the subject of privacy and moves on to review relevant past work on the subject

of daylight. It considers several aspects of daylight, in general and in buildings, and

how it affects human health and productivity as well as the energy consumption

of buildings; it discusses specifically the importance of providing daylighting inside

school buildings with the use of appropriate shading devices. The chapter also

introduces and describes Mashrabiya as a possible solution with an overview of its

function and parameters and discusses previous work in literature that have studied

its parameters and their effect on interior daylight. In order to inform the choice of

the appropriate methods in this research, the chapter reviews the relevant literature

in the area of measuring interior daylight, methods and simulation tools used by

others to evaluate indoor daylighting. At the end of the chapter, the analysis moves

on to a discussion on previous research that has studied indoor daylighting in hot

areas and how different cases were assessed and compared.

2.2 Visual privacy in buildings

2.2.1 Definition of privacy

The term privacy dates back to the fifteenth century (Encyclopedia Britannica 2015).

The Britannica Encyclopaedia has two definitions of privacy: it is the quality or state

of being apart from company or observation. As an act, privacy provides freedom

from unauthorised intrusion. A second definition states that privacy denotes a place

of seclusion (ibid.). A similar definition can also be seen in the Webster’s Online

Dictionary: privacy is the quality of being secluded from the presence or view of

others or the condition of being concealed or hidden (Merriam Webster 2018). The

definition of privacy can also be seen in relative literature, privacy literally means
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where it is necessary to protect and defend (Ghayeghchi 2015). Privacy can be seen

as a range of beliefs, practices, behaviours, characteristics, features and ownership of

each person, and people are not willing to relinquish their privacy and guard against

the entrance and supervision of others (Naghibi 2010). Privacy is about the ability

of individuals or groups to control their visual, auditory and olfactory interaction

with others (Lang 1987). A definition of privacy from sociologist’s point of view is a

boundary between person, environment and outsiders, where they can declare their

boundaries are restricted, and the outsiders will not intrude (Fahey 1995).

According to Westin and Ruebhausen (1967) Privacy is the claim of individuals,

groups, or institutions to determine for themselves when, how, and to what extent

information about them is communicated to others. Viewed in terms of the relation

of the individual to social participation, privacy is the voluntary and temporary

withdrawal of a person from the general society through physical or psychological

means, either in a state of solitude or small-group intimacy or, when among larger

groups, in a condition of anonymity or reserve. The individual’s desire for privacy

is never absolute, since participation in society is an equally powerful desire. Thus,

each individual is continually engaged in a personal adjustment process in which he

balances the desire for privacy with the desire for disclosure and communication of

himself to others, in light of the environmental conditions and social norms set by

the society in which he lives.

The theory of privacy regulation refers to the closeness of a person who is

isolated from others and vice versa to the openness of a person who attempts to

be more easy to access (Altman et al. 1981; Newell 1995). Therefore, creating a

boundary control can control the closeness or openness in terms of accessibility to

others to comply with the privacy regulations (Altman and Chemers 1980).

The concept of privacy invokes the possibility of controlling, in different degrees,

interactions among people and/or with external or internal spaces (Reis and Lay

2004), and so the interruption or reduction of information flow, as already revealed
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by some researchers (Kupritz 2000; Rapoport 1980). According to Newell (1995),

there is no agreement on what privacy actually is. It was also suggested by several

authors that definitions of privacy changed as a function of the development of the

individual and the specific environmental context (Margulis 2003a; Pastalan 1970;

Westin and Ruebhausen 1967). Thus, it has been assumed in the investigation of

privacy by all disciplines that people have to avoid contact and keep a distance

from others at specific times or occasions (Altman and Chemers 1980; Altman et al.

1981).

Altman (1975) presents privacy as a collection of six points:

1. Privacy is an interpersonal boundary-control process, which paces and reg-

ulates interaction with others. Privacy regulation by persons and groups is

somewhat like the shifting permeability of a cell membrane.

2. Two important aspects of privacy are desired privacy and achieved privacy.

Desired privacy is a subjective statement of an ideal level of interaction with

others, how much or how little contact is desired at some moment in time.

3. Privacy is a dialectic process, which involves both a restriction of interaction

and a seeking of interaction.

4. Privacy is an optimising process. In other words, there is an optimal degree

of desired access of the self to others at any moment in time.

5. Privacy is an input and output process; people and groups attempt to regulate

contacts coming from others and output they make to others.

6. Privacy can involve different types of social units: individuals, families, mixed

or homogeneous sex groups, and so on.

There are some social behaviour studies related to the built environment. The

studies focus on the concept of privacy related to the cultural, behavioural, built en-

vironment, privacy in the dwelling and other privacy realms (Altman and Chemers

1980; Altman et al. 1981). The interest of privacy has been discussed in different
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disciplines, namely by, psychologists, sociologists and architects (Razali and Talib

2013). According to Altman and Chemers (1980), privacy is a selectively controlled

access to oneself. It is part of the privacy regulation that had emphasised close-

ness and openness which may lead to human behaviour development and moral

growth (Newell 1995). There are five parameters of privacy: accessibility, visibility,

proximity, vocals and olfactory (Georgiou 2006).

It appears that privacy includes many types and what is relative to this study is

the visual privacy in buildings; Reis and Lay (2004) define visual privacy as what is

visualised from a single point of view in a particular space depending on the viewing

angle and distance. They define internal visual privacy regulation as controlling the

extent of visual integration; that is to block or allow visual connections. Shach-

Pinsly et al. (2011) define visual privacy as an optimisation process of controlling

the level of visual exposure and visual openness. This definition is close to the

one presented by Altman (1977) which described visual privacy regulation as an

open-close system to attain the optimum amount of privacy required specific to

each individual’s needs. Visual privacy in buildings can be defined as the ability

to conduct activity in a building without being observed and without fear of being

observed by those outside the building (Al-Kodmany 1999). Although previous

studies defined visual privacy differently depending on the focus and issues of the

studies, most studies relate back to the same point which is the visual permeability

of a space or building (Hakim 2013; Mortada 2003; Reis and Lay 2004; Shach-Pinsly

et al. 2011).

Most researchers tend to define characteristics of visual privacy from the built

environment’s point of view. They use terms such as “visual corridors” (Hakim

2013), “visual integration” and “control of visual connections” (Shach-Pinsly et al.

2011). The terms are mostly in reference to the visual line of sight created by the

built environment and is dependent of the direction of looking (inside to outside or

outside to inside), or the morale behind it (Manaf et al. 2018).
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Shach-Pinsly et al. (2011) have divided visual privacy in buildings into two

characteristics: Visual Exposure and Visual Openness. Visual exposure refers to

privacy aspects in the built environment and they defined it as the visual penetration

into one’s privacy as a result of being viewed from the external spaces of other

buildings’ façades or from public spaces at street level around the building. Archea

(1977) has defined visual exposure as: the probability that one’s behaviour can be

monitored by sight from one’s surroundings. Conversely, the Visual openness refers

to the view of building occupants to outside. Some other researchers used the term

“Visual Access” rather than visual openness to describe the view from inside to

outside (Mortada 2003; Rahim 2015). Visual access allows one to look out and to

monitor immediate spatial surroundings by sight (Rahim 2015).

Internal visual privacy has implications in the consideration of what is visualised

from certain spaces and in the possibility of controlling visual integration, that is,

of blocking or not visual connections. Therefore, visual privacy inside buildings is

affected, besides visual connections from certain observation points, by movement

possibilities and control through the existing functional or physical connections (Reis

and Lay 2004). To the designer, questions of privacy are involved in decisions about

visual separation between the different sections and elements within the building,

between the building and the street, and between the building and other buildings

(Altman 1977; Marshal 1970).

2.2.2 Privacy and cultures

Privacy is a universal concept, although the means used to regulate it may vary

according to different social systems (Kupritz 2000). Altman (1975) has observed

that although privacy is “a universalprocess which involves unique regulatory mech-

anisms”, it differs among cultures in terms of the ‘behavioural mechanisms used to

regulate desired levels of privacy’. Moreover, similar environments can have very

different effects on different groups of people, depending on their specific character-
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istics, many of which are cultural or influenced by culture (Rapoport 2005).

One of the issues greatly affecting visual openness and visual exposure is cultural

difference. Various cultures regard visual exposure and visual openness differently

(Shach-Pinsly et al. 2011). The differences between cultures can be seen in privacy

need, the use of space and how privacy is regulated. These result in different house

and building forms around the world (Rapoport 2005), because the conception of

privacy is culturally specific (Altman 1977; Fahey 1995; Newell 1995).

Cultural differences in attitudes towards privacy were documented in the an-

thropological literature (Gregor 1974; Moore 2018) and discussed by Altman (1977).

The consensus was that cultural differences existed in styles of privacy, or mecha-

nisms for obtaining privacy, but for different purposes. Nearly every culture has

sought some type of privacy (Newell 1995). Religious and sexual behaviours were

most frequently found to incorporate privacy across cultures. Nearly all societies,

primitive as well as modern, have sought privacy for sexual relations (Hixson 1987).

The level of satisfaction regarding visual exposure is subjective and varies between

groups of people, based on age, personality, time in life, gender, the attitude of the

self, location, relationships with neighbours and the way privacy is obtained (Newell

1995).

According to Kupritz (2000), the need for privacy can be related to the need

for safety, which is the second in the hierarchy of human needs after the physio-

logic needs. Abu-Lughod (1993) argues that the main object of urban design in the

traditional city is to protect visual privacy. Confidentiality is one of the basic prin-

ciples that governs the universe and its phenomena that its impacts on the physical

structure of the traditional architecture of the space are not deniable (Ghayeghchi

2015).

The importance of privacy can be seen in many cultures and backgrounds, for

example in social housing studies in the US (Francescato 1979), and in the UK

(Darke 1982). The government of New South Wales in Australia have a develop-
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ment control plan to regulate the Local Environment Plan (Marrickville 2011). In

this document, the visual privacy is taken into consideration and measures must be

applied if the visual privacy of adjacent residential properties is likely to be signifi-

cantly affected from windows. These recommended measures include: fixed screens

of a reasonable density (minimum 75% block out) to a minimum height of 1.6m from

finished floor level must be fitted to windows in a position suitable to alleviate loss of

privacy; screen planting or planter boxes in appropriate positions may supplement

the above provision in maintaining privacy of adjoining premises.

Shach-Pinsly et al. (2011) argued that visual exposure is a major aspect influ-

encing the quality of the human environment. They presented that the lack of visual

privacy can influence the economic attractiveness of the high density urban environ-

ments, thus, apartments in crowded dense urban developments have less real estate

value because of their visual exposure. The satisfaction of buildings’ occupants with

their urban development will grow if the buildings offer low levels of visual exposure

(more visual privacy) and simultaneously high levels of visual openness (Feitelson

1992; Al-Kodmany 2000; Oh and Lee 2002).

These studies proved that visual privacy is also important in the Western world,

not only in the Arabian and Islamic world. Visual privacy is an intriguing subject,

and if this is true in the West, it is especially true in the Arab and Islamic world

(Tomah 2011). Privacy is a socio-cultural need present in the culture of communities

in the Arab and Islamic regions (Fathy 1986). Tomah (2011) argued that one needs

only to visit any Middle Eastern country for a day to realise the place of importance

given to visual privacy, because Arabs have high expectations with regard to visual

privacy. These high expectations certainly extend to visual privacy as it relates to

architectural design. The translation of privacy into the built environment varies

between the cultures that embraced Islam partly due to the strong influence of

the culture of origin (ibid.). Privacy in Muslim society is more towards gender

segregation and separation between the privacy life and public intercourse (Gregor

1974).
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Visual privacy is pertinent in Islam. The Holy Quran stated very clearly that

one’s privacy is one’s own right and no one should intervene in it without one’s

permission. The architectural, social, and psychological dimensions of privacy are

fundamental to the daily life of Muslims (Rahim 2015). Visual privacy influences

design attributes of houses such as the specifics of doors, windows and openings,

organisation of spaces and positioning of houses in relation to other houses and

physical elements such as partitions, walls, blinds, louvres and landscape elements.

Provision for visual privacy has always been an important aspect and consideration

in the houses of Muslims (ibid.). Islam placed the highest importance on visual

privacy due to its direct impact on physical elements of the traditional Islamic city

(Hakim 2013). In order to follow with the law of God and securing houses, in terms

of privacy and the veil, the houses were built so that no strangers would be able to

see inside the houses (Ghayeghchi 2015). From an Islamic point of view, a dwelling is

defined as a safe shelter and private sanctuary, the best place to enjoy tranquillity,

and a refuge from the outside world (Manaf et al. 2018; Omer 2010a). Mortada

(2003) and Abdul-Rahim (2008) mentioned that every Muslim family should take

into consideration the dwelling’s function and design emphasis on segregation of

gender, seclusion of females and visual privacy from outside.

Bemanian et al. (2015) studied the privacy in the built environment in Iran, one

of the biggest Islamic countries; they stated that the role of privacy in life according

to the teachings and commands of Islam and cultural affiliations of the people in

Iran, is no secret to anyone. Tomah (2011) interviewed 276 families in Jordan

in an attempt to investigate visual privacy in buildings. Respondents in different

neighbourhoods expressed a strong desire for a higher level of visual privacy. They

want visual protection in place to guard against any perceived invasion of privacy,

both from within the building and from outside. Rahim (2015) has interviewed

381 people to find the influence of culture and religion on the conception of visual

privacy. His findings indicate that the majority of the respondents (89.6%) feel that

the control of visual exposure is important. There is no significant difference for
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perception on control of visual exposure at p = 0.05 between genders, education,

age and family income.

The concept of privacy in Islam involves the segregation between males and

females. Islam only allows free social interaction between females and males known

as Mahram referring to close family members (fathers, brothers, sons, uncles or

nephews) (Mortada 2003). Islam also suggests ways in dressing to cover the body

and hair of women that need to be concealed (Abdul-Rahim 2008) and in behaviour

and relationships between male and female (Mortada 2003; Rahim 2015). The layout

plan and design of houses should follow the Islamic principles of visual and audio

privacy to prevent unethical acts (Abdul-Rahim 2008; Mortada 2003).

Privacy as a key principle in Islamic architecture has different aspects. The

purpose of the privacy is creating borders not inducing separation. Privacy creates

an aura preventing the invasion of others and connects two sides without blending.

Privacy does not apply only to social relations, but it can be found in regulating the

spaces, dividing urban spaces and buildings (Ghayeghchi 2015).

In Saudi society, as one of the Muslim societies, dwelling privacy is defined by

explicit Islamic teachings. These rules have existed for many centuries and their

influence is clearly visible in traditional architecture in Saudi Arabia (Bahammam

1998). The need of privacy for women is extreme in Saudi Arabia (Al-Mansuree

1997). Ben-Saleh (1998) has investigated the traditional architecture in Saudi Arabia

and how the Islamic and customary laws had an impact on urban form development.

He found that the key organising concept of urban development was the respect for

privacy and rights of spaces which condition the relationships between the various

participants.

The contemporary architecture in Saudi Arabia neither maintains the required

level of privacy for the society (Bahammam 1987) nor provides a climatic enjoyable

space in the harsh weather of the region (Bahammam 1998).
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2.2.3 Levels of privacy

Altman (1975) distinguished three cases:

1. Achieved = desired: optimum state of privacy exists, resulting in psychological

comfort.

2. Achieved < Desired: a person has more interaction than s/he wants and in-

tended to achieve

3. Achieved > desired: results in a sense of loneliness and isolation.

Al-Kodmany (1999) has defined the desired and achieved privacy levels as follows:

Desired privacy is the extent to which an occupant wants visual privacy inside a

building from outsiders (neighbours and passers-by), whereas, achieved privacy is the

extent to which the traditional building meets women’s desire for visual privacy from

outsiders. He then interviewed 200 women in Syria (which has similar traditions to

Saudi Arabia) to identify the desired level of privacy and the reasons for this level

of privacy; he concluded that the reasons are cultural, religious, psychological and

personal. He asked them whether they prefer to occupy a building with many

windows and little privacy or an identical building with less windows and more

privacy. More than 85% preferred a building with more privacy.

2.2.4 Traditional strategies to maintain privacy

Many researchers discussed the effect of the visual privacy issue on the traditional

architecture in the Middle East, and many strategies that aim to maintain privacy

can be learned from traditional architecture. The attitude toward privacy is a major

factor that has influenced the design and shape of the traditional house in Saudi

Arabia (Bahammam 1998). The need to provide visual privacy to the individual

family and community at large resulted in careful location of buildings in relation to

one another and the placement of windows (Hakim 2013). The traditional architec-

ture can provide valuable lessons (related to privacy and other issues) to planners
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and designers of contemporary environments regarding the impact of Islamic law

and customary laws on urban form development (Ben-Saleh 1998). The layout and

orientation of residential units and site plans, along with the architectural treat-

ment of exterior elevations, all contribute to the achieved level of visual privacy

(Al-Kodmany 1999). Mortada (2003) and Rahim (2015) explained that the visual

privacy involves site location and layout plan.

In a study conducted by Abbasoglu and Dagli (2009), they concluded that early

age designers were more successful in creating visual privacy in their designs and this

is connected to designers understanding the meaning of the visual privacy. Visual

privacy also influenced architectural design strategies such as the louvre windows,

screened panels or Mashrabiyas, roof terrace, high windows, recessed windows and

entrance (Rahim 2015). According to Ben-Saleh (1998), the Private open space

in the form of a residence backyard or roof terrace in the traditional architecture

in Saudi Arabia emerged to fulfil the religious demand for privacy, especially for

female members of the household. Archea (1984) stated that, in bounded settings,

the location of edges (corners) and surfaces (walls), their spatial arrangement, and

their properties (opacity) affect the distribution of visual information about the

occupants inside. This information creates psychological opportunities for privacy,

social interaction, creating the desired impressions (Margulis 2003b).

According to El-Shorbagy (2010) the courtyard is the most essential element,

which represented the core of all Islamic-Arab houses. The concept of the courtyard

is commonly used in traditional architecture, both rural and urban, of the hot arid

regions from Iran in the East to the shores of the Atlantic in the West. Muslims

adopted the concept of the courtyard because it suited their religious and social

needs, especially the degree of privacy needed. The arrangements of the court-

yard also provided a satisfactory solution to their specific environmental problems.

The number of courtyards varies, as does the size of each courtyard, according to

the available space and resources (Danby 1993). Using courtyards in traditional

architecture was intended to provide the maximum privacy desired by the society
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(Bahammam 1998). Al-Kodmany (1999) suggests that an inwardly oriented built

environment is a good method to maintain privacy as well as using courtyards.

Strategies related to windows were also mentioned by researchers as a way to

maintain visual privacy in buildings. Some researchers emphasised three elements

of design that can control the visual privacy of the dwelling, including the height of

windows and screens (Mortada 2003; Omer 2010b; Rahim 2015). Day (2000) argued

that the height and location of façade openings in relation to those in adjacent

buildings are critical to visual exposure. Mortada (2003) and Rahim (2015) suggest

that in order to maintain internal visual privacy through openings, windows must

be built above the eye level for the upper and lower floor of dwellings. As many as

89.5% of the 381 participants interviewed by Rahim (ibid.) identified that curtains,

screens and blinds are the most important regulating mechanisms for visual privacy.

In a similar study conducted by Tomah (2011), most respondents (of 276 families)

indicated that they prefer to use traditional architectural elements, such as the

Mashrabiya, in order to insure visual privacy. Mashrabiya used to be installed to

ensure a one-way view, whereby occupants, especially women, could see outside but

passers-by, especially men, could not see inside (Abu-Lughod 1993; Al-Kodmany

2000).

It appears that most strategies learned from the traditional built environment

in the Middle East to provide visual privacy in buildings must be applied during

the design process, such as using courtyards and inwardly oriented buildings. It was

mentioned in Chapter 1 that schools in Saudi Arabia were built using prototypes

without any distinguishing between those for boys and girls. In an ideal design

scenario they should have been designed differently to consider the privacy issue in

earlier design stages by using one of the strategies discussed here. Unfortunately that

did not happened. As a result, windows in girls’ schools are currently covered with

black opaque films or coloured solid boards in order to maintain privacy. This act

would surely diminish visual exposure but it would simultaneously diminish visual

access. This is in addition to other issues related to the lack of indoor daylight.
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This study is considering retrofitting existing buildings, and there are about 900

girls’ schools in Riyadh only (Table 1.2) (General Authority of Statistics 2017) that

have the same problem, and many more around Saudi Arabia.

Therefore, the literature review is directed toward strategies related to openings.

The possible solutions to solve the problem of privacy that can be applied to windows

include: covering windows completely, which is discussed by Abanomi (2005); low-e

dark films on windows (Schaefer et al. 1997); sand-blasted glass; perforated solar

screens (Mashrabiya). These options were discussed in Chapter 1 and Table 1.3,

and the use perforated solar screens was selected as the most appropriate solution

as it used to be successful in vernacular built environment as discussed above.

There is very little available literature in the field of architecture and buildings

discussing the issue of visual privacy in buildings (Sherif et al. 2010b). In order to

study the relationship between the various solutions to maintain privacy needs as

discussed above to identify successful cases in maintaining privacy, the author had

to define privacy in buildings. For the purpose of this study, the maintenance of

privacy in school buildings for girls can be provided by windows which do not allow

a view; having a view from outside to inside the building through an opening means

that there is no privacy and vice versa. The next section of this chapter will provide

a review of the literature on the subjects of optometry, vision science and the optical

physics of light. Discussion focuses on the factors that affect people’s ability to view

from outside to inside a building through openings. Following this a methodology

will be set up to evaluate visual privacy by testing visibility through openings from

outside to inside.

2.2.5 Assessing visual exposure

The aspect of studying how the applied strategy to windows can affect the visual ex-

posure inside buildings has not been extensively researched and documented in the

academic literature. There is very little available literature in the field of architec-
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ture and buildings discussing the factors affecting visual exposure through windows

(Sherif et al. 2010b). The most dominant attribute found in the literature survey

affecting visual exposure is the distance between buildings (Day 2000; Al-Kodmany

1999; Merry 1987). Shach-Pinsly et al. (2011) stated that there is no approach that

systematically classifies distances between buildings in relation to visibility. When

evaluating visual exposure in buildings, Shach-Pinsly et al. (ibid.) used measured

distances between the studied opening and the outside viewer and categorised the

distance (X) into four categories:

1. X < 10m: High level of visual exposure

2. 10m < X < 25m: Medium level of visual exposure

3. 25m < X < 50m: Low level of visual exposure

4. 50m < X: Very low level of visual exposure

These categories can be used to assess reducing visual exposure to the minimum,

however, this cannot be applied to the case of Saudi Arabia as the required level of

privacy is restricted to zero visual exposure.

In order to assess whether or not an applied strategy on windows was success-

ful in diminishing visual exposure, therefore, the author suggests that zero visual

exposure means not having visibility. Any visibility from outside to inside buildings

through an opening means that there is still visual exposure and vice versa. The

author also suggests that distance is not the only factor affecting visual exposure,

although it is the only factor found in literature related to architecture and the

built environment. Hence, prior to setting up a methodology for evaluating visual

exposure and testing visibility through openings from outside to inside buildings,

a review of the literature on the subjects of optometry, vision science and optical

physics of light and glass is conducted to discover the factors that affect the ability

to view from outside to inside buildings through openings.

The visual effect of the distance between subject and human eye is widely known
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and well discussed in optometry and has resulted in the use of Snellen fraction

or Snellen charts (Jackson and Bailey 2004; Kosslyn et al. 1978). Therefore, the

distance between the eye of the viewer and the target inside the building can be

considered as a factor affecting visibility when assessing visual exposure. A normal

human eye with a Snellen fraction of 6/6 has the ability to recognise a letter size

6 from 6m away, whereas an eye with 6/18 can recognise a letter if it was size 18

from 6m away (Figure 2.1). A letter size 18 is a letter that can be recognised by an

eye with 6/6 visual acuity from 18m away using the same viewing angle 5 minute

of Arc (5 MAR). Snellen charts are explained in detail in Section 2.2.6.

Figure 2.1: Effect of size of target on the viewing distance (adapted from: Jackson
and Bailey 2004).

When reviewing properties of Snellen charts, the size of target has been found

to play a significant role in testing visibility. The visual acuity charts are based on

that principle since it was first introduced more than a century ago by Snellen (1862)

(Figure 2.1). Visual acuity tests are discussed in detail in Section 2.2.6. Hence, the

target size can be considered as a factor affecting visibility when assessing visual

exposure.
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It appears from reviewing the visual acuity of the human eye that a person with

lower visual acuity can detect less details about a target than a person with normal

visual acuity when viewing the same target from the same distance (Jackson and

Bailey 2004). Thus, viewers with lower visual acuity could find it difficult to view

targets depending on their level of vision. Therefore, the visual acuity of the viewer

is considered as a factor affecting visibility when assessing visual exposure.

It has been also found in the literature of optometry that contrast sensitivity

is one of the most important aspects affecting the recognition of any target to the

human eye (Barten 1992). Higher luminance of the background produces higher

levels of sensitivity and vice versa (Cox et al. 1999; Mayyasi et al. 1971; Ochoa et

al. 2014). According to O’Carroll and Wiederman (2014), visibility becomes more

difficult to the human eye as the contrast in brightness between an object and its

background decreases. The reason for that is the random nature of photon emission

or reflection by features of the environment, which leads to variability in the photon

numbers sampled by photoreceptors within a given neural integration time (Barlow

1964; Land 1981; Pirenne 1967). Therefore, the author considers the luminance

contrast between the target and its background as a factor affecting visibility.

Reviewing literature related to the anatomy of the human eye showed that it has

a property called pupil mimicry (Derksen et al. 2018). The human eye accommodates

itself to the surrounding illuminance by decreasing or increasing pupil size using the

iris circular muscles (Campbell and Westheimer 1960; Toates 1972). The iris is a

coloured muscle tissue that controls the amount of light entering the eye by dilating

the pupil. The pupil is the central opening of the iris in Figure 2.2.

The relationship between the iris and pupil is similar to the mechanism of

the aperture in cameras to control exposure by reducing or increasing the pinhole

(Derksen et al. 2018). Therefore, the general illuminance between outside and inside

can be considered as a factor affecting visibility when assessing visual exposure.

Reviewing the anatomy of the eye also showed that the retina of the eye has two
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Figure 2.2: Dilated and un-dilated pupils. Licensed by National Eye Institute NEI
(Appendix G).

kinds of photoreceptor cells: rods and cones (Osterberg 2006). Hence, the human

visual system has two type of visions: central vision and peripheral vision. To view

the former, the human eye uses cones which provide better information to the brain

regarding the colours and clarity of the target, whereas for peripheral vision the

eye uses rods that provide less details (low spatial acuity) and are not capable of

detecting colours (Kaschke et al. 2014) (Figure 2.3).

Figure 2.3: The difference between cones and rods in human eye. Licensed by:
WebExhibits (Appendix G).

Therefore, the eye movement would cause the target to move out of the central

vision (Brandt et al. 1973; Brown 1972a,b). When the target is moved out of the
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central vision of the eye, it could be seen with the peripheral vision of the eye

which is less capable than the central vision (Demer and Amjadi 1993). Thus, eye

movement is considered a factor affecting visibility.

Reviewing the optometry and vision science has also revealed that there are two

types of targets: the static target and the dynamic target. The former represents any

static object and the latter represents moving subjects (Brown 1972a,b). Dynamic

visual targets need higher visual acuity than static visual targets to be detected,

because when detecting moving targets the eye moves accordingly trying to position

the target at the central vision rather than the peripheral vision. This would increase

the exposure duration needed for the eye to detect the target (Baron and Westheimer

1973), and thus decrease visual acuity level (Brown 1972b; Ludvigh and Miller 1958;

Miller 1958). Therefore, target movement is considered a factor affecting visibility

in assessing visual exposure.

The properties and physics of materials has also been reviewed. It was found

that the level of transmission of glass can affect visibility through windows (3M-

Glass-Finishes 2017). Each glass material has a transmittance ratio ranging from

0 to 1, the darker the glass material, the lower is the transmission ratio. Research

related to windshields glass in vehicles has revealed that the transmittance ratio can

affect the distance over which a driver can see and recognise targets (Derkum 1993;

Sayer and Traube 1994). Since vision is actually seeing light reflected from objects,

transmittance ratio can be calculated by dividing the intensity of incident light IO

by the light leaving the glass from the other side τ = I/IO. It will be ≤ 1 because

IO is always > I (Figure 2.4).

Another property of glass material that can be found in related literature is

the glass refractive index (Beadie et al. 2015), which is defined as the ratio of the

speed of light in a vacuum to that of light in the material (Galbraith 2015). Light

travels through a medium whether it was a vacuum space or a transparent material,

namely, glass, liquid and air including any kind of gas (Koks 2006). Light travels the

40



Section 2.2

Figure 2.4: The transmittance of glass is calculated by dividing I by IO (source:
Galbraith 2015).

fastest in a vacuum space whereas light speed is reduced when travelling through a

medium because the photons interact with electrons. Mediums with higher electron

densities reduce light speed (Koks 2006). That change in light speed can cause the

light to be refracted. The angle of refraction can be calculated using the refractive

index of the material and the angle of incident ray which is the angle between the

incoming ray and the perpendicular to the surface of a medium (called the normal)

using this equation: refractive index = sinθi/sinθr (Figure 2.5).
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Figure 2.5: The effect of refractive index (adapted from: Britannica 2012).

Thus, if the angle of incidence was 0◦ then the angle of refraction = 0◦, because

Sin0 = 0 which means there is no refraction. In this it appears that a straight

view through glass would provide an image of what is behind the glass without

any distortion caused by the refractive index of the glass. Moreover, the refractive

index not only affects the angle of the ray, it also causes some of the light intensity

to be reflected by the glass (Galbraith 2015). The amount of reflected light by a

glass can be calculated using this equation: R = 100 × (
nair−nglass

nair+nglass
) where R is the

percentage of reflected light out of the incident light and n is the refractive index

(ibid.). Clear glass material used in windows has an average refractive index of 1.5,

and knowing that air has a refractive index of 0.9 means that the light loses at least

4% of its intensity (ibid.). Therefore, the author considers the viewing angle as a

factor affecting the visibility through windows.

As pointed by many researchers (Abu-Lughod 1993; Al-Kodmany 2000; Omer

2010b; Sherif et al. 2010b; Tomah 2011), external shading devices such as vertical

or horizontal louvres, and external solar screens in particular have an effect on

reducing visibility through windows to buildings’ interior and thus, decreasing visual

exposure. In theory, any shading strategy can affect the visibility from outside to
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inside buildings whether it was a low-e film or a screen or a shading device.

The factors affecting visual exposure in buildings discussed above can be sum-

marised as the following 11 factors:

1. The distance between the eye of the viewer and the target inside the building.

2. Glass transmittance.

3. Viewing angle.

4. Luminance of the background of the target inside the building.

5. Eye movement.

6. Illuminance contrast between outside and inside.

7. Luminance of walls surrounding the opening.

8. Movement of the target.

9. Visual acuity of the viewer.

10. Size of the target.

11. Shading strategies.

Studying the effect of using a shading strategy on visual exposure is one of

the main objectives of this project. Controlling all other factors would allow the

research to assess whether the selected shading strategy can reduce visibility through

windows for a viewer outside looking into a building and thus providing privacy for

occupants.

2.2.6 The visual acuity test

Since maintaining privacy has been translated to not having visibility to view, eval-

uating visual exposure in buildings can mean testing visibility. In the optometry

field, the most reliable method of testing visibility and assessing visual acuity of

humans is using visual acuity charts. The visual acuity chart was introduced by
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Snellen (1862), hence, some charts and tests used for this purpose still carry his

name (Snellen charts, Snellen test). He used letters with a stroke width equal to

one fifth of the letter height in a 5×5 grid. According to Bennett (1965), at first

the charts used the imperial units, and by 1875 charts were calibrated to the metric

units. Then, the British Standard Institute chose to adopt the same letters in a 5×4

grid format as the standard for visual acuity testing in the UK using metric units,

whereas the 5×5 grid is still the standard for tests in the US with the imperial units.

The difference between the two grids format can be seen in Figure 2.6.

Figure 2.6: The difference between 5×5 grid and 5×4 grid format.

To test adults that cannot read English letters due to illiteracy or linguistic

deficiency, a chart with rings with a gap, that looks like a C letter, called Landolt

rings, was introduced by Landolt (1899). Rings can be rotated left, right, down and

up as can be seen in Figure 2.7 and the observer is asked to detect the direction of

the gap in each ring.
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Figure 2.7: Landolt rings chart, the subject is asked for the direction of the gap
(adapted from: Landolt 1899).

The main principle of these charts is the fact that a human eye with normal

visual acuity can detect a detail using viewing angle of as small as 1 minute of arc,

which is called the Minimum Angle of Resolution (MAR) (Bennett and Rabbetts

1984). Therefore, the height of the letter in the Snellen charts is five times the stroke

size and the viewing angle for the whole letter is 5 MAR (Figure 2.8).

Figure 2.8: The viewing angle of the stroke of a letter and for the whole letter for
an eye with normal visual acuity.

To determine the actual size of letters in mm, this equation is used: θ = X
L
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(McGraw et al. 1995) where X is the stroke size and L is the distance between the

eye and the chart (Figure 2.9). Knowing that viewing angle should be 1 min of arc,

the letter size can be calculated according to the distance. For example, if the chart

was placed 6m away, the stroke size should be 6 × Tan( 1
60◦

) = 1.745mm and the

letter height should be 5×1.745 = 8.787mm. Some charts are designed to be placed

at 1m, 4m, 5m or 6m away, they all were designed according to the same equation

to determine the height of letters.

Figure 2.9: The relationship between the letter size and the distance (adapted from:
McGraw et al. 1995).

Each visual acuity chart has about nine lines of letters or symbols, and each

line has a different size according to the logarithm of the MAR in 0.1 steps (Jackson

and Bailey 2004) (Table 2.1). Then the letter size is calculated according to the

MAR angle using the same equation. According to the result of each observer when

taking the visual acuity test, there are ranges to describe the range of the visual

acuity such as: super normal vision, normal vision and low vision. In order for a

person with visual acuity of 6/24 (low vision) to see a letter clearly from 6m away,

that letter should be 4 times bigger. In other words the letter should be as big as

the letter that can be seen 24m away by a person with a normal vision, because a

person with low vision needs at least an angle of 4 MAR to detect the same detail

that a person with normal vision needs 1 MAR to detect (Table 2.1).
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Table 2.1: Ranges of visual acuity tests (adapted from: Jackson and Bailey 2004).

Visual Acuity Snellen fractions Visual Angle Notation
Ranges (Numerator = distance) MAR log MAR

Super-normal vision 6/3.8 0.63 -0.2
6/4.8 0.8 -0.1

Normal vision 6/6 1 0
6/7.5 1.25 0.1

Near-normal vision 6/9.5 1.6 0.2
6/12 2.0 0.3
6/15 2.5 0.4
6/19 3.2 0.5

Low vision 6/24 4 0.6

Using this main principle, researchers have created new sets of charts using

symbols and pictures aiming to simplify testing the visual acuity of children, such

as LEA Symbols introduced by Lea et al. (1980), and “Kay pictures” introduced by

Kay (1983). These pictures were drawn using stroke width that achieves a viewing

angle of 1 MAR to follow the same principle of Snellen charts. LEA symbols contain

only four symbols representing a square, an apple, a house and a circle (Figure 2.10).

Figure 2.10: LEA symbols to test visual acuity of children (source: Lea et al. 1980).

Kay pictures were drawn with a size twice as big as its equivalent in Snellen

charts while using the same stroke width (Figure 2.11).
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Figure 2.11: comparing the size of Kay pictures with the size of a letter in Snellen
charts while using the same stroke width (source: Kay 1983).

Lalor et al. (2016) used adults subjects to validate the use of LEA symbols and

Kay pictures by comparing them with results of using Snellen charts with the same

subjects. Milling et al. (2016) have redeveloped new pictures for Kay pictures; they

have proposed and tested 25 new and different pictures to see which are the most

recognisable by subjects. They concluded six pictures to be the latest version of

Kay pictures (Figure 2.12). They have also validated the new designs by comparing

results with LEA symbols and Snellen charts.

Figure 2.12: The newly developed Kay pictures (source: Milling et al. 2016).
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2.3 Daylight

This section reviews the published literature on the broader subject of natural light,

looking at benefits for introducing natural light in buildings, its energy saving poten-

tial and health and productivity benefits. The discussion refers mainly to daylight

which Julian (2006) describes as a combination between sunlight and skylight. Sun-

light refers to direct light from the sun, whereas skylight is the light from the sun

following diffusion and scattering by particles. The size of these particles determines

the colour of the sky, the smaller the particles, the more blue and clear is the sky,

whereas large particles (e.g. water vapour) produce overcast or cloudy skies.

2.3.1 Daylighting in buildings

Daylighting in buildings can be defined as the natural illumination experienced by

the occupants of any man-made construction with openings to the outside (Mardal-

jevic 2013). It is the pattern of light in the sky telling us a story in the building’s

form and details (Loveland 2002). Waldram (1909) was the first to write about nat-

ural light inside buildings at the beginning of the twentieth century. Walsh (1961)

and Hopkinson et al. (1966) explained the relationship between daylight and build-

ing design for architects and architectural students. Lynes (1968) has also talked

about the physical differences between sunlight and daylight in her book Principles

of Natural Lighting.

Waldram (1909) has also introduced the concept of Daylight Factor (DF), which

is the ratio of the internal illuminance at a point in a building to the external

horizontal illuminance under an overcast sky. His later work explained the DF in

more detail and the methodology to use it to evaluate interior daylight in buildings

(Waldram 1925, 1950). The DF was initially introduced to be used to evaluate

interior daylight in existing buildings. Then after architects and designers started

considering interior daylight in their designs the DF method was adopted in more
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detail during the design process using physical models in an approach some times

called Daylight prediction (Hopkinson et al. 1966; Lynes 1968; Walsh 1961).

However, there is confusion relating to the definition of daylight in buildings;

Crisp et al. (1988) define daylighting in buildings as an effective means to reduce ar-

tificial lighting requirements of buildings. In 2007, a lighting perception survey was

conducted by Reinhart and Galasiu (2006) with the participation of 177 designers

and engineers. Most designers defined daylighting as being “the interplay of natural

light and building form to provide a visually stimulating, healthful and productive

interior environment”, however, most engineers thought daylighting is “the use of

fenestration systems and responsive electric lighting controls to reduce overall build-

ing energy requirements heating, cooling and lighting” (Table 2.2). This reveals that

the interpretation of good daylight can differ from one person to another according

to their background. Therefore, the analysis of good interior daylighting often takes

a more holistic approach, considering different aspects such as: daylight availabil-

ity, visual comfort and solar radiation, and thus energy consumption (Galasiu and

Reinhart 2008).

Table 2.2: Five examples of definitions for daylighting in buildings (source: Reinhart
and Galasiu 2006).

Architectural definition: The interplay of natural light and building form to provide a visually
stimulating, healthful, and productive interior environment

Lighting Energy Savings the replacement of indoor electric illumination needs by daylight,
definition: resulting in reduced annual energy consumption for lighting
Building Energy the use of fenestration systems and responsive electric lighting controls
Consumption definition: to reduce overall building energy requirements (heating, cooling, lighting)
Load Management dynamic control of fenestration and lighting to manage
definition: and control building peak electric demand and load shape
Cost definition: the use of daylighting strategies to minimise operating costs

and maximise output, sales, or productivity

2.3.2 Saving energy by using daylighting

Electrical energy consumption could be excessive when the potential contribution

of natural light to interior illumination is ignored (Hansen 2006; Muhs 2000). In

many non-domestic buildings, artificial lighting is the key consumer of electricity,
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estimated to be about 20%–30% of the total building energy load (Li and Tsang

2008). The US Department of Energy estimates that 25% of energy expenses of US

schools could be reduced through better building design and using energy-efficient

technologies combined with improvements in operations and maintenance (Erwin

and Heschong 2002; Perez and Capeluto 2009). Bingler et al. (2003) declare that

schools should be designed to make the most of freely available natural resources.

Although Saudi Arabia is one of the most privileged places in terms of solar availabil-

ity and sky conditions (Solar GIS 2013), using solar radiation as a natural resource

to generate energy is still ignored (Rehman et al. 2007). It was proven that day-

lighting alone could provide adequate lighting levels in more than half of the year

inside buildings in hot sunny areas (Li and Lam 2000). Li and Tsang (2008) have

indicated that employing a proper daylighting scheme could result in good visual

performance and reduced building energy use. However, the development of energy

saving LED has improved the efficacy of light bulbs, therefore saving energy used

for artificial lighting; further reductions by using indoor lighting would be minimal.

2.3.3 Benefits of daylighting

Windows are important for the visual connection they provide between inside and

outside, but more importantly, windows have the biggest role in the admission of

natural light into a building. It has been suggested by previous studies that daylight-

ing can bring other advantages beyond the obvious economic benefits of reducing

energy used for electrical lighting. It has also benefits to the health and the well-

being of humans (Altomonte 2009; Gugliermetti and Bisegna 2006). Evidence that

daylight is desirable can be found in research as well as in observations of human

behaviour and the arrangement of interior spaces (Ruck 1989). Previous studies

have shown that providing daylit spaces can increase retail sales (Heschong et al.

2002b), increase office rental values (Boyce et al. 1996), and enhance worker health

(Heschong and Mahone 2003). Daylight not only has an impact on financial return
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of investment, but also on the human performance, work place productivity and

human health (Boyce et al. 2003).

2.3.4 Daylight and human health

Rea and Boyce (1999) who studied the reaction of people to indoor environments,

found that people desire daylight because it fulfils two basic human requirements:

providing better vision for a task as well as to the space, and allowing individuals to

experience some environmental stimulation. The light has also a positive impact on

human health, as it controls the circadian rhythm of hormone secretions and body

temperature with implications for sleep-wake states, alertness, mood and behaviour

(Commission Internationale de l’Eclairage CIE 2004). The skin also responds to

solar radiation, producing vitamin-D that is essential for calcium metabolism and

skeleton health, plus a range of other potential benefits (Webb 2006), this is im-

portant to know about daylight although emitted daylight through glass does not

produce as much of vitamin-D.

Many studies have discussed the benefit of indoor daylight to humans’ health

and well-being, According to Ruck (1989), working for prolonged periods of time

under electrical lighting is believed to be deleterious to health, whereas, working

in a space with a high level of daylight is believed to result in less stress and dis-

comfort. Edwards and Torcellini (2002) as well as Estes et al. (2004) have shown

that daylighting has been associated with higher productivity, lower absenteeism,

fewer errors or defects in manufacturing under those conditions, positive attitudes,

reduced fatigue and reduced eye strain.

Daylight is proven to have an effect on humans’ health physiologically and

psychologically (Aries et al. 2015), and the lack of indoor daylight has negative

impacts on health and well-being (Shishegar and Boubekri 2016; Solt et al. 2017).

Research found evidence that the amount of daylight children receive as they grow

has a strong relation with developing myopia (an eye disorder causing short sight); it
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is argued that daylight in classrooms might prevent myopia (Hobday 2016). Another

study has also indicated that indoor daylight is associated with the health outcomes

of children in paediatric wards in hospitals (Diab et al. 2017).

2.3.5 Daylighting in schools

As mentioned above, many studies have conducted research about the benefits of

daylight in buildings in general, considering a range of occupant types. This section

focuses on studies that have discussed the benefits of daylighting in schools indicat-

ing that it can lower the running cost of educational buildings (Edwards and Tor-

cellini 2002; Hathaway 1995; Küller and Lindsten 1992). Daylight has been shown

to significantly enhance the learning environment and increase students’ academic

performance and scores. It promotes better health and physical development, by

providing a less stressful environment for both students and teachers. These advan-

tages have been extensively proven in many research studies (Erwin and Heschong

2002; Graça et al. 2007; Halliday 2008; Heath and Mendell 2002; Krüger and Dorigo

2008; Lee et al. 2012; Plympton et al. 2000). It was also proven that good views to

the outside environment are associated with improving students’ performance, and

classrooms without outside views can cause stress in students (Theodorson 2009). It

has been demonstrated that students’ performance can be increased 14% in schools

receiving daylight and absenteeism rates can be decreased by 3.5% in comparison

with classrooms with no daylight (Nicklas and Baily 1997). Furthermore, research

has shown that students in windowless classrooms are likely to be more hostile, hes-

itant, and maladjusted, and tend to be less interested in their work and complain

more (Edwards and Torcellini 2002).

In a study conducted in Sweden (Küller and Lindsten 1992), 90 students were

monitored during one year in four different classrooms with variable daylighting

levels. The researchers monitored and studied their behaviour, health, and cortisol

(a stress hormone) levels. They concluded that the absence of daylight could upset
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the basic hormonal pattern, and this in turn may influence the children’s absenteeism

and their ability to concentrate or cooperate, and eventually have an impact on

annual body growth.

Nicklas and Baily (1997) have analysed the performance of 1,200 students in

three schools receiving indoor daylight in the US. They compared their final scores

with the national average. The results showed that the students in schools receiving

indoor daylight outperformed the national average by 5% to 14%.

In a study conducted in Canada over two years, the attendance and health of

233 students in schools with different light sources were monitored and compared. It

was found that students in the full spectrum light with ultraviolet supplements were

healthier and had better attendance, achievement and development than students

under other light sources. This finding indicates that light has non-visual effects on

students since they are regularly exposed to light sources in classrooms (Hathaway

1995).

The biggest study about daylight and student performance to date was con-

ducted by the Heschong-Mahone-Group (1999) and considered 21,000 students in

2,000 classrooms. The study analysed student performance marks in maths and

reading subjects of elementary school students from 100 schools in three different

states: California, Washington and Colorado. The researchers tried to control de-

mographic and educational variables to examine the effect of daylight on students’

performance. In California, it was found that students with the most exposure to

indoor daylight were 20% faster in maths and 26% in reading in comparison to

students who occupied classrooms with less available daylight. In the other two

districts, the percentages by which students completed tasks more rapidly were 7%

in maths and 18% in reading. The recommendations resulting from this study are

for a classroom to have windows in more than one side wall, and if this is not pos-

sible, the detailing of the window needs to be carefully considered to achieve better

daylight. This study was re-analysed again in 2002 after being criticised for not
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taking into account the variable characteristics of teachers between the different

schools, revealing that there were no effects from this additional factor (Heschong

et al. 2002a).

2.3.6 Disadvantages of daylighting in buildings

As mentioned before, Daylight Factor (DF) has been the method used to evaluate the

daylight in a specific point in internal spaces. DF can be calculated manually or by

computer, it is the percentage between internal illuminance and external illuminance

(Waldram 1925). Knowing the distribution of DF in a daylit room according to the

distance from the window provides information about the quality of illuminance

from daylight. The uniformity of DF is the ratio between the minimum to average

DF (Julian 2006). Direct sunlight often reduces uniformity especially in deep rooms.

If uniformity was less than 0.4 when using daylight, or the average DF was less than

5% then supplementary electrical light is needed to improve the visual conditions

(ibid.).

Another downside of using daylight is the risk of causing glare, not only by

direct sunlight but also by high sky luminance or high contrast, for instance, when

using windows in dark walls (ibid.). Glare problems reduce the quality of visual

comfort in the interior (Chauvel et al. 1982; Heo et al. 2012; Poirazis et al. 2008).

In hot arid regions, heat gain is the most negative aspect of daylighting, as the heat

that can be transmitted through windows needs to be offset by a significant amount

of cooling energy. Regarding daylighting in schools, researchers found that placing

desks close to a window could cause significant discomfort from passive solar heating

and/or glare (Lynes 1968; Wagdy and Fathy 2015, 2016).
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2.3.7 Shading devices

All of the disadvantages of daylight discussed above can be overcome or minimised

by using design solutions, such as proper shading devices. According to Li and

Tsang (2008), the quality and quantity of natural light entering a building depend

on both internal and external factors. The shading device is considered a main

factor that can be controlled in order to increase the availability of daylight benefits

and minimise the disadvantages of sunlight as far as possible. Research has shown

that shading devices could reduce the cooling load between 23%-89% (Dubois 2000).

Research also proved that the use of shading devices could present a way to prevent

the effects of glare (Chauvel et al. 1982; Dubois 2003; Gugliermetti and Bisegna

2006). Glare from daylight inside buildings can be avoided by preventing direct

sunlight from entering the field of view. In order to make the most benefit of

daylighting, a window surface should not be sunlit (Paix 1982).

Shading devices could maintain the distribution of DF, thus, help in achieving

a satisfactory uniformity ratio (Julian 2006; Poirazis et al. 2008). The uniformity

ratio is the ratio between minimum illuminance and the average illuminance in a lit

space. It was proven that exterior shading devices in buildings are more effective in

blocking solar heat and direct sunlight than interior shading devices such as curtain

blinds and Venetian blinds (Li and Tsang 2008). Another research study has also

shown that external shading devices are more effective in reducing solar radiation

than an internal solution by 30%–50% (Olgyay 1963).

Maximum use of indirect and internally reflected light is the most appropriate

form of daylighting to avoid glare and heat gain (Koch-Nielsen 2002). Previous work

has discussed how the most important benefit of using sun shading devices in hot

climate regions is to minimise heat gain through glass by blocking direct sunlight

from the glass surface which is the main cause for transmitting heat inside buildings.

Ho et al. (2008) compared variations of shading devices in a classroom in Taiwan,

and found that the best configuration of shading devices can achieve the minimum
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illuminance requirement of 500lx in classrooms. The lighting uniformity ratio was

also found to improve from 0.25–0.35 without shading to 0.40–0.42 with the use of

a shading device, although this is still below the required 0.5 ratio, it can be easily

achieved by using some of the artificial light already installed. The same study (Ho

et al. 2008) has also proven that using shading devices does not only improve the

illuminance conditions within the classroom, but also reduces the artificial lighting

power cost by 71.5%.

2.3.8 Perforated solar screens

External shading devices can come in different forms (Jain and Garg 2018; Stazi

et al. 2014), such as horizontal overhangs and louvres (Freewan 2014; Hammad and

Abu-Hijleh 2010; Palmero-Marrero and Oliveira 2010), and solar screens (Alawadhi

2018; Chi et al. 2017a,b).

One of the types of shading devices is the perforated solar screen, which is

defined by Harris (2006) as external perforated panels that are fixed in front of

windows. According to Alawadhi (2018) the exterior solar screen is one of the most

effective shading devices to control sunlight entering the indoor space. They are

relatively inexpensive, lightweight, easy to install and have aesthetic value (Ayssa

1996).

Many researchers mentioned that the perforated solar screen and the Mashra-

biya are the same device with different names (Fathy 1986; Sabry et al. 2014, 2010;

Sherif et al. 2011). The Mashrabiya is a shading device traditionally used in the

Middle-Eastern and Muslim countries (Fathy 1986). Due to the relevance of this

type of solar screen in the maintenance of privacy (discussed in Section 2.2.4), the

Mashrabiya will be considered in the following section. The author aims to inves-

tigate its history and parameters in order to attempt to apply it as an effective

shading device to improve interior daylighting and maintain privacy in girls’ schools

in Saudi Arabia.
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2.4 Mashrabiya

For centuries, the hot arid climate of many parts of the Middle East forced those liv-

ing there to develop a set of architectural elements that suit such climatic conditions.

The Mashrabiya functions as a sun shading device attached to windows that also

provides the advantage of maintaining privacy for occupants, which is a crucial is-

sue in Islamic countries. Researchers claim that old vernacular Islamic architectural

elements were not only built in regard to physical and environmental parameters.

There were also other important principles stemming from Islamic values to deter-

mine the form and shape of the built environment such as the privacy and rights of

neighbours (Ahmed 2014; Akbar 1989; Akbar and Hakim 1992; Sherif et al. 2012b;

Sidawi 2013). The ability of the Mashrabiya to satisfy so many functions appears to

be the reason for its extensive use as a basic architecture element in the traditional

buildings in the Middle East.

Recently however, the Western modern architecture was brought to the Middle

East without considering the local climate resulting in an increase in energy con-

sumption in buildings, mainly for space cooling (Al-Ibrahim 1990). It was suggested

by Asfour (1998) that Arabian architectural history should be reinterpreted by ar-

chitects, to generate design strategies relevant to the context. This can be achieved

by interpreting correctly the hidden values of elements of the historical Islamic ar-

chitecture (Sidawi 2013). After discussing the advantages of sun shading devices

to optimise daylighting in buildings, it is predicted that applying Mashrabiya or a

Perforated solar screen would provide many benefits to buildings and occupants in

the Middle East.

2.4.1 History and definition

The earliest authenticated examples occur in the Ayyūbid cenotaphs (thirteenth

century) in the mosque of Imām ash-Shāfi’I from the year 1285, and in the wall
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surrounding the tomb of Sultan Qalāwūn, (Briggs 1974; Herz Bey 1907) (Figure

2.13).

Figure 2.13: Mausoleum of Qalawun in Cairo (source: Briggs 1974).

According to the Arabic-English dictionary, the name Mashrabiya is believed

to be derived from an Arabic word “shrab” which means “drink”. Hence, it was

originally called “the drinking place”, because it was a place where water jars were

stored to be cooled by the air flow and at the same time to humidify the air en-

tering the building by the evaporation effect (Edward 1973; Gallo 1996; Kenzari

and Elsheshtawy 2003; Paccard 1981). Since the word was translated from Ara-

bic language, various spellings can be found in literature, such as, mashrabiy’ya,

meshrebiya or mushrabiyyah; meshrebeeyeh, mashrebiyya or mashrebeeyah (Ajaj

and Pugnaloni 2014; Alitany 2014; Almansuri et al. 2010; Briggs 1974; Gallo 1996;

Al-Hashmi and Semidor 2013; Mohamed 2006; Sidawi 2013); moucharabieh or

moucharaby in the French language (Citherlet et al. 2001; Depaule and Arnaud

1985); musharabie or musharabia in Italian and German (Almansuri et al. 2010);

muxarabi in Portuguese (Bruna et al. 2008). The use of Mashrabiya can be found

in traditional architecture in many regions in the Middle East and North Africa,
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some regions however, use different names, namely, kharjah in Syria and Jordon

(Alitany 2014), takhrima in Yemen, barmaqli in Tunisia and Algeria, shanashil in

Iraq (Alitany 2014; Samuels 2011), rowshan or roshan in Saudi Arabia (Akbar 2012;

Aljofi 2005; Hariri 1992; Al-Hashmi and Semidor 2013; Jomah 1992; Oliver 1990),

roshan is also the name used in Sudan (Greenlaw 1976), it can be seen also in India

and Pakistan where it is called jali and found in old mosques and tombs (Batool and

Elzeyadi 2014; Fathy 1986; Thapar 2012; Vyas 2005). Interestingly, such devices

are also found in Peru in South America, perhaps due to the Spanish and Moorish

influence (Bruna et al. 2008; Kenzari and Elsheshtawy 2003). Some authors argued

that the modernist architect Le Corbusier may have been influenced by Mashrabiya

during his travel to Istanbul in 1911 and later to North Africa, when he used “Brise

soleil” in his designs (Kenzari and Elsheshtawy 2003; Vogt 2000).

Despite all these variations of the name, “Mashrabiya” is the most common

name for the wooden lattice window among the Arabic speaking nations (Kenzari

and Elsheshtawy 2003). The name Mashrabiya according to Gallo (1996) is used

to describe any opening with a wooden lattice screen composed of small wooden

balusters arranged at specific fixed intervals, often in a decorative geometric pattern.

In more recent research studies it is referred to as an “external perforated solar

screen”, which is the scientific translation used by some researchers (Sabry et al.

2011; Sherif et al. 2012c). They all are the same device with different names.

2.4.2 Description

According to “the Encyclopaedia of Islam” (Behrens-Abouseif 1991), Mashrabiya is

a “designated technique of turned wood used to produce lattice-like panels to adorn

the windows in traditional domestic architecture”. It is a vernacular architectural

device made of a combination of wooden strips, used mainly to adapt to a hot

climate. It has effective specifications that are used for thermal comfort, ventilation

and day-lighting control, whilst providing privacy and security solutions for the
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occupants. It is an element to provide shading which is essential in hot climates,

and provides both thermal and visual comfort by protecting against direct solar

radiation and sun glare, and it works as a tool to provide privacy for the inhabitants

(Al-Hashmi and Semidor 2013; Sherif et al. 2012b). It is composed of a lattice of

wooden cylinders connected with spherical wooden joints, to provide shading and

diffuse natural light, thus eliminating unwanted direct solar penetration (Sabry et

al. 2011).

Figure 2.14: A photo of an old Mashrabiya taken by Sam Valdi (2015).

It is assembled as a narrow three sided box projecting from the façade of the

building in front of windows, with strong wooden beams fixed firmly into the thick-

ness of the house wall to secure its great weight below. These supports are sometimes

visible, but they are often concealed by ornamental wooden stalactites, or by deco-

rative wooden panels. The lower and upper walls of Mashrabiya are wooden panels,

cut in simple geometrical patterns, and the screens that fill these shutters are made
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of flat wooden mesh (Al-Hashmi and Semidor 2013). The average dimensions would

be 2.4–2.8m in width, 0.4–0.6m in depth, and 2.7–3.5m in height (Greenlaw 1976;

Jomah 1992); it could however, be larger or smaller depending on the timber used

(Alitany 2014). It is nearly impossible to find two identical historical Mashrabiyas

since they were hand-made and have endless varieties of size, shapes, treatments

and organisations (Alitany 2014; Jomah 1992).

2.4.3 Function

In general, the main functions of Mashrabiya are in providing: cross ventilation,

light control, humidity control, cooling of water in clay jars, and ensuring social

privacy for occupants (Al-Hashmi and Semidor 2013). These can be categorised as

social and environmental functions, of which the most important social function of

Mashrabiya is to maintain privacy from the outside for the inhabitants while allow-

ing them to view the outside through the screen at the same time (Belakehal et al.

2004; Fathy 1986; Gallo 1996). There are four main environmental functions of

Mashrabiya, namely, controlling the passage of light, controlling the air flow, reduc-

ing the temperature of the air current as a result of combination with evaporative

cooling, and increasing the humidity of the air current (Ajaj and Pugnaloni 2014;

Gallo 1996; Sidawi 2013). Each Mashrabiya is designed to fulfil several or all of

these functions (Ajaj and Pugnaloni 2014; Fathy 1986).

Some researchers argued that there is a third category of its functions, which

is the aesthetic role. It can be suggested that Mashrabiya’s configuration, shape,

colour, complexity and richness of ornamentation, size and material are constrained

by the financial status of the house owner (Samuels 2011; Sidawi 2013). Pesce

(1976) cited a traveller writer called John Russell, who when describing Mashrabiya

in Jeddah said “there is nothing more pretty, more aerial than sculptured wood

balconies that adorn the façades of rich mansions”. Of particular relevance to this

work is the role that the Mashrabiya have in maintaining privacy and controlling the
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light, which has three aspects: controlling the solar radiation emitted to buildings

“thermal gain”; controlling the daylight quality in buildings “illumination and uni-

formity”; and visual comfort inside buildings “reduction of glare” (Samuels 2011).

2.4.4 Parameters

This section discusses the design parameters of Mashrabiya, as these have been pre-

viously studied. Their influence on the performance of the solar screen are discussed

in the following Section 2.6.

It would be easier to construct a Mashrabiya by carving a large piece of timber,

but the problem is that most countries in the Middle East are sparsely planted,

therefore, timber was hard to find in great quantities and only small branches and

sticks were available. This means that the Mashrabiya had to be constructed us-

ing a large number of small interconnected elements, with sticks converted to long

balusters between 10–100cm long (Briggs 1974; Samuels 2011). These balusters are

the most important unit of Mashrabiya. The craftsman could control the internal

environment by changing the length or/and diameter of each baluster. The ratio

between them defines the porosity of the screen, which directly affects the way it reg-

ulates light, heat and airflow (Fathy 1986). Historically, it was up to the craftsman

to determine these sizes during production and thus control the internal climate of

the building with precision; they were mostly aesthetic decisions and the environ-

mental benefits were derived accordingly. The amount of diffused light that enters

a room depends primarily on the size and porosity of the Mashrabiya, along with

the reflectivity and materiality of the balusters (Aljofi 2005).

Parameters of Mashrabiya from literature can be summarised as follows:

• Perforation percentage (Sherif et al. 2012b) or porosity (Samuels 2011).

• Depth ratio (Sherif et al. 2012c).

• Opening aspect ratio (Sabry et al. 2014).
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• Colour and reflectivity (Aljofi 2005; Wagdy and Fathy 2015).

• Shape (Aljofi 2006; Chi et al. 2017c).

• Tilt angle (Sabry et al. 2012b).

According to previous research, parameters of Mashrabiya can be listed and

explained as following:

2.4.4.1 Perforation percentage

According to Samuels (2011), it is the most important parameter of the perforated

solar screen to control the redirection of direct sunlight during hot summer months.

Although he called it the porosity factor, it is the same parameter that was called

perforation percentage by other researchers (Batool and Elzeyadi 2014; Chi et al.

2017c; Sabry et al. 2011; Sherif et al. 2010a, 2012b).

The porosity factor is calculated by dividing the total area of openings by the

area of interstices. It has a range from PF0 to PF1 where PF0 means the screen has

no porosity, and a window with PF1 is a window without a solar screen (Samuels

2011). Sherif et al. (2010b) and Sabry et al. (2011) used a percentage ranged from

0% up to 100% to describe the perforation percentage. This parameter has been

studied before, as Sherif et al. (2010a, 2012c) have studied the effect of perforation

percentage on energy loads of residential buildings. Sherif et al. (2012b) have studied

the same parameter in relation to the daylight performance in residential buildings.

Chi et al. (2017c, 2018) have studied the effect of the perforation percentage on the

performance in solar screens in balancing daylighting and energy saving using four

cases in 12.5% intervals (Figure 2.15).

2.4.4.2 Depth ratio

Depth ratio is the ratio between the thickness of the screen and the width of each

opening. It was proved that different depth ratios have an impact on the performance

64



Section 2.4

50% 37.5% 25% 12.5%

Perforation percentage

Figure 2.15: Examples of perforation percentage (source: Chi et al. 2017).

of the solar screen (Sherif et al. 2012c) (Figure 2.16). The effect of this parameter

on energy load in residential buildings have been studied previously (Sherif et al.

2012c, 2011).

Figure 2.16: Geometrical effect of depth ratio (source: Sherif et al. 2011).

2.4.4.3 Aspect ratio of openings

The opening aspect ratio is the ratio between the width and height of the opening

in the solar screen. An opening can be horizontal if the width is higher than the

height, or it can be vertical if the height is more than the width. It could also be

square when the ratio is 1:1 (Figure 2.17). The effect of this parameter on daylight

performance and energy load was studied in previous research (Sabry et al. 2014;

Sherif et al. 2011). The effect of combining this parameter with another parameter

“tilting angle” on the daylight performance was also studied previously (Sabry et al.

2012a,b; Sherif et al. 2012a). The effect of the same combination was studied on the

energy performance as well (Sherif et al. 2013).
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.

Figure 2.17: Geometrical effect of aspect ratio (source: Sherif et al. 2012).

2.4.4.4 Colour and reflectivity

Traditionally, Mashrabiya is made of the available type of wood according to the

location and surroundings, mostly in dark oak colour, but sometimes in light oak

colour; each colour has different reflectivity and thus produces a different perfor-

mance from the screen. Aljofi (2005) has proven that this can affect the performance

of Mashrabiya. Hegazy and Attia (2014) have studied the effect of reflectivity levels

on the daylight performance of a shading device. El–Zafarany et al. (2013) have

studied the effect on energy efficiency when using different reflectance for perforated

solar screens. Wagdy and Fathy (2015) have studied the effect of two reflectivity

ratios: 0.35 and 0.8 on the daylight performance of perforated screens.

2.4.4.5 Cell shape

Depending on the cell, a Mashrabiya can have different shapes. Aljofi (2005) studied

cell shapes and concluded that there are six traditional shapes of cells displayed in

Figure 2.18, and he found that different cell shapes can provide different levels of

interior daylight. He proved that a solar screen with square-shaped opening can

provide better daylight performance than any of the five other shapes that he has

tested, and the circle-shaped openings provide less daylight than other shapes. Chi

et al. (2017c, 2018) have compared the performance of screens with quadrangular,

circular, triangular and hexagonal cells (Figure 2.19). Their results confirmed the

results of Aljofi (2005) that screens with quadrangle shaped cells performed better
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than other shapes.

Figure 2.18: Different cell shapes of Mashrabiya studied by Aljofi (source: Aljofi
2005).

Figure 2.19: Different cell shapes of Mashrabiya studied by Chi et al. (source: Chi
et al. 2017).

2.4.4.6 Tilting angle

External perforated screens can be tilted or rotated on either of the vertical or hor-

izontal axis. The axis usually is one of the edges of the screen. Sabry et al. (2011)

called it axial rotation and they have studied the effect of it on the daylight per-

formance (Figure 2.20). They have however, studied different directions of rotation

for different orientations. Horizontal lower axis rotation for north, horizontal upper

axis rotation for south, and vertical axis rotation for west and east. They used 10◦

intervals to study the effect of axial rotation from 10◦ to 30◦. Some researchers used

the results of that experiment to test the effect of combining this parameter with the

opening aspect ratio on daylight performance and energy loads (Sabry et al. 2012a,

2014, 2012b; Sherif et al. 2012a) or on energy loads alone (Sherif et al. 2013).
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(a) Horizontal lower axis. (b) Vertical axis. (c) Horizontal upper axis.

Figure 2.20: Different tilting directions according to the axis (source: Sabry et al.
2011).

2.4.5 Summary of Mashrabiya

After investigating the functions of Mashrabiya “the perforated solar screen”, it

appeared that it would be a solution for the current problem in girls’ schools in Saudi

Arabia since it can maintain privacy and increase the quality of interior natural light

by blocking direct sunlight and allowing reflected daylight.

The section also discusses the parameters of perforated solar screens that have

been described and tested in previous research. It appeared that to the author’s

knowledge there are a scarcity of references related to the effect of cell size on the

performance of the perforated solar screens while maintaining other parameters,

especially the depth ratio. Studies that tested cell sizes and cell shapes used the

same depth value and not the same depth ratio. The author believes that using the

same depth value would give different depth ratios with each cell size, that would

bias the result and would make big cells emit more daylight. The author suggests

that in order to test the cell size, all other parameters should be isolated and the

depth ratio should be the same.

Each screen has a module for its grid, different screens could have different grid

modules or cell sizes even though they share the same aspect ratio of say 1:1, and

the same perforation percentage and depth ratio. Figure 2.21 shows examples of

three different screens with different cell module size while keeping dimensions and
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all other parameters constant. Since no previous work known to the author has

discussed the effect of this parameter, it is added to the parameters investigated in

this research.

Figure 2.21: Geometrical effect of cell size (by author).
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2.5 Measuring Daylight

Since shading devices in buildings were widely re-introduced in the 40s, much re-

search have investigated the properties of them and their effect on both interior

illumination and energy consumption (Dubois 1997). Daylighting is a particularly

difficult performance strategy to evaluate (Reinhart et al. 2006). Daylighting anal-

ysis can be categorised into three methods: physical scale models, graphic tech-

niques, and calculations (Bryan and Autif 2002). To predict daylight performance

researchers historically used a range of simple rules of thumb through to calculation

methods like the lumen method, graphic methods like the Waldram diagrams or

BRE protractors, through to the use of physical models tested under either a real or

an artificial sky (Baker et al. 1993; Hopkinson et al. 1966; Robinson 1986; Ubbelo-

hde and Humann 1998). These methods rely mostly on predicting the illuminance

levels in buildings. Then simulation software were introduced and were assumed

to bring a highest possible level of accuracy (Ubbelohde and Humann 1998). Since

they are able to provide more data to the designer, such as, distribution patterns,

intensity, luminance gradations and potential glare. However, at the beginning they

came with serious barriers, mostly the low speed and the memory need of computers

(Ubbelohde et al. 1989). Obviously, these barriers were overcome recently as com-

puters have become more powerful, with high capacity. Therefore, most researchers

now use digital methods to predict daylight performance and estimate the interior

daylight levels.

2.5.1 Daylight metrics

Whether a physical model or computer simulation is used, a metric should be used

to evaluate the predicted interior daylight in space. Building performance metrics

work as quality measures. According to Mardaljevic et al. (2009) a metric is a

mathematical combination of measurements and/or dimensions and/or conditions

represented in a continuous scale, and daylight performance could be described
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with one or more than one metric. Daylight metrics were initially introduced to

evaluate daylight in interior spaces in existing buildings, then with the use of models

they started to be used to predict interior daylight during design stages. Daylight

metrics can be divided in two groups: Static daylight metrics and dynamic daylight

metrics (Mardaljevic 2000a). The former represents metrics related to specific points

and a specific time whereas the latter results in annual time series and takes into

account the weather data of the location for a period of time according to the

occupation schedule (the hours when the space is occupied during one calendar year).

The major advantage of dynamic daylight metrics is considering the quantity and

character of daily and seasonal variations daylight for a building site with irregular

climatic events (Reinhart et al. 2006). However, static metrics are also useful in some

situation such as knowing whether more shading or artificial lighting is required in

an exact point of time.

2.5.1.1 Static daylight metrics

Static daylight metrics can be listed as follows.

Illuminance on a horizontal plane

Illuminance values on a horizontal working plane, is used to determine if the illumi-

nance is adequate to carry out a task. Each task has a recommended illuminance

value according to the referred standard reference book, for example, 500lx is the

recommended value for detailed office and clerical work (Phillips 2000). Although

this metric cannot describe the visual quality of the space, it is the most commonly

used metric to evaluate illumenance levels in a space (Mardaljevic et al. 2009). A

specified grid of measuring points on the working plane can be used to evaluate a

whole space rather than just one point, the grid can be divided in zones of interests

or specific task areas (ibid.). This method was used in a lot of research to evaluate

spaces (Sabry et al. 2011; Sherif et al. 2012a, 2010). Where a grid of measuring
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points was spread on the working plane level of the studied space. Then the grid

was divided into three zones according to the distance to the window: Near zone;

Mid zone; and Far zone (Figure 2.22). An average illuminance level can also be

calculated for each zone in a specific time of the year.

Figure 2.22: Zones as used in previous research (source: Sherif et al. 2010).

Daylight Factor (DF)

As mentioned previously in this Chapter, DF can be defined as the ratio of internal

illuminance at a point inside a building to unobstructed external horizontal illu-

minance under standard CIE overcast sky conditions (Hopkinson 1963). The CIE

overcast sky is a standard sky defined and explained by Moon and Spencer (1942).

The concept of using DF to quantify daylight in building was first proposed in the

early 1900s when Waldram (1909) introduced a measurement technique based on

the approach. It used to be called Sky Factor at the beginning when it used to

consider only direct light from the sky. Then the Sky factor developed into the DF

as reflected light from external obstructions and internal reflectance and light loss

through glass were added into consideration (Waldram 1950).
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Initially, the DF was primarily used as legal evidence in courts (Reinhart et al.

2006), the UK perception Act of 1832 states that a violation of a window’s right

to light was found when a new neighbouring structure caused inadequate indoor

daylight levels (Waldram 1950). Therefore, the critical question was what is con-

sidered to be adequate daylighting levels and DF was first introduced to answer

this question. Similar to Illuminance levels, a grid of DF values can be used to

evaluate the light distribution of a space, this method was used before in research

(Brembilla et al. 2016). Many opponents of the DF method do not consider it a tool

to measure good lighting rather than just a minimum legal lighting requirements

(Reinhart et al. 2006). They argue that the reference overcast sky used by DF is the

worst case sky condition, therefore, any other sky would lead to more daylight and

probably oversupply of light and cause glare problems. They also argue that the

DF does not consider movable shading device operated by occupants as they are not

needed under the case of overcast sky conditions (ibid.). Calculating the DF using

an overcast sky means also that DF is insensitive to either the building location nor

the building orientation because the sun is not considered and the overcast sky is

asymmetrical (Mardaljevic et al. 2009). However, DF is still widely used measure

for daylighting due to its ease of use and easy to communication within a design

team (Reinhart et al. 2006).

DF and avoidance of direct sunlight

Since the limitation of the DF method was revealed, some designers tried to consider

using a clear sun instead of an overcast sky taking sun movement and direction

into consideration. Using a combination method between DF and avoiding direct

sunlight, they aimed to design a façade that avoided direct sunlight penetrating

into the building. Then the opening is resized until the required DF is achieved.

This method is mostly used as an indicator during the early design stages rather

than predicting the exact performance of a specific design. Although this combined

approach considers sun position and building orientation, it does not consider either
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the actual climate of the location nor the occupancy time of the space (Reinhart

et al. 2006).

Disadvantages of static daylight metrics

The use of average illuminance and the DF with scale models to predict daylight

performance in buildings have been questioned before by some researchers (Piccoli

et al. 2004; Tregenza and Waters 1983). Anecdotal evidences and control studies

have indicated that the horizontal illuminance is not the only important aspect.

Many other aspects must also be considered in order to evaluate light throughout

the whole space (Boyce 2004; Goodman 2009; Piccoli et al. 2004). Some researchers

also claimed that DF is insufficient due to its intrinsic limitations (Love and Navvab

1994; Nabil and Mardaljevic 2005; Reinhart et al. 2006; Tregenza 1980).

2.5.1.2 Dynamic daylight metrics

Internal daylight should not be proportional to the external illuminance, it should

depend on the sky luminance distribution at that time exactly. An internal point

receives direct light only from certain areas from the sky and the internal illuminance

inside a room is not equally sensitive to variations in the luminance of different parts

of the sky (Li et al. 2006). Therefore, the Daylight Coefficient (DC) was developed

by Tregenza and Waters (1983) to relate the luminance distribution of the sky with

the illuminance inside buildings.

In this context, “Dynamic” means variable with time due to changing sky con-

ditions (Bourgeois et al. 2008). All dynamic daylight metrics are based on the DC

approach. Therefore, it is essential to explain the DC approach before listing the

dynamic daylight metrics.
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Daylight Coefficient DC

In theory it means dividing the celestial hemisphere into disjoint sky segments,

then calculating the contribution of each sky segment to the total illuminance at

sensor points in the studied space. It can be described as mathematical functions

that relate the luminance distribution of the sky to the illuminance at a point in a

room. Tregenza (1987) then explained the subdivisions of the sky, and explained the

adaptive radiosity (1994), and Littlefair (1992) explained its computational method.

The fundamental equation 2.1 of daylighting links the size and luminance of a small

patch of the sky to the produced illuminance E at a given location (on the reference

point) (Tregenza 2017).

E = L.d.ω (2.1)

Where L is the luminance, ω is the angular size of the sky patch, and d is the fraction

of light emitted by the sky patch that falls on the reference point.

Therefore, the DC from direct sky can be defined by equation 2.2 (Li et al.

2006; Mardaljevic 2000b; Tregenza and Waters 1983):

DCθα =
∆Eθα

Lθα∆Sθα
(2.2)

Where Lθα and ∆Sθα are the luminance and angular size (solid angle) of the sky

patch, θ is its altitude angle and α is the azimuth angle. This can be used to calculate

DC for an external unobstructed location. For an interior position however, DC

considers also daylight reflected of the ground, the external obstructions and any

reflectance inside the studied room. Therefore, DC is calculated as a matrix of three

components: Direct components, externally reflected components and internally

reflected components (Tregenza and Waters 1984).

DC was developed initially to evaluate daylighting in buildings instead of the

Daylight Factor. With the use of a climate data file, DC then became a useful
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approach to predict or evaluate daylighting in building during design stage with the

use of three dimensional drawings.

Once a set of DCs is calculated, it is easy to find daylight illuminance under

many conditions of sky luminance distribution with minimal additional effort (Lit-

tlefair 1992; Reinhart and Walkenhorst 2001; Tsangrassoulis et al. 1996). DC can

be used to accurately calculate time series of luminance and illuminance in buildings

with openings to outside (Mardaljevic 2000a; Reinhart 2001; Reinhart and Ander-

sen 2006). These time series can then be used to perform annual daylight metrics

either using simulation or calculations. Equation 6.3 and Figure :2.23 (Bourgeois

et al. 2008) explain how to calculate DC on one sensor x, a DC related to the sky

segment Sα is defined as the illuminance E, at sensor x caused by the sky segment,

divided by the luminance Lα and the angular size ∆Sα of the segment.

Figure 2.23: Definition of DC (source: Bourgeois et al. 2008).
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DCα(x) = Eα(x)
Lα∆Sα

(6.3)

where:

x sensor point,

DCα(x) daylight coefficient at sensor x,

Sα sky segment,

∆Sα angular size of Sα,

Eα(x) illuminance at x due to Sα,

Lα luminance of Sα,

The total sensor approach illuminance E(x), in equation 6.4, is calculated by

linear superposition of each DC DCα(x), coupled with the luminance Lα of its

matching sky segment Sα:

E(x) =
∑N
α=1DCα(x)Lα∆Sα (6.4)

where:

E(x) total sensor illuminance,

N number of sensors,

This method faced many difficulties at the beginnings as it used to take a long

time for calculations and software and powerful computers were not widely available

at that time. Although it was time-consuming, it was by all means more exhaustive

(Li et al. 2006). That however, was changed lately and this method became widely

used, There has been extensive development of software based on the concept of DC

(Bourgeois et al. 2008; Heschong et al. 2012a; Nabil and Mardaljevic 2006; Reinhart

et al. 2006).

Using DC approach to predict annual illuminances inside buildings according

to the climate data of the studied location is recently known as the Climate Based

Daylight Modelling (CBDM). Using sun and sky conditions that are derived from

a weather file, CBDM predicts various radiant or luminous quantities, namely, ir-
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radiance, illuminance, radiance and luminance (Mardaljevic et al. 2009). The idea

of using the climate data of the specific location to predict light quantities started

in the mid of the 90s (Mardaljevic 2015) when data was collected by the Building

Research Establishment (BRE) as part of the International Daylight Measurement

Programme, these data are referred to as BRE–IDMP data set (Mardaljevic 2001).

That study compared predicted illuminances with actual measured values and found

them to lie within ±10% of measured values. The principles of CBDM were described

further in 2000 by Mardaljevic (2000b) and Reinhart and Herkel (2000), the former

researchers tried to call it Annual Daylight Profiles (ADPs) (Mardaljevic 2001), and

the latter tried to call it New Daylight Coefficient method. In that paper, Reinhart

and Herkel (2000) validated the new method by comparing simulated results with

measured illuminance values on a grid in an actual space for 4703 working hours of

a whole year.

The name CBDM, was first introduced by Mardaljevic (2006) with more ex-

planation. CBDM delivers predictions of absolute quantities of illuminance that

depend on both the orientation (solar position and non-uniform sky conditions) and

the locale (climate data of the location), and finally the configuration of the building

(geometry and reflectance) (Mardaljevic and Janes 2012). According to Mardaljevic

et al. (2009) CBDM is generally taken to mean any evaluation that is founded on

the totality (i.e. sun and sky components) of time-series daylight data appropriate

to the locale. These time series could extend over a whole year and based on annual

solar radiation data for the building location (Reinhart et al. 2006). These time se-

ries cover the occupancy hours during daytime in a calendar year and are based on

external, annual solar radiation data for the building site. Many studies have proven

that using a DC approach and the all-weather sky luminance model by Perez et al.

(1993) can effectively calculate time series of illuminance and luminance in buildings

(Mardaljevic 2000b; Reinhart and Andersen 2006; Reinhart and Walkenhorst 2001).
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2.5.2 Simulating CBDM

Simulating light using the CBDM involves two steps (Reinhart et al. 2006):

• A pre-processing step when a set of daylight coefficient is calculated for each

sensor point.

• A post-processing step when the DC is coupled with climate data resulting in

the annual time series of interior illuminance and luminance

These two steps are fully automated when using a simulation software tool.

In order to simulate CBDM correctly, these variables need to be addressed and

prepared (Reinhart et al. 2006; Rogers and Goldman 2006):

1. A three dimensional CAD model.

2. Specifying the properties of optical surfaces, inside and outside the building.

3. Specifying a grid of sensor points, on the working plane.

4. Defining time frame.

5. Providing an annual climate file for the location, includes hourly data of direct

and diffused irradiances.

6. Target illuminance threshold, according to the activity or work carried out in

the studied space.

Specifying these CBDM variables according to this project is discussed in detail

in research methods in Chapter 3.

Preparing and selecting these variables is the first step to simulate CBDM.

Simulating CBDM is performed by following these basic steps: (Mardaljevic et al.

2012)

1. Obtain and prepare all variables for the location.

2. Generate a sky luminance distribution using a sky model based on the values
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for diffused horizontal illuminance in the climate data.

3. Create a sun description (luminance and position) from the values of direct

illuminances of the climate data.

4. Calculate the internal daylight illuminance distribution.

5. Repeat steps 2–4 for each sensor point for each time steps according to the

sensor grid positions and the time frame used until illuminance is calculated

at all sensor points.

2.5.3 Dynamic Daylight Performance Metrics DDPMs

CBDM provides thousands of data for each sensor point, basically an illuminance

value for each hour of the time frame at each sensor point. This voluminous il-

luminance data need to be demonstrated in a way it is easy to understand for a

non-expert designer (Mardaljevic 2006). Therefore, researchers started to introduce

metrics to help in representing the data that resulted of the CBDM simulation.

CBDM has two principal analysis methods: 1) A cumulative method, which

can be used by predicting the solar access and micro-climate in urban environ-

ments and the long-term exposure to daylight. 2) Time series analysis that predict

instantaneous measures like illuminance, based on the hourly values from the cli-

mate data file, which can be used to evaluate daylighting potential for an interior

space (Mardaljevic et al. 2009). Some metrics analyse data based on the cumu-

lative method, such as Total Annual Illuminance (TAI) and Sulight Beam Index

(SBI). TAI is defined as the sum of all the illuminance values of the occupied time.

Although this metric is usually used to study how much illumination an art work

receive in a museum or to study the effect of different reflectance values for materials

of furniture, it has been used before as a method to evaluate daylight in buildings

(Brembilla et al. 2016, 2015b). While SBI concerns on how big is the area of incident

on windows to receive potential direct sunlight and for how long by using a sensor

80



Section 2.5

grid on windows. It can also have a volumetric display by using layers of sensor

grids as can be seen in Figure 2.24 (Mardaljevic and Roy 2016). However, SBI does

not consider the required illuminance level nor the working plane height, in other

words the cumulative method considers the quantity of light rather than the qual-

ity, therefore, it cannot be used to compare results with previous related research

as it has not been used to analyse the quality of daylight before as to the author’s

knowledge. What is relative to this research is the dynamic daylight metrics which

are based on a time-series of instantaneously occurring daylight illuminances and

cannot be reliably inferred from the cumulative method.

Figure 2.24: Volumetric display of SBI (source: Mardaljevic and Roy 2016).

Reinhart et al. (2006) were the first to call these metrics: Dynamic Daylight Per-

formance Metrics (DDPMs), different DDPMs have been used in previous research.

In order to justify selecting the appropriate metric in this research, properties of

most used metrics were reviewed as follows:

Daylight Autonomy (DA)

Daylight Autonomy (DA) calculation is proposed to quantify annual daylight satu-

ration (Rogers and Goldman 2006). The first definition of DA appeared in a Swiss

standard published by Association Suisse des Electriciens (1989), it was defined as
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the percentage of the year when a minimum illuminance threshold is met by daylight

alone. Then Reinhart and Walkenhorst (2001) redefined DA as the percentage of

the occupied hours of the year when a minimum illuminance threshold is met by

daylight alone. DA uses work plane illuminance as an indicator of sufficient day-

light in a space (Reinhart 2002; Reinhart et al. 2006). Accordingly, the space is

then categorised into either ‘Daylit area’ or ‘Partlylit area’. Daylit area is the area

achieving the required threshold for at least half of the occupied time, whereas, areas

that fail to achieve the required threshold are considered Partly lit area (Reinhart

and Walkenhorst 2001). The problem with the DA is that it does not account for

the area with oversupply of daylight in the results, which is usually accompanied

with visual and thermal discomfort especially in hot climates. This metric was used

before in research to investigate daylighting in buildings (Brembilla et al. 2015a;

Erlendsson 2014; Hegazy and Attia 2014; Hegazy et al. 2013; Reinhart et al. 2006;

Sabry et al. 2014; Versage et al. 2010). An example of using DA can be seen in

Figure 2.25.

Figure 2.25: DA metric used to analyse daylight in space (source: Sabry et al. 2014).

Continuous Daylight Autonomy (DAcon)

Another problem with DA is that it only consider a sensor point as ’Daylit’ if

the illuminance exceeded the target illuminance. For example, if the set target
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illuminance was 200lx and a sensor point received 180lx, DA would not consider this

point as a part of Daylit area. Continuous Daylight Autonomy (DAcon) however, is

a new method introduced by Rogers and Goldman (2006), allowing for fractional

levels of daylight illuminance to be counted. Whereby, part credit is given to spaces

that receives less than the target illuminance. Hence, the sensor point receiving

180lx in the previous example would be credited 180lx/200lx = 0.9 = 90% of the

occupied time instead of having 0% when using ordinary DA, it was explained also

by Reinhart et al. (2006). This metric was used in previous research in daylight

simulation (Chi et al. 2017a). An example of using continuous DA can be seen in

Figure 2.25 when Chi et al. (2017a) used the levels of illuminance: 300lx, 500lx and

750 lx to analyse the daylight in a space.

Figure 2.26: Continuous DA metric used to analyse daylight in space (source: Chi
et al. 2017).

Maximum Daylight Autonomy (DAmax)

Maximum Daylight Autonomy (DAmax) is also introduced by Rogers and Goldman

(2006) to consider the occurrence of extreme high illuminances in indoor spaces

(usually caused by direct sunlight) which is likely to cause glare. It is reported

simultaneously with the DAcon and it is defined as the daylight autonomy for illu-

minance threshold equals to 10 times the initial target illuminance. This metric can
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give an indication where the high illuminance contrast emerge in a space causing

glare problem (Reinhart et al. 2006). However, it is not enough to use this metric

alone, it needs to be accompanied with DA and/or DAcon to understand the daylight

distribution clearly in the studied space.

Spatial Daylight Autonomy (sDA)

Introduced by the Illuminating Engineering Society (IES) in their report “Approved

Methods: IES Spatial Daylight Autonomy sDA and Annual Sunlight Exposure ASE”

(Heschong et al. 2012b) Spatial Daylight Autonomy (sDA) was developed to test

the sufficiency of daylight illuminance, using a percentage of floor area that meets

certain illuminance level for a certain amount of hours. For example, sDA(400,60%)

expresses the percentage of space achieving illuminance level more than 400lx for

60% of the occupied hours. This metric was used before in evaluating daylight

performance (Mohsenin and Hu 2015). Some researchers claim that this metric is

called sDA when a dynamic shading is also being simulated, and when simulated

without dynamic shading it is called Daylit area (Brembilla et al. 2017; Reinhart

et al. 2014), whereas others just call it sDA whether dynamic shading was simulated

or not (Batool and Elzeyadi 2014; Chi et al. 2017a; Elghazi et al. 2014; Wagdy

and Fathy 2015, 2016) (Figure 2.27). Reinhart et al. (2014) used half of the target

illuminance to categorise the studied space into three categories, Daylit, Partlylit

and Nonlit areas. For instance, if the target illuminance was 300lx the categories

would be: “Daylit area” that achieved more than sDA(300,50%); “Partlylit area” that

achieved between sDA(300,50%) and sDA(150,50%); and “Nonlit area” that failed to

achieve at least sDA(150,50%).
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Figure 2.27: Using sDA and ASE metrics to analyse daylight in space (source:
Wagdy and Fathy 2016).

Daylit Area

Introduced by Reinhart et al. (2014). The concept is similar to that of sDA,

but without considering any model for the operation of dynamic shadings, used in

previous research (Brembilla et al. 2017) (Figure 2.28).

Figure 2.28: Daylit area metric used to compare different cases of daylight in space
(source: Brembilla et al. 2017).

Annual Sunlight Exposure (ASE)

Introduced also by IES in their report (Heschong et al. 2012b). Annual Sunlight

Exposure (ASE) describes the potential for excessive sunlight exposure by calculat-

ing the percentage of the space that exceeds a specified illuminance level more than

a certain number of hours. For example, ASE(1200,200h) expresses the percentage of
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space achieving an illuminance level exceeding 1200lx for 200 occupied hours. This

metric was used before in evaluating indoor daylight performance in many previous

research (Batool and Elzeyadi 2014; Brembilla et al. 2015a,b; Elghazi et al. 2014;

Mohsenin and Hu 2015; Wagdy and Fathy 2015, 2016). An example of using ASE

to analyse light in space is presented in Figure 2.27.

Useful Daylight Illuminance (UDI)

Introduced by Nabil and Mardaljevic (2006), Useful Daylight Illuminance (UDI) is

simply the annual occurrence of illuminances across the space that are within a range

considered “useful” by occupants (Mardaljevic 2006). The useful range is based on a

survey by Nabil and Mardaljevic (2005) with users of non-domestic buildings resulted

that a range between 100lx and 2000lx is considered useful. Hence, the UDI uses the

lower and upper thresholds of 100lx and 2000lx accordingly to determine illuminance

within a useful range, UDI also represents area with oversupply of daylight achieving

more than 2000lx, and area fall short of the useful range achieving less than 100lx

(Mardaljevic 2006; Nabil and Mardaljevic 2006). To express results of this metric,

percentage of occupied hours where the illuminance level falls into each range, the

sum of all UDI ranges has to sum into 100% for the studied space. These ranges

initially were: the useful range (between 100lx – 2000lx); area fell short (< 100lx);

area exceeded useful range (> 2000lx) (Nabil and Mardaljevic 2005, 2006). This

basic form of UDI was used before by many researchers to evaluate daylighting in

building (Cantin and Dubois 2011; Versage et al. 2010; Wagdy and Fathy 2015).

Some researchers such as Cantin and Dubois (2011) claimed that the 100–

2,000lx range was too wide and divided it into two ranges: 100–500lx and 500–

2,000lx. Therefore, at least three charts or results are needed to report the analysis

of indoor daylight in space using the UDI metric. In recent research (Brembilla et al.

2016; Mardaljevic et al. 2012), these ranges were assigned with new names and new

boundaries: (UDI−n) or (UDI−f ) for non-sufficient or fell-short areas with less than
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100lx; (UDI−x) or (UDI−e) for areas exceeded 3, 000lx; (UDI−c) combined areas

between 100lx and 3000lx. The area with a combined useful range is sometimes

divided into: (UDI−s) for supplementary area between 100lx and 300lx; (UDI−a)

for autonomous area between 300lx and 3,000lx (Figure 2.29). These UDI indicators

were used in most recent daylight simulation research (Brembilla et al. 2016, 2017,

2015b; Chi et al. 2017a; González and Fiorito 2015).

Figure 2.29: Using ranges of UDI to analyse light in space (source: Chi et al. 2017).

Daylight Availability (DAv)

Daylight Availability (DAv) however, was developed lately to combine both DA

and UDI, introduced by Reinhart and Wienold (2011). Both DA and sDA take no

account of the significance of very high illuminance that is usually associated with

thermal and visual discomfort of occupants (Chi et al. 2018). When using the DAv

metric, the space is categorised into three classifications according to the percentage

of occupied time achieving the set target illuminance threshold: “Daylit”, “Partlylit”

and “Overlit area”, where the first two are the same as the ones in DA metric, while

Overlit area is the area receiving ten times or more of the target illuminance for

at least 5% of the occupancy time (Reinhart and Wienold 2011). This was used in

previous similar experiments (Elghazi et al. 2014; Sabry et al. 2012a,b; Sherif et al.
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2012a,b). An example of using DAv to compare different cases of shading in a space

is presented in Figure 2.30.

Figure 2.30: Using DAv metric to compare different cases of shading on daylight for
the same space (source: Sabry et al. 2012b).

Lately however, Chi et al. (2017b) have modified the DAv metric and called it

“modified daylight availability”. In this metric, the Partlylit area includes the area

that achieved less than the target illuminance (e.g. 300lx) and more than half of

it (e.g. 150lx) at least half of the occupancy schedule. They added a new fourth

category called ”non-daylit area” which describes the area that failed to achieve at

least half of the set target illuminance for 50% or more of the occupancy schedule, an

example is presented in Figure 2.31. Chi et al. (2018) have also used this modified

version of DAv as well.

88



Section 2.5

Figure 2.31: Using the new modified DAv metric (source: Chi et al. 2017b).

2.5.4 Advantages of DDPMs

After discussing the static and dynamic daylight metrics, it appears that with the

development and availability of computer machines and simulation tools, the advan-

tages of using dynamic metrics have notably overcome the disadvantages. Starting

from 2013 (Education Funding Agency 2013), CBDM became a mandatory require-

ment by the UK Education Funding Agency (EFA) for evaluating the school de-

signs submitted for the Priority Schools Buildings Programme (PSBP) (Mardaljevic

2015). Similarly, in the U.S, from 2012 the Illuminance Engineering Society (IES)

added some of the (DDPMs) to the approved calculation methods of Daylighting

in buildings in the latest green buildings standard of the Leadership in Energy and

Environmental Design (LEED) (Brembilla et al. 2015b; Heschong et al. 2012a). Sim-

ulating Dynamic daylight metrics using CBDM are now the most reliable method to

evaluate interior daylight metrics in research and design (Mardaljevic et al. 2012).

The use of CBDM to simulate light used to be limited because of the need for access

to computing with high speed and large memory. These barriers however, began

to diminish recently because of these circumstances: Access to enhanced computer

power at affordable price for even small architectural firms and students; widespread

of computer agility and interest in information technology; and the availability of
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user friendly interfaces allowing users to generate 3D models, simulate daylight and

display results in an easy meaningful way (Reinhart et al. 2006).

2.5.5 Metrics and criteria

After discussing how to use dynamic metrics to evaluate daylight in interior space, it

is essential to understand that a metric may not be measurable directly in the field.

A metric is some mathematical combination of dimensions and/or measurements

and/or conditions displayed on a continuous scale, whereas, a criterion is a demar-

cation on the metric scale that determines whether a situation achieves the required

level. The purpose of a performance metric is in combining various factors that

would successfully predict performance outcomes, then performance criteria can be

set for different guidelines and recommendations (Mardaljevic et al. 2009). A crite-

rion resolves whether the daylight situation in the studied space is “adequate” or not

(Reinhart et al. 2006), for example, 75% of a space achieving at least 2% DF can be

set as a criterion to evaluate that space after calculating DF on each sensor points.

When using DAmax metric, the criterion for a successful space is to not exceed 1%

for more than 5% of the work-plane area of that space (Rogers and Goldman 2006).

2.5.6 Simulating daylight metrics

In theory, both static and dynamic daylight metrics can be simulated using either:

physical models under real or a sky simulator device (e.g. sky-dome); or three

dimension virtual models using computer calculations. However, generally the use

of static metrics is associated with physical models especially the DF to utilise the

advantage of fast result, whereas, using dynamic metrics is associated with computer

calculations.
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Physical models Vs. Virtual models

Lighting researchers had used scale models when they first attempted to predict

illuminance in real spaces (Hopkinson et al. 1966; Littlefair and Lindsay 1990), using

artificial skies with luminance patterns conforms reasonably well to the assumed

real life luminance distribution, such as Mirror-box skies (Littlefair and Lindsay

1990). Some researchers insisted on using a physical model and it has been stated

that it is a likely method to be used by an architect or consultant (Ubbelohde and

Humann 1998) and physical modelling has been validated as an accurate prediction

technique within specific limits of scale, detail and metering protocols (Baker et al.

1993; Benton 1990; Hopkinson et al. 1966).

However, Cannon-Brookes (1997) has concerns questioning the accuracy of scale

model construction for illumination predictions. He compared scale model measure-

ments with simultaneous measurements of an actual building under real sky con-

ditions (overcast sky conditions and then clear sky). Scale model measurements

were found to be ≈ 60% higher than measurements of the actual building under

the overcast sky, whereas , under the clear sky the scale model measurements were

100–150% higher. He concluded that this major difference was mostly due to the

construction of the scale model and uncertainty in positioning the photocells where

there were steep illuminance gradients.

The other method to simulate light performance is calculations. According to

(Bryan and Autif 2002), calculations can provide a fast and accurate assessment of

illumination levels for typical room and glazing design and present procedures for

calculating illumination. They have divided the calculations method into simplified

procedures and computer simulation programs. The former is fast, but often make

simplifications and assumptions that may reduce flexibility and accuracy. Whereas

the latter is more flexible and accurate, but requires preparation of detailed input

data.

Although CBDM can be carried out without computer simulation by using
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scale models, until today CBDM has been carried out using only computer simu-

lation techniques (Mardaljevic et al. 2012) despite the extremely long time needed.

There are two reasons for that, the development, availability and ease of simu-

lation tools, and the proven disadvantages of sky simulators. Sky simulators are

subject to both fundamental limiting factors, such as parallax error (Mardaljevic

2002), and some operational constraints such as lamp stability, incomplete sky cov-

erage and the demonstrated inaccuracy of the scale model (Cannon-Brookes 1997;

Thanachareonkit et al. 2005).

Light simulation engines

Daylighting simulation can be defined as a computerised process that calculate the

amount of daylight in a specific zone. Aiming to quantify the illuminance and/or

luminance at certain points in that zone. These results are usually presented in

numerical values, but scene visualisations or false colour maps can also be used

according to the selected analysis metric, either static or dynamic (Versage et al.

2010).

In general, to analyse indoor daylight in buildings all light simulation engines

use three different approaches to acquire detailed estimates of the interior illumi-

nance conditions of a building (Bryan and Autif 2002; Ho et al. 2008; Versage et al.

2010). These are:

1. Split-flux

2. Radiosity approach

3. Ray-tracing approach

The split-flux approach uses the lumen method for calculations. It calculates

the DF at a point through the sum of the direct and reflected daylighting compo-

nent (Versage et al. 2010). The most popular engine using this approach is Microlite,

which was developed in 1980. It gives simplified results in a form of DF or illumi-
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nance values. Although ,it is fast and easy to use, it has not proven accurate enough

to be used in research (Bryan and Autif 2002). The split-flux approach require a

shorter calculation time, it has however, limitation in dealing with complex geometry

(Versage et al. 2010).

The Radiosity approach calculates the radiation transfer off surfaces based on

the form factor, and it simulates the light performance in its radiant form (ibid.).

The main advantage of the Radiosity technique, is that the calculation depends only

on the geometry of the tested space. That means once an initial rendering has been

done, rendering of any other view of the model can be done in minutes (Ashmore and

Richens 2001). Whereas, the Ray-tracing is a view-dependent process which means

every view needs repeating a large part of calculation process (Ho et al. 2008). The

most popular daylight simulation engines that are based on the Radiosity approach

are:

• SUPERLITE, developed by Lawrence Berkeley National Laboratory and var-

ious European centres (Hitchcock and Osterhaus 1994).

• De-Light (Bellia et al. 2000).

• Form-Z RadioZity, which is a version of Form-Z modelling software developed

by AutoDesSys, it uses the Radiosity approach even in rendering (Estes et al.

2004).

There are however, some simulation engines that combine both Radiosity approach

and Ray-tracing, the most popular amongst them are:

• Lumen micro, developed by Lighting Technologies in Boulder Colorado

(www.lighting-technologies.com 2017), formerly called Lumen in 70s. It is con-

sidered the first lighting simulation engine (Bryan and Autif 2002). It used

to be used only by mainframe computers for artificial lighting, the daylighting

features however, was added in 1980. Lumen micro is the successor PC ver-

sion of Lumen II. It is mostly used for artificial lighting design as it has been
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recognised as the industry standard in Lighting design communities (Bryan

and Autif 2002; Ubbelohde and Humann 1998).

• LIGHTSCAPE visualisation System, sometimes referred to as LVS, but usu-

ally as LIGHTSCAPE (Khodulev and Kopylov 1996).

LIGHTSCAPE is a software developed by Lightscape Technologies in San Jose

California (Ubbelohde and Humann 1998). Initially it was available in Unix oper-

ating to system to be used in high end graphics machines such as Silicon Graphics

and Sun work stations before it became available in a PC version for architects

and designers. It was used in previous research to evaluate the illuminance level

by Ho et al. (2008) in a study to compare the performance of four shading devices

with different geometries and physical dimensions, in a classroom environment in

Taiwan. Wong and Istiadji (2004) have also used LIGHTSCAPE in their experi-

ment to study the effect of shading devices on daylighting penetration. According

to them, LIGHTSCAPE integrates the advantages of the Radiosity method and the

Ray-tracing method to configure the illuminance, and enables their application to

3D virtual models to predict daylighting performance that are as accurate as pos-

sible. In LIGHTSCAPE, the sky is modelled as a dome with infinite radius placed

above the investigated space, so that illuminance level on any point is accounted

for in all directions in where the sky is visible. The value of the skylight is set

automatically and is based on the orientation, according to the geographic location,

date and time defined by the user (Ho et al. 2008; Maamari and Fontoynont 2003;

Wong and Istiadji 2004).

On the other hand, most light simulation engines use the Ray-tracing technique,

whether it is the forward, or the backward Ray-tracing technique or both. It is

not easier and faster than the Radiosity technique (Ho et al. 2008), but it offers

advantages for simulating the physical performance of light rays and the material

spectral properties for any complex building (Versage et al. 2010). To make it faster,

it is commonly combined with a statistical method called Monte-Carlo Technique to
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reduce the processing time to calculate DC developed by Tregenza (1983). The Ray-

tracing is more common to be used for research purposes (Brembilla et al. 2017).

Most popular light simulation engines that use Ray-tracing technique are:

• Spectere, developed by Integra in Japan (www.integra.jp/en 2007). It uses a

bi-directional Ray-tracing technique, but not available in a PC version.

• RADIANCE, which is the most widely used lighting simulation engine. In-

troduced in 1986 by Greg W Larson as a collaboration between Lawrence

Berkely National Laboratory, California Institute of Energy Efficiency, and

École polytechnique fédérale de Lausanne (EPFL) in Switzerland (Bryan and

Autif 2002). It uses backward Ray-tracing technique (Larson and Shakespear

2003).

RADIANCE engine was first introduced to be used on UNIX operation system

work stations in the 80s. Then it was further developed and became available to

PC in 1998 (Larson and Shakespear 1998). It works with the Ray-trace backward

technique for the precise daylight calculations on which most of the daylighting soft-

ware tools are based (Larson and Shakespeare 1998; Reinhart and Fitz 2006). It has

previously been validated by Mardaljevic (1995), and according to Mardaljevic et

al. (2012), RADIANCE is the most rigorously validated lighting simulation system

available. It has been proven to be capable of high accurate predictions and it has

become a de facto standard for researchers worldwide. Some reports have claimed

that compared with a number of daylighting software packages, RADIANCE simula-

tions can produce more close prediction to real building measurements (Gugliermeti

et al. 2001; Laouadi et al. 2008; Ubbelohde and Humann 1998).

Ubbelohde and Humann (1998) evaluated and compared four major daylighting

simulation tools at that time, namely, LIGHTSCAPE, Superlite, RADIANCE, and

Lumen Micro. There are also other software that are popular in non-English speak-

ing countries, namely, SPECTER developed by Integra in Japan (Khodulev and

Kopylov 1996), GENELUX (Baker et al. 1993) and Optis Light in France (IESNA
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1997). These software were ignored in the comparison by Ubbelohde and Humann,

claiming that they require graphic work stations, or mainframe computers that are

not widely available. They have used a 3D model and a physical model scaled 1:24

of an existing building in San-Francisco. Data were collected from actual lighting

conditions in the existing building to be used as a reference point to compare the

performance of the simulation packages. The physical model was also tested un-

der artificial sky and real sky. The use of the physical model aimed to compare

the software with the most widely used method at that time amongst architects

and architecture schools, since it was validated in the 90s (Baker et al. 1993; Ben-

ton 1990; Love and Navvab 1991). Despite having limitations pointed by other

researchers (Cannon-Brookes 1997). In their conclusion, they rated RADIANCE as

the highest for comprehensiveness of accuracy, but not the easiest one to use (at that

time). Whereas, LIGHTSCAPE was rated the poorest amongst them, representing

significant accuracy problems, although it was ranked with the best user interface

(Ubbelohde and Humann 1998).

A similar study in Russia, was conducted by Khodulev and Kopylov (1996) to

compare three simulation packages, Specter, LIGHTSCAPE and RADIANCE. It

has concluded the same result that RADIANCE being the most accurate engine.

Another comparison was conducted by Bryan and Autif (2002) included three of

the four previously evaluated software in addition to Form-Z RadioZity. They also

concluded that RADIANCE was the most accurate simulation software, although

they have just provided a ranking without mentioning accuracy levels between each

software.

Estes et al. (2004) have compared the results of RADIANCE with actual data

measured in an exciting school. Using a grid of 16 sensors, they took illuminance

measurements in foto-candelles fc (an American unit instead of Lux) at 13:00 o’clock

on a specific day in the year and compare results with simulating a 3D CAD model

in RADIANCE and measuring the illuminance at the same time and day of the

year. They have used two types of light meters to record measurements, in order
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to reduce the probability of meter errors. They found a remarkable agreement in

results (Figure 2.32), their results have also agreed with the previous findings, and

stated that RADIANCE is among (if not) the most accurate and flexible software

in daylight simulation.
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Figure 2.32: Plot of RADIANCE predicted illuminance levels and measured values
by Estes et al. (2004) (source: Estes et al. 2004).

Bellia et al. (2000) have compared Lumen micro, Superlite and Di-Light. They

found an agreement in results of the three of them. Many other researchers have

compared lighting simulation packages (Bryan and Autif 2002; Love 1993; Love and

Navvab 1989, 1991; Thanachareonkit et al. 2006). Most of them agreed on the

accuracy of RADIANCE amongst all other simulation packages.

Reinhart and Fitz (2006) have conducted a survey on methods of predicting

daylight performance in buildings. The survey covered 185 practitioners (Architects

and Engineers) from 27 countries. It reveals that 134 participants use computer

lighting simulation tool, and 42 simulation tool were mentioned in the survey, each

participant could choose one or more software. They gave a total of 342 selections,
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176 of them were software using RADIANCE as the simulation engine, that is more

than 50% of selections. This advocates that RADIANCE is the choice for the

majority of professional lighting simulation users, despite the complexity of it.

In recent years, according to Estes et al. (2004) LIGHTSCAPE was discon-

tinued and transformed to AUTODESK Vis 4, a plug–in integrated with other

Auto-cad products. Claiming that stand alone LIGHTSCAPE has low sale volume.

SUPERLITE is also no longer under active development, and Lumen Macro is now

called Lumen Designer, a full featured CAD system, still more popular for artificial

lighting design as it has a big library of luminaire data contributed by hundreds

of manufactures. De-Light is now integrated with EnergyPlus to perform lighting

simulation (Versage et al. 2010). RADIANCE continued to update and develop, and

more software continue to use RADIANCE as the main light simulation engine.

After reviewing most used light simulation engines, it appears that RADIANCE

would be the obvious choice to use as a light simulation engine in this research.

Therefore, further investigation was directed towards the use of RADIANCE.

Validating RADIANCE

RADIANCE has been the main subject of a number of validation studies, more

than any other lighting simulation systems (Ampatzi 2005; Mardaljevic 2004). Not

only for daylighting simulation, also in visualisation and renderings (Grynberg 1989;

McNamara et al. 2000; Rushmeier et al. 2000). Most of them acknowledged that

RADIANCE is the most accurate among all of the commercially available programs

for physically based lighting rendering (Ampatzi 2005; Donn 1999).

The BRE-IDMP validation data set is considered as the definitive validation

data for any daylight prediction method. It consists of 754 simultaneous measure-

ments of internal and external daylight parameters taking from random 27 days of

monitoring in 1992 (Mardaljevic 2004). It was collected by the Building Research

Establishment (BRE) as a part of the International Daylight Measurement Pro-
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gramme IDMP, organised by the Commission Internationale de l’Eclairage (CIE)

(Mardaljevic 2001, 2004). The major objective of IDMP program was to collect

long–duration time series data for a range of daylight parameters including mea-

surements of the actual sky brightness distribution using 15 stations around the

globe. One of these stations was located in the BRE headquarter in Garston UK.

Simultaneously, the BRE used five experimental rooms with different glazing sys-

tems. The sky monitoring sensors for IDMP program were placed on the roof of the

BRE experimental rooms (Mardaljevic 2001). Dataset were recorded within seconds

of each other. Measurements from these two programs at the BRE location were

matched together to produce a data set considered as a benchmark for the valida-

tion of lighting simulation programs usually referred to as the BRE-IDMP validation

data set.

Mardaljevic (2004) claimed that this data set made it possible to make a true

assessment of the accuracy of RADIANCE predictions for internal illuminance levels

under a wide range of sky conditions. According to him, testing daylight predictions

using the BRE-IDMP data set (Mardaljevic 2001) is arguably the most rigorous val-

idation study of daylight illuminance to date, and it is highly unlikely that actual

building façades could be measured and modelled in a simulation with compara-

ble precision to that attained for the benchmark BRE-IDMP validation. He used

BRE-IDMP validation data set to validate RADIANCE, using a 3D model of the

same test office used by BRE to collect the BRE-IDMP data with a high degree of

precision. His results demonstrated a high accuracy for RADIANCE predictions.

66% of predictions were within ±10% of the measured values, and 95% were within

±25%.

RADIANCE has been also validated many times, by comparing simulated re-

sults with physical measurements under real sky conditions for existing building, or

scale models, under different sky conditions, and using different settings. With clear

glass (Mardaljevic 1995, 2004), light shelves (Jarvis and Donn 1997; Mardaljevic

2000b, 2004), Venetian blinds (Reinhart and Walkenhorst 2001), or a translucent
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glazing (Reinhart and Andersen 2006).

Mardaljevic (1995) used clear single plane glazing with and without light shelves

and compared results with RADIANCE. He approved the capability of RADIANCE

in modelling indoor daylight under clear and overcast skies. Mardaljevic (2004) used

clear glazing under more than 700 sky conditions. He also found that RADIANCE

is capable of predicting indoor daylight to a high degree of accuracy for a wide

range of sky conditions. Using the same dataset, (Mardaljevic 2000b) combined

RADIANCE with the new DC approach CBDM to simulate indoor daylight more

efficiently, when he first introduced CBDM as mentioned previously. Reinhart and

Walkenhorst (2001) used a full-scale test office to compare measurements with simu-

lated data under more than 10,000 sky conditions in 30 seconds intervals to validate

RADIANCE based DC approach combined with the Perez sky model (Perez et al.

1993).

RADIANCE techniques

Since RADIANCE was invented it has provided the back-bone for CBDM devel-

opment (Brembilla et al. 2017). Originally however, RADIANCE was designed to

model illuminances under a single sky conditions at a time (Reinhart and Walken-

horst 2001), that can be time consuming since each calculation could take several

minutes to hours (Reinhart and Breton 2009). Several attempts have been made to

predict indoor daylight under multiple sky conditions (Reinhart and Herkel 2000).

Since then, several RADIANCE-based methods to perform climate base simulation

were introduced. With different techniques to describe the sky vault and the con-

tribution from the Sun. RADIANCE uses one of these techniques to analyse solar

radiation values from the climate data file. These techniques are (Brembilla et al.

2017):

• Four-Components method

• Two-phase methods
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• Three-phase method

• Five-Phase method

A RADIANCE based advanced daylighting analysis tool called DAYSIM can also be

used to describe the sky model. DAYSIM was introduced by the National Research

Counsel Canada and the Fraunhofer Institute for Solar Energy Systems in Germany

(Cantin and Dubois 2011).

Using the same BRE-IDMP validation data set, Mardaljevic (2000a) proved

that the Four-Components method have comparable high accuracy to the standard

RADIANCE calculation. Brembilla et al. (2017) used the Four-Components method

as a benchmark to compare the five techniques mentioned above using a Sensitivity

Analysis test. They ran 48 simulations for the same classroom using the five tech-

niques and different metrics. They reported the Mean Bias Deviation (MBD) and

Root Mean Square Deviation (RMSD) for all techniques and compared them against

the benchmark. They concluded that DAYSIM shows agreement with the bench-

mark Four-Components technique with lowest deviation than all other techniques,

as low as 4.1% according to the used daylight metric. This agreement is consid-

ered remarkable knowing that 15% is the limit of typical uncertainty for daylight

simulation according to Reinhart and Andersen (2006).

DAYSIM was developed to calculate illuminance and/or luminance time series

under varying sky conditions more efficiently (Reinhart and Breton 2009). To reduce

calculation time, DAYSIM uses the concept of the DC approach described by (Tre-

genza and Waters 1983) combined with the Perez all weather sky model described

by Perez et al. (1993) (Reinhart and Walkenhorst 2001; Versage et al. 2010). Figure

2.33 displays a flow diagram to explain how DAYSIM works. Once a complete set

of DC is calculated for each sensor point, the DC values can be combined with any

sky condition in order to determine the amount of daylight that sensor point receive

under that particular sky condition (Reinhart and Breton 2009).
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Figure 2.33: Flow diagram of DAYSIM (source: Reinhart and Walkenhorst 2001).

DAYSIM has been validated based on physical measurements (Reinhart and

Breton 2009) and also against reality, when Reinhart and Walkenhorst (2001) com-

pared the simulated results with measurements taken in a full-scale test office under

more than 10,000 different sky conditions. The DAYSIM predictions showed relative

mean bias error (MBErel) of <20% and relative root mean square error (RMSDrel)

of <32% (Reinhart and Andersen 2006). Daysim also gave remarkable results when

compared with Autodesk 3Ds Max software (Bellia et al. 2015). It also has been

shown that DAYSIM outperforms several other dynamic methods in the required

simulation time and accuracy (Reinhart and Herkel 2000). It is considered one of

the most widespread back-end tools to perform CBDM (Brembilla et al. 2017).

Utilised Radiance simulation parameters

To render using the RADIANCE engine, user should specify the simulation param-

eters defined by the software engine: ambient bounces, ambient divisions, ambient

sampling, ambient resolution and ambient accuracy (Larson and Shakespeare 1998).

Different RADIANCE simulation parameters were used in previous research accord-
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ing to the scene size, accuracy required, simulation time. Table 2.3 represents an

example of RADIANCE simulation parameters used in a previous study (Reinhart

and Breton 2009).

Table 2.3: An example of utilised Radiance parameters used by researchers (source:
Reinhart and Breton 2009.

Ambient
Bounces

Ambient
Division

Ambient
Sampling

Ambient
Accuracy

Ambient
Resolution

Direct
Threshold

7 1500 100 0.05 300 0

The selected values of RADIANCE parameters for light simulation in this re-

search are discussed in detail in research methods.

2.5.7 Software tools

Most of light simulation engines discussed above are not used on their own, they

usually need a software tool as an interface to the engine. Previous researchers

have used different software tools in order to simulate light. However, Most light

simulation tools use RADIANCE as the simulation engine. Adeline, which stands

for Advanced Day and Electric Lighting New Environment is a product of Interna-

tional Energy Agency IEA. It was developed in the early 90s as an interface that

formats data using either RADIANCE or Superlite engines (Erhorne et al. 1995;

Ubbelohde and Humann 1998). It was an early attempt to interoperate information

from daylight simulation engines directly. It can also provide data for advanced

thermal analysis software such as DOE-2, TRSNYS and BLAST (Bryan and Autif

2002). Some software tools are sometimes misrepresented as daylighting programs

while they are not, such as DOE-2 and Building Design Advisor. DOE-2 was later

inserted into the EnergyPlus program (energy and thermal analysis program) (Ver-

sage et al. 2010). The daylight analysis produced by these programs are in support

of energy analysis and not adequate to perform daylighting studies (Bryan and Autif

2002).
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The most recent software tool for daylight simulation is called DIVA, which

stands for Design Iterate Validate Adapt (Jakubiec and Reinhart 2011). It was in-

troduced in 2011 by Jakubiec and Reinhart (ibid.). It is an environmental analysis

plug-in for Rhinoceros-3D. Rhinoceros is a 3D Nurbs modelling tool with the capa-

bility to create and analyse complex geometry (Mcneel and Associates 2016), often

abbreviated as Rhino. DIVA is an environmental analysis plug-in for Rhino that can

perform a daylight analysis on architectural models. It is used as an interface for

the simulation engines RADIANCE and Daysim (Reinhart and Walkenhorst 2001).

Both engines have been previously validated by comparing simulation results with

physical measurements (Reinhart and Breton 2009).

Shortly after that, a DIVA component was introduced for a software called

Grasshopper (Rutten and McNeel 2012), which is a generic algorithm editor that

works as a parametric modelling extension for Rhino. Parametric modelling refers

to the automated parameter based generation of 3D elements (Erlendsson 2014).

DIVA component for Grasshopper allows the rapid visualisation of daylight from

an architectural design model, where users can easily test multiple design variants

for daylight performance without manually exporting to multiple software such as

MS-office. Both DIVA-for-Rhino and DIVA-for-Grasshopper have been widely used

in many recent researches (Hegazy and Attia 2014; Sabry et al. 2014; Wagdy and

Fathy 2016).

2.6 Related previous research in similar climates

In this section, previous relative papers that studied or compared shading strategies

are analysed and critically discussed. Information from these papers are summarised

at the end of this section. These includes: tested parameter(s), used method, loca-

tion, results and observation.
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“The Potentiality of Reflected sunlight through Rawshan screens” by

Aljofi (2005)

The earliest paper that investigate properties of Mashrabiya, called Rawshan in

the paper. Aljofi (2005) compared the daylight factor distribution of six different

shapes of Mashrabiya, using digital light meters placed in a physical model under an

artificial sky. He concluded that rounded shapes transmit less light than rectangular

shapes and there is no difference between vertical and horizontal screens. He also

found that the higher the perforation percentage the more light is transmitted. In

the second stage he compared the light oak material with dark oak and found out

that the light oak has 17% better performance due to the high reflectivity of the

light colour.

• Parameters tested: Geometry shape and colour.

• Daylight metric: Daylight factor distribution.

• Sensor grid: 7 Sensors spread in the experimental box.

• Method: Physical model under natural light, Daylight Factor.

• Location: No specific location (overcast-sky).

• Results and observations: Rectangular openings provide more daylight

that round shapes, Light colour screens provide more daylight than dark

colours. Although bigger openings provide more daylight than small openings,

all screens have the same thickness so the depth ratio was not considered. This

paper showed to the author that light colour screens are preferred to provide

higher interior daylight.
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“Daylighting for privacy: evaluating external perforated solar screens in

desert clear sky conditions” by Sherif et al. (2010b)

Sherif et al. (2010) tried to find the minimum perforation for achieving a balance

between daylight efficiency and visual privacy. They studied a living room in Al-

Sadat village in Egypt, the space was simulated by RADIANCE, the space was

divided into three zones, near, mid and far zone. Each zone has 84 measuring

points. Measurements were recorded for three times a day 09:00, 12:00 and 15:00

for three orientations: north, South and east claiming that the east and west would

have the same result since the sun-path is symmetrical. The screen was tested using

ten different perforation percentage from 10% to 90% in a 10% intervals.

• Parameters tested: Perforation percentage.

• Studied cases: 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80% & 90%.

• Controlled Parameters: colour reflectivity 68%, axial rotation 0◦, aspect

ratio 1:1.

• Module size: 5cm.

• Daylight metric: Average annual illuminance values.

• Sensors grid: 252 points in in a 0.3 × 0.3m grid.

• Location: El-Sadat city, Egypt.

• Space: Living room.

• Method: RADIANCE.

• Results and observations: Their experiment resulted of Table 2.4 to indi-

cate a recommended perforation percentage for each case in each zone. This

paper showed to the author that zonal division helps analysing average illu-

minances in a space, and average of each zone can be compared in different

cases.
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Table 2.4: Recommended perforation percentages according to resulted average il-
luminance in each zone (source: Sherif et al. 2010b).

“Balancing the Energy Savings and Daylighting Performance of External

Solar Screens: Evaluation of screen opening proportions” by Sherif et al.

(2011)

In this paper Sherif et al. (2011) used depth ratio of 0.75 based on results of a

previous study that recommended the best depth ratio to save energy in Kharja

city (Sherif et al. 2012c). The perforation percentage of 90% was used based on a

previous study in El-Sadat city (Sherif et al. 2010). Then these values were used

to test the effect of aspect ratio on the daylighting performance of perforated solar

screens in El-Sadat city in Egypt by comparing average illumenance in three zones.

Each zone has 84 measuring points.

• Tested Parameter: Aspect ratio.

• Studied cases: (Horizontal: Vertical) 1:3, 1:6, 1:12, 1:18, 3:1, 6:1, 12:1, 18:1.
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• Controlled Parameters: Depth ratio 0.75, Perforation percentage 90%, ax-

ial rotation 0◦.

• Daylight metric: Average illuminance.

• Sensors grid: 252 sensors in a 0.3 × 0.3m grid

• Space: Living room.

• Location: El-Sadat city, Egypt.

• Method: RADIANCE.

• Results and observations: The daylighting part of this experiment recom-

mends using a horizontal direction openings with aspect ratio of 1:18. However,

depth ratio of 0.75 was used to control this experiment based on an experi-

ment that studied the effect of depth ratio on energy consumption (Sherif et al.

2012c) and not related to daylighting. It became apparent through this study

that lower depth ratio would improve interior daylight. This paper showed

to the author that the option of investigating parameters one at a time and

use the result of first study to control the next one in order to reduce cases

number and thus simulation time.

“Daylighting Efficiency of External Perforated Solar Screens: Effect of

Screen Axial Rotation under Clear Skies” by Sabry et al. (2011).

Sabry et al. (2011) used RADIANCE to study the impact of the axial rotation of

only 10◦, 20◦, 30◦, on the daylight performance in a living room in Kharga city in

Egypt. They divided the space to three zones, near, mid and far zone, each zone

has 84 measuring points, then the average illuminance in each zone was calculated.

Measurements were recorded for three times a day: 09:00; 12:00; and 15:00 for

solstices and equinoxes days to cover all seasons: winter; summer; and either autumn

or spring, for three orientations: north, south and east, claiming that autumn and

spring would give similar results in opposite times due to the symmetry of the sun-
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path (results of 09:00 and 15:00 on the east = results of 15:00 and 09:00 On the

west respectively). Results of each case were compared with a base case where no

screen was installed.

• Tested Parameter: Axial rotation

• Studied cases: 10◦, 20◦, 30◦

• Controlled parameters: Perforation 90%, colour reflectivity 68%, depth

ratio 0.75, aspect 1:1.

• Daylight metric: Average interior illuminance in three zones.

• Sensors grid: 252 sensors in a 0.3m× 0.3m grid.

• Location: Kharga city, Egypt.

• Space: Living room.

• Method: RADIANCE.

• Results and observation: All studied rotation angles improved average

illuminance especially the 30◦ rotation angle that can be seen in Table 2.5.

This paper showed to the author that zonal division helps analysing average

illuminances in a space, and average of each zone can be compared in different

cases.

Table 2.5: Increase percentage in average illuminances between base case and each
rotation angle (source: Sabry et al. 2011).
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“The impact of changing solar screen rotation angle and its opening as-

pect ratios on Daylight Availability in residential desert buildings” by

Sherif et al. (2012a)

In this paper, Sherif et al. (2012a) studied the effect of screen rotation angle and

opening aspect ratio in a window of a living room in Jeddah Saudi Arabia using three

stages. In stage-1, they tested three rotation angles 10◦, 20◦, 30◦ three times, one

for each orientation of north, south and east. Then screens with the best orientation

case were studied using eight different aspect ratios were tested for the same three

orientations. They then compared the results with a base case with no rotation.

Depth ratio was constant on 0.75 based on previous results (Sherif et al. 2012c).

Perforation percentage was constant on 90% based on a previous study (Sherif et al.

2010)

For lighting simulation they used DIVA-for-Rhino, the space was divided to

three zones each zone has 90 measuring sensors. They used 200lx as the minimum

illuminance illuminance considered adequate for a living room according to lighting

standards. They used DAv metric to analyse the space, and a case achieving 50%

or more of total area is considered acceptable.

• Tested Parameters: Axial rotation angle and aspect ratio.

• Studied cases: Axial rotations 10◦, 20◦ and 30◦ ; opening aspect ratios:

(Horizontal: Vertical) 1:3, 1:6, 1:12, 1:18, 3:1, 6:1, 12:1, 18:1.

• Controlled Parameters: Perforation 90%, colour reflectivity 50%, depth

ratio 0.75.

• Module size: 15cm.

• Daylight metric: DAv.

• Sensors grid: 270 sensors in a 0.3m× 0.3m grid 1m high.

• Location: Jeddah, Saudi Arabia.
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• Space: Living room.

• Methods: Diva for Rhino as an interface of RADIANCE and Daysim.

• Results and observation: They presented the final result in Table 2.6,

and it shows that 30◦ and a horizontal direction openings of 18:1 aspect ratio

provided the best DAv results. However, there was no combination of different

cases, all aspect ratio cases were tested using 0◦ axial rotation. This paper

showed to the author the option of investigating parameters one at a time in

order to reduce cases number and thus simulation time.

Table 2.6: Recommended cases of axial rotations and aspect ratios according to
resulted DAv (source: Sherif et al. 2012).

“External perforated Solar Screens for daylighting in residential desert

buildings: Identification of minimum perforation percentages” by Sherif

et al (2012b)

In this study, Sherif et al. (2012b) used the same data from results of their pre-

vious paper “Daylighting for privacy: evaluating external perforated solar screens

in desert clear sky conditions” (2010). This time they tested cases of perforation

percentages to identify the minimum perforation percentage that provides adequate

interior daylight all year round in a living room in Kharga city in Egypt using CBDM

modelling and DAv metric.

• Tested Parameters: Perforation percentage.

• Studied cases: 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%.
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• Controlled Parameters: Axial rotation angle 0◦, colour reflectivity 68%,

depth ratio 0.75, aspect ratio 1:1.

• Module size: 5cm.

• Daylight metric: DAv.

• Sensors grid: 252 sensors in a 0.3m× 0.3m grid 1m high.

• Location: Kharga, Egypt.

• Space: Living room.

• Method: CBDM using Diva-for-Rhino as an interface for RADIANCE and

Daysim.

• Results and observation: Their results showed that 80% and 90% per-

foration percentages provided acceptable DAv results in the north and south

orientations. In the east and west however, using perforated screens have failed

to provide acceptable level of DAv, the daylit area covered only up to 24% of

total area of the room when 90% perforation percentage is used. It is interest-

ing in this paper that the reason for that might have been using thick screens

with depth ratio of 0.75 and less depth ratio would help screens to provide

acceptable daylight levels in the studied space for east and west orientations.

This paper showed to the author that using DAv metric to evaluate interior

daylight is a good option in hot areas where oversupply of daylight can easily

occurred.

“External Perforated Solar Screen Parameters and Configurations: Day-

lighting Performance of Screen Axial Rotation and Opening Proportion

in Residential Desert Buildings” by Sabry et al. (2012)

In this paper, Sabry et al. (2012b) tested three cases with different values of aspect

ratio and rotation angles based on results of previous results for aspect ratio (Sherif

et al. 2011) in El-Sadat, Egypt and rotation angle (Sabry et al. 2011) in Kharga,
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Egypt. The combined effect of axial rotation and aspect ratio on DAv metric using

CBDM modelling in a living room in Jeddah, Saudi Arabia.

• Tested Parameters: axial rotation and aspect ratio.

• Studied cases: Case A: rotation 30◦, aspect ratio 1:1; Case B: rotation 0◦,

aspect ratio 1:18 ; Case C: rotation 30◦, Aspect 1:18

• Controlled parameters: Perforation percentage 90%, colour reflectivity

50%, depth ratio 0.75.

• Module size: 15cm.

• Daylight metric: DAv.

• Sensors grid: 270 sensors in a 0.3m× 0.3m grid 1m high.

• Location: Jeddah, Saudi Arabia.

• Space: Living room.

• Methods: Diva for Rhino as an interface of RADIANCE and Daysim.

• Results and observation: Results of daylight simulation showed that case

B provided the best daylight performance in the north orientation, Case C

was recommended for west and east orientations, and both B and C cases

were recommended for the south orientation. It is interested in this paper

that the final cases number does not reflect the number of variations, more

combinations of cases could be studied. This paper showed to the author

the option of testing a combination of cases of different parameters instead of

testing one at a time.

“Parametric Analysis for Daylight Autonomy and Energy Consumption

in Hot Climates” by Hegazy et al. (2013)

Hegazy et al. (2013) used a parametric approach studying 7 different types of shading

devices plus a no shading case, and three cases of Window to Wall Ratio WWR
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and two cases of floor height. the combination of cases resulted in 48 cases. The

illuminance threshold was set to 300lx. The study was done only on a south facing

classroom.

• Tested Parameter: WWR (20%, 40% & 60%) Floor height (5m & 12m),

comparing 8 cases of different types of windows shading including perforated

screens, tinted glaze and a case of no shading .

• Controlled Parameters: No information about each shading device.

• Daylight metric: Daylight Autonomy DA.

• Sensors grid: 120 sensors in a 0.38m× 0.38m grid 0.9m high.

• Space: Not specified, 5m × 4m box.

• Location: Cairo, Egypt.

• Method: Diva for Rhino.

• Results and observation: What was relative to this research was the cases of

perforated screen and tinted glaze. Although using perforated screens or tinted

glass with 60% WWR in a high floor provided the best possible DA, all cases of

both shading strategies have failed to provide acceptable daylight level of 50%

or more of daylit area in the studies space. However, there is no information

about the values of perforated screen parameters. This paper showed to the

author the option of parametric approach to simulate all combinations of cases

and that it takes a long simulation time that it is usually performed for one

orientation only.
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“Balancing the daylighting and energy performance of solar screens in

residential desert buildings: Examination of screen axial rotation and

opening aspect ratio” by Sabry et al. (2014)

Sabry et al. (2014) tested combined cases of different aspect ratios and axial rota-

tion angles. Instead of testing the impact of different screen parameters on daylight

and thermal performance separately, they decided to test the impact on both per-

formances at the same time using different combined cases. The study aims to find

the most effective screen that achieve interior daylight and minimum energy con-

sumption. They used 5 cases for each orientation based on previous results of aspect

ratio and axial rotation (Sherif et al. 2012a) in El-Sadat, Egypt. Depth ratio and

perforation percentage were constant based on previous results (Sherif et al. 2012c,

2011)

• Tested Parameter: Axial rotation and opening aspect ratio.

• Studied cases: Case A: 30◦ & 1:1 aspect, Case B: 0◦ & 3:1 aspect, Case C:

0◦ & 18:1 aspect, Case D: 30◦ & 3:1 aspect, Case E: 30◦ & 18:1 aspect.

• Controlled Parameters: Depth ratio 0.75, perforation 90% and screen re-

flectance 50%.

• Module size: 15cm.

• Daylight metric: Daylight Autonomy DA.

• Sensors grid: 270 sensors in a 0.3m× 0.3m grid 1m high.

• Space: Living room.

• Location: Jeddah Saudi Arabia.

• Method: RADIANCE + Diva for Rhino.

• Results and observation: Their result is displayed in Table 2.34, Case D

and E provided highest daylight level in south, east and west orientations, and

Case C followed by B provided the highest level of daylight in the northern ori-
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entation. It seems like rotated screens increased daylit area in all orientations

except in the north orientation. It is interested that the final cases number

does not reflect the number of variations, more combinations of cases could be

studied. This paper showed to the author the option of testing a combination

of cases of different parameters instead of testing one at a time.

Figure 2.34: Daylit and Partly lit percentages of each case in the south orientation
(source: Sabry et al. 2014).

“From romance to performance: assessing the impacts of jali screens

on energy saving and daylighting quality of office buildings in Lahore,

Pakistan” by Batool and Elzeyadi (2014)

Batool and Elzeyadi (2014) tested the effect of perforation percentage on the per-

formance of perforated screens in an office in Lahore, Pakistan. They conducted the

experiment only on west and south orientation. The illuminance threshold was set

to 350lx.

• Tested Parameter: Perforation percentage.

• Studied cases: 30%, 40% and 50% compared with the case with no screen.

• Controlled Parameters: Depth ratio 1, other parameters were controled

but not specified.

• Daylight metric: Spatial Daylight Autonomy sDA and Annual Sunlight

Exposure ASE.
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• Sensors grid: Undefined number in a 3×3 feet grid, 3 feet high.

• Space: Office on the second floor.

• Location: Lahore, Pakistan.

• Method: RADIANCE.

• Results and observation: In the south orientation all cases were successful

in providing acceptable level of daylight according to the set criteria. Although

screens with 30% perforation percentage provided the lowest daylit area, it is

still acceptable of more than 50% of the space. In the west orientation the

highest studied perforation percentage of 50% was the only case when screens

succeeded in providing acceptable daylight. This paper showed to the author

an example of testing variations of perforation percentage while controlling

other screen’s parameters.

“A parametric approach for achieving optimum daylighting performance

through solar screens in desert climates” by Wagdy and Fathy (2015)

Wagdy and Fathy (2015) studied the daylight performance of sun louvres in Cairo

Egypt. They used a parametric approach to evaluate all possible cases from a

combination of five parameters: Screen reflectivity (2 cases 0.35 and 0.8); Louvre

counts (8 cases from 3 to 10 louvres); WWR (5 cases from 20% to 60% in 10%

intervals); Rotation angle (5 cases from -20% to 20% in a 10% intervals); Depth

ratio (4 cases from 0.75 to 1.5 in 0.25 intervals). The total was 2 × 8 × 5 × 5 × 4 =

1600 cases. The illuminance threshold was set to 300lx. The study was done only

on south facing classroom.

• Tested Parameter: Louvres reflectivity, louvres count, depth ratio, WWR,

rotation angle.

• Studied cases: Total combination of 1600 cases on south orientation.

• Controlled Parameters: Same floor.
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• Daylight metric: sDA, ASE and DAv.

• Sensors grid: 414 sensors in a 0.3×0.3m grid 0.9m high.

• Space: Classroom (5.5m × 7m).

• Location: Cairo, Egypt.

• Method: Diva component in Grasshopper with a parametric approach.

• Results and observation: The optimum configuration out of the studied

cases was the case with: reflectivity= 35%, WWR= 60%, Count= 9, Angle=

0◦ and depth ratio of 1.5. It seems that 80% reflectivity can increase the overlit

area in the space. This paper showed to the author the option of parametric

approach to simulate all combinations of cases and that it could result in an

extremely high number of cases which takes a long simulation time that it is

usually performed for one orientation only.

“A parametric approach for achieving optimum daylighting adequacy and

energy efficiency by using solar screens” by Wagdy and Fathy (2016)

Similar to their previous study (Wagdy and Fathy 2015), Wagdy and Fathy (2016)

studied the daylight performance of sun louvres in Cairo Egypt. In this one however,

they used only three parameters for the parametric approach to evaluate all possible

cases from a combination of these parameters: WWR (5 cases from 20% to 60% in

10% intervals); Rotation angle (5 cases from -20% to 20% in 10% intervals); Depth

ratio (4 cases from 0.75 to 1.5 in 0.25 intervals). The total number of cases was

5 × 5 × 4 = 100 cases. The illuminance threshold was set to 300lx. The study was

done only on a south facing classroom.

• Tested Parameter: Depth ratio, WWR, rotation angle.

• Studied cases: A total combination of 100 cases.

• Controlled Parameters: Louvres reflectivity 80%, Louvres counts 5.
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• Daylight metric: sDA, ASE and DAv.

• Sensors grid: 414 sensors in a 0.3×0.3m 0.9m high.

• Space: Classroom (7m× 5.5m).

• Location: Cairo, Egypt.

• Method: Diva component in Grasshopper with a parametric approach.

• Results and observation: The optimum configuration to provide higher

daylit area with lowest overlit area out of the studied cases was the case with:

WWR= 40%, Angle= -20◦ and depth ratio of 1.5. This paper showed to the

author the option of a parametric analysis using generic algorithm. Although

it has the advantage of providing the best case out of the studied cases, the

number of case is reduce to the minimum possible to reduce the extremely

long simulation time.

“Multivariable Optimisation for Zero Over-lit Shading Devices in Hot

Climate” by Amer and Wagdy (2016)

Amer and Wagdy (2016) used a parametric approach to study the effect of three

parameters on the interior daylight in a south facing office in Cairo, Egypt. The

parameters were: WWR (18 cases from 5% to 90% in 5% steps); Shading reflectance

(3 cases 0.35, 0.5 & 0.8); Shading extrusion (11 cases from 0.0 to 2.5m in a 0.25m

steps). The combination resulted in 585 cases. The illumination target was set to

300lx. To reduce simulation time, occupied hours cover only working hours of 12

days a year, day 21 of each calendar month in one month steps. The simulation

runs continued for 6 consecutive days to be completed.

• Tested Parameter: WWR, Shading reflectance ratio and shading excursion.

• Studied cases: Total combination of 585 cases on South orientation.

• Daylight metric: sDA, ASE and DA.
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• Sensors grid: 77 sensors in a 0.5×0.5m 0.8m high.

• Space: Office (6m × 4m).

• Location: Cairo, Egypt.

• Method: Diva component in Grasshopper.

• Results and observation: The optimum case was WWR= 85%, ρ= 80% and

shading excursion= 1.7m. This case occurred in 21 December and displayed in

Table 2.35. This paper showed to the author the option of parametric analysis

using generic algorithm and how time consuming it is at the moment. It took

6 days to simulate cases in 12 days a year for one orientation.

Figure 2.35: Details of the optimum solution of this paper (source: Amer and Wagdy
2016).

2.6.1 Summary of relative daylight simulation research

The review showed that a few past papers have looked into some parameters of

Mashrabiya and other shading strategies and their impact on daylight, visual com-

fort and energy consumption, but mostly for living rooms in residential buildings.

The illuminance requirements differ between these two types of spaces, living room

to a classroom (Phillips 2000). All studies on living rooms used 200lx as the min-

imum requirement for interior illuminance, whereas in classrooms the minimum

requirement is 500lx according to light standards. Similarly, the sensor points grid’s
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height for illuminance measurements was 1m as the function in a living-room in-

cludes walking, standing and sitting, whereas, in a classroom the measuring sensor

points grid should be set slightly above the height of pupils desks as it is the working

plane in a classroom. That means an effective value of a parameter of perforated

solar screens that achieve successful interior daylight for a living-room might not

provide enough daylight levels for a classroom.

Moreover, most classrooms have bigger windows and wider walls than living-

rooms, that means a window in a classroom could fenestrate more light even if the

WWR was the same as in a living room, The effect of WWR in indoor daylighting

have been studied before (Amer and Wagdy 2016; Brotas and Rusovan 2013; Wagdy

and Fathy 2015).

Only two papers known to author have studied indoor daylight and evaluate

shading strategies in classrooms, they have studied some parameters on the light per-

formance of horizontal louvres in South orientations (Wagdy and Fathy 2015, 2016).

They have used a parametric approach by creating a total of 100 and 1600 cases

respectively as a combination of all studied variations of the studied parameters,

furthermore, all previous studies of the parameters of Mashrabiya were quantitative

to investigate the impact of different parameters on daylight, visual comfort and

energy performance. No one yet has looked on how parameters of Mashrabiya can

affect the privacy function of it using a qualitative study, which is vital to be studied

since the main function of Mashrabiya is maintaining privacy through history and

in this study.

On the other hand, reviewing these papers have helped the author to understand

different methods in daylight simulation to compare the effect of daylight strategies

in interior daylight, and different approaches and simulation processes especially to

control large number of studied cases.
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Table 2.7: Summary of the reviewed relative papers to this study.
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2.7 Summary

The aim of this chapter is to review literature in areas related to this research, it

starts by reviewing the aspect of visual privacy in buildings with a discussion on how

to evaluate the level of privacy of occupants in buildings by studying factors that

affect the view from outside to inside. It also explains the definition of Daylighting

and its benefits with a special focus on daylighting in school buildings. It indicates

the disadvantages of using daylight in building and how to overcome these disad-

vantages by using proper shading strategies presenting the Mashrabiya as a possible

solution that used to be used traditionally to solve the same problem but without

any knowledge of its performance and the effect of its parameters. The Mashrabiya

is described in detail in this chapter to get a wide idea about its parameters. The

chapter lists the parameters that is selected to be investigated in this research, which

can be listed as follows:

• Perforation percentage

• Depth ratio

• Module cell size

• Opening aspect ratio

• axial tilting

The chapter also discusses the methods used before to evaluate and measure

daylight in buildings and the types of daylight metrics. The chapter also reviews

the difference between digital simulation and physical models and discusses available

simulation engines and simulation tools and reviewed most available tools and com-

pared them. Then a special discussion is oriented towards Radiance as it appeared

to be the best option to be used as the light simulation engine.

At the end of this chapter, the author reviewed relative previous papers that

have evaluated parameters of perforated solar screens and other shading strategies
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in hot areas. Reviewing these papers have helped to build a better understanding

on appropriate methods and techniques to use in this research and to acknowledge

what has been done before and what has not.
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3.1 Introduction

This chapter presents the methods used and the rationale behind the choices made.

It discusses the modelling approach for daylight analysis and the visual privacy

assessment. A field study was done in summer 2015 to provide background informa-

tion for the study. Findings of this survey have helped the set up of a base-case of

a classroom and its surroundings, that was used both in the daylight analyses and

visual privacy assessment.

This chapter also describes the research methods used in this research as well as

the work flow of experiments conducted in order to assess the research hypothesis.

The daylight measurements methods and metrics are described in detail. The pri-

vacy cases and privacy-breaching scenarios are also described, to investigate visual

exposure in buildings in an experimental way with human subjects.

3.2 Rationale for methods used

This section lists the outcomes of the literature review, which concluded the nomi-

nated methods to be used in this project in evaluating interior daylight levels and

in evaluating privacy in buildings through openings. It therefore presents the links

to previous work done in the subjects concerned, and the potential for an original

contribution to the existing body of knowledge.

3.2.1 Selected shading strategy

The advantages and disadvantages of possible solutions to retrofit existing buildings

in order to solve the problem of privacy in existing school buildings were discussed

earlier in Chapter 1. Table 1.1 lists these possible solutions and concludes that

using perforated solar screens has the potential to satisfy the requirements set for

this particularly challenging context. This is in contrast to the other possible so-
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lutions identified as it has been successful throughout history in similar contexts,

but without knowing the effect of the varieties of each of the screen parameters in

maintaining privacy and providing interior daylight. Using Perforated solar screens

was also discussed in Chapter 2, Section 2.2, as one of the successful traditional

strategies to maintain visual privacy in buildings. Therefore, this research is aimed

toward investigating the parameters of perforated solar screens.

3.2.2 Selected parameters to be studied

The parameters of perforated solar screens in relative research were listed, described

and reviewed in Chapter 2. Based on that review, the selected parameters to be

investigated in this project are:

• Perforation percentage;

• Depth ratio;

• Cell module size;

• Opening aspect ratio, and;

• Axial tilt angle.

To answer the research question of this study, these parameters were tested

using daylight simulations, and the configurations that satisfied the criteria set were

further tested in relation to providing privacy.

3.2.3 Evaluating indoor daylight

Available methods and options for evaluating interior daylight are discussed and

reviewed in Chapter 2, with the conclusions of this discussion presented in Table

3.1. The selected options for each method type are explained in the next subsections.
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Table 3.1: Concluded available options to be used in research methods

Method type Available options

Modelling Physical models Virtual models

Daylight metrics Average illuminances DA
sDA DAcon

DAMax UDI
DAv Daylit area

Criteria for successful cases +50% of area +30% of area

Physical models and Virtual models

A comparison between the scaled physical models and virtual models is summarised

in Table 3.2. The table lists the advantages and disadvantages of each method and

shows that using virtual models have more advantages than using physical models,

and the disadvantages of simulating virtual models can now be potentially overcome

due to the introduction of high performance computers at low costs and software

improvements (simpler and more user-friendly). Therefore, a decision was made for

this study to use digital simulation using a virtual model, and the next methodology

options are oriented toward a virtual daylight simulation.

Table 3.2: Comparing physical and virtual models.

Model type Advantages Disadvantages

Physical Models Relatively fast Subject to operational errors
Easy for non-experts Needs special equipment
Needs less preparation Needs frequent calibration
Needs less time to extract data Lamps stability

Virtual models High accuracy level Needs more time to extract data
Flexible Needs powerful computers
Easy to change materials
Easy to extract data
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Selected daylight metric

After reviewing all available daylight metrics in literature, it appears that DAv

represents the results in an easier way to understand when compared with DA and

UDI. In order to represent similar information as achieved using DAv, one can

represent a result in one chart or figure, while DAcon needs to be accompanied

with DAmax, which means multiple figures to express the same result. This can

confuse the non-experts in light simulation. Results of using UDI are also need to

be presented in multiple figures, to show at least area within useful range, area less

than 100lx and area with more than 2000lx. Therefore, DAv was selected by the

author as the best DDPMs option for the context of hot arid climate, since it presents

the Overlit areas in the same result. In contrast to DAv, some other metrics do not

consider Overlit area (e.g. DA, and Daylit area), can display either useful daylit

area or Overlit area (e.g. DAcon, ASE), or need to display more graphs to display

Overlit area in the result (UDI and sDA) which can be confusing to users that have

no previous experience in lighting simulation. In addition, the average illuminance

is also used to give a wider idea about daylight in specific times throughout the

occupancy time in girls’ schools in Saudi Arabia. By using these two metrics, results

of daylighting analysis would cover both static and dynamic daylight metrics.

Assessment criteria

The difference between metrics and criteria, and the criteria used in previous relative

research, were discussed in Chapter 2. It was indicated that the criteria used for

assessing indoor daylight varied according to the activity concerned. In assessing

daylight in living rooms, some researchers used daylit area of 30% or more of the

total studied space (Sabry et al. 2012b; Sherif et al. 2012a), claiming that not all

users in living rooms need the target illuminance to be achieved. Whereas, when

daylight was assessed in classrooms, 50% or more daylit area was set as the criteria

for successful cases (Wagdy and Fathy 2015, 2016), as well as office spaces (Amer
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Figure 3.1: Comparing DA, ASE and DAv for the same lighting conditions in the
same space (source: Elghazi et al. 2014).

Figure 3.2: Reporting results of some daylight metrics for the same situation of the
same space (source: Reinhart et al. 2006).

and Wagdy 2016). The same percentage was therefore applied to this study, given

the similarities between classrooms and office spaces in lighting provided.
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Radiance parameters

The available simulation engines used in light simulation were reviewed in Chapter

2, concluding that Radiance is currently the most reliable engine that has been

validated in different situations and compared with actual readings, physical models

and other simulation engines. That solidified the decision to use Radiance as the

simulation engine in this study. Radiance has several simulation parameters that

need tuning from the user. For the purpose of this research, the parameters were

set according to common practice in relevant previous studies reviewed in Chapter

2. More detail is provided below along with an explanation of its parameter:

• Ambient bounces

This parameter represents the number of times the light is allowed to hit and

bounce from any plane in the simulated scene. The more the light bounces,

the more accurate the results are. However, the calculation time is propor-

tionally increased with more bounces especially in complicated scenes and/or

complicated geometries. The recommended value according to IES is at least

6, to allow accounting for complicated configuration such as perforated screens

(Heschong et al. 2012b) without resulting in a significantly longer simulation

time. Moreover, ambient bounces of 6 were also used in previous research

(Amer and Wagdy 2016; Sabry et al. 2014). Therefore, ambient bounces are

set to 6 in this research.

• Ambient divisions

This parameter determines the number of sample rays sent out from a surface

point, and in this research it is set to 1000 as was recommended, to avoid

high brightness variation (Reinhart and Wienold 2011). This value was used

in previous research when simulating light in similar hot climates (Amer and

Wagdy 2016; Hegazy and Attia 2014; Sabry et al. 2014; Sherif et al. 2012a).
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• Ambient sampling

This parameter should be greater than zero; it determines the number of extra

rays that are sent in sample areas with a high brightness gradient. It is usually

set to 20 (Amer and Wagdy 2016; Hegazy and Attia 2014; Sabry et al. 2014;

Sherif et al. 2012a), and is therefore set to 20 in this research.

• Ambient resolution & Ambient accuracy

The combination of these two parameters and the maximum scene dimension

gives a measure of how fine the luminance distribution is distributed, which

can determine the minimum opening in the 3D model according to this formula

(Larson and Shakespeare 1998):

Min. opening = (Max.IsceneIdimension×AmbientIaccuracy)
AmbientIresolution

The maximum scene dimension in this research was assumed to be 50m since

the scene has a ground level 35m in length and the classroom is 7m wide,

Setting the “ambient accuracy” at 0.1 and “ambient resolution” at 300 means

that according to the equation, the smallest cell in the simulated perforated

screens can be as small as 2cm because (50m×0.1)
300

= 0.016m. Therefore, using

Ambient accuracy of 0.1 and ambient resolution of 300 would be adequate

since the smallest cell size used in the experiments was 2cm (which is not less

than 0.016m). Ambient resolution of 300 and ambient accuracy of 0.1 were

used in previous research (Amer and Wagdy 2016; Hegazy and Attia 2014;

Sabry et al. 2014; Sherif et al. 2012a). These values are selected for the two

radiance parameters of this research.

The simulation parameters used for RADIANCE in this research are concluded

and presented in Table 3.3.

Table 3.3: Utilised Radiance simulation parameters.

Ambient Ambient Ambient Ambient Ambient
bounces divisions smapling resolution accuracy
6 1000 20 300 0.1
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Simulation tool choice for daylighting analysis

The selection criteria for the simulation tool in this study is that it must include

using Radiance engine, and the ability to perform parametric analysis in order to

reduce the long time needed for light simulation and controlling the exported data.

Therefore, the decision was made to use the DIVA-for-Rhino tool as an interface for

RADIANCE and DAYSIM that can be controlled to perform parametric analysis

using the DIVA-for-Grasshopper plug-in.

Hence, the software tools used for light simulation in this research are as follows:

• “DIVA-for-Rhino” often abbreviated as DIVA. It is an environmental analysis

plug-in for Rhino and is used as an interface for the simulation engines Ra-

diance and Daysim (Reinhart and Walkenhorst 2001). It performs daylight

analysis on architectural models (Reinhart et al. 2011).

• “Grasshopper” is also used with DIVA in this research to control and increase

the work flow of simulation runs and to export results (Lagios et al. 2010). The

DIVA component in Grasshopper is used in this study to control DIVA and

export results to “Microsoft-EXCEL” in order to generate tables and charts

to enable analysis of the results. The DIVA plug-in for Grasshopper is often

referred to as DIVA-for-Grasshopper. All of them have been validated based on

physical measurements (Reinhart and Breton 2009; Reinhart and Walkenhorst

2001), as discussed in the literature review, Chapter 2.

Selected 3D drawing software

Regarding building the three dimension model, although there are many available

3D modelling software such as 3D studio Max, Maya, Sketchup, Archicad and Revet,

Rhinoceros3D is the only 3D modelling software that complies with DIVA and

Grasshopper. Therefore, in order to use DIVA and Grasshopper, the author de-

cided to use Rhinoceros3D to build the 3D models. Moreover, all relevant studies

133



Section 3.2

discussed in Chapter 2 used Rhinoceros-3D for model drawing when DIVA is used

for light simulation.

Selected simulation process

After reviewing previous relevant research that evaluates interior daylight in hot

areas in Chapter 2, it appears that the best option to find the optimum configuration

of a perforated solar screen is to create a matrix of all possible combinations from the

variations of each parameter, and test all options to find an optimum configuration

that achieves the best result according to the set criteria. The total number of

cases would be the outcome of multiplying the total number of variations for each

tested parameter (9× 10× 6× 10 = 5400) for each orientation. That would give a

large number of simulation runs (more than 20,000 runs), which would require an

extremely long time to be simulated. This process referred to as Generic Algorithm

or parametric approach. To reduce simulation time, the variation of parameters are

kept to minimum to reduce total number of cases and usually when this process is

used it is performed for one orientation only such as Hegazy et al. (2013) when they

studied a combination of 48 cases on south orientation. Wagdy and Fathy (2015)

have also used south orientation for 1,600 cases, and for 100 cases in a different

paper (Wagdy and Fathy 2016). Another way to reduce simulation time was to

select one day in every month and simulate only 12 days instead of simulating a

whole year. This approach was taken by Amer and Wagdy (2016) when they used

day 21 of each month to simulate 585 cases on the south orientation. Their total

time was still very high, as the simulation runs continued for six consecutive days

to completion.

Another option to simulate variations of different cases that appeared in the

literature review is to study one parameter at a time. This is done by controlling

other parameters by a constant assumed value for each parameter, and then using

the the best recommended value of the studied parameter to control that parameter
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when studying another parameter. For example, Sherif et al. (2010) studied the

parameter of perforation percentage and controlled the axial rotation to 0◦ and

aspect ratio of 1:1, resulting in recommending 90% perforation percentage. Then

Sabry et al. (2011) studied the parameter of axial rotation and used 90% perforation

percentage to control the perforation parameter.

A third option concluded from the literature review was creating a number of

selected cases as a combination between two parameters at a time. For example,

when Sabry et al. (2012b) investigated axial rotation and opening aspect ratio, they

used three cases of a combination between different values of each parameter. They

then used other 5 cases for the same parameters in a different study (Sabry et al.

2014). The advantages and disadvantages of these three simulation process are

summarised in Table 3.4 as well as previous related research where these options

have been used.

Table 3.4: Comparing options for simulation process.

1. Generic Algorithm 2. Testing random cases 3. One parameter
(Parametric approach) from a combination of at a time

different parameters

Advantages: •Can result in •Short simulation •Reasonable
an optimum configuration. time. simulation time.
•Covers all possible •Can distinguish
combinations. successful cases.

Disadvantages: •Extreme number of cases. •Does not cover •Does not result
•Extremely long all possible combinations. in an optimum
simulation time. •Limited number of cases. configuration.

Previously used Wagdy and Fathy (2015) Sabry et al. (2012b) Sabry et al. (2010)
in relative research: Amer and Wagdy (2016) Sabry et al. (2014) Sherif et al. (2011)

Wagdy and Fathy (2016) Sabry et al. (2011)

After reviewing the advantages and disadvantages of each simulation process, it

appeared that using a generic algorithm in a parametric approach would result in the

optimum configuration of all possible combinations of variations of each parameter.

The problem in using this approach in this project is that the combination of all

cases of different studied parameters would result in a very big number of cases.
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For example, using this approach for six cases of each one of 5 parameters would

result in 6× 6× 6× 6× 6× = 7776 cases for one orientation, and 7776× 4 = 31104.

That would give an extremely long simulation time knowing that each run takes

about 1–4 hours. However, the hypothesis of this project states that perforated

screens are able to solve the problem of maintaining privacy, and at the same time

providing acceptable interior daylighting in girls’ schools in Saudi Arabia, and one

of the objectives of this project is to establish whether using perforated solar screens

is able to maintain privacy and simultaneously achieve acceptable interior daylight.

That means that it is not necessary to find the optimum configuration of screens.

Instead, knowing screen configuration that achieves acceptable interior daylight is

enough to fulfil the objective, and achieving acceptable daylight level was explained

earlier in this chapter as providing daylit area for 50% or more of the total area of

the studied space. Therefore, the author made a decision to use the approach of

studying one parameter at a time in steps and to use the result of each parameter

in the next step to control the value at the first parameter.

3.2.4 Selected methods to evaluate daylight

All selected methods to be used to simulate and evaluate interior daylight discussed

above, are summarised in Table 3.5.

Table 3.5: Selected method for light simulation in this research.

Selected for light simulation

Daylight metric DAv and average illuminance
Criteria for DAv More than 50% is acceptable
Criteria for Illuminance 300lx – 500lx%
Simulation engine Radiance
Radiance parameters ab6, ad1000, as20, ar300, aa0.1
Radiance interface DIVA
Radiance technique Daysim
3D drawing software Rhinoceros3D
Simulation process One parameter at a time
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3.2.5 Evaluating visual exposure

In Chapter 2, the author defined not having a visual exposure in buildings through

openings as diminishing indoor visibility through openings from outside. Until now

there is no software tool that can simulate the ability to view targets because the

dynamic range of a human eye cannot be replicated by a simulation tool or a camera.

Therefore, testing cases of breaching privacy through window have to be conducted

using human subjects. To test these cases, there are different options for methods

that can be summarised as follows:

1. Installing the shading strategy in an actual school and testing subjects in real

situations.

2. Replicating the cases using a box instead of the window installed under a real

sky.

3. Replicating the cases using a box instead of the window installed indoor.

4. Replicating the cases using a box instead of the window installed under an

artificial sky.

Each option of these for options has advantages and disadvantages. Installing

the tested shading strategy on windows of an existing school in the studied context

in Saudi Arabia would give results of a real situation, but it is financially difficult

to install shading strategies to all windows in a classroom, and the study might be

affected by school times and school days. Since the critical area that needs to be

considered the most in maintaining privacy is the area closest to the window, the

author believes that a box can replicate this case by placing an object just behind

the window, if the shading strategy has successfully maintained privacy for the small

area closest to the window, then it is more likely to succeed to maintain privacy for

the whole class.

An open box from one side can be used to test different cases of shading strate-

gies by placing screens one by one on the open side to test each case (Figure 3.3).
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Thus, using the box to replicate a window in a building with different options to

replicate real cases can be tested. One option is to install the box outdoor under

real sky; this option has the advantage of high illuminance similar to the real case.

However, the unpredictable weather can affect the results and the study might not

get approval from ethics committee due to health and safety regulations. The box

needs to be easily accessed by the examiner in order to change screens and objects

to study different cases; that would be difficult when it is installed in high places to

reflect floor height in some cases.

Figure 3.3: A box can resemble a window covered by a solar screen.

Another option is to install the box and the experiment settings in a big studios

with mezzanines. Using these settings can replicate the distance and heights but

the illuminance would be very low and can not be comparable to daylight. The last

option is to install the box and the experimental settings under an artificial sky.

Artificial skies have been used as an analogical simulation tool (Dubois et al. 2015).

There are two types of artificial skies: hemispherical ones such as sky-domes, and

rectangular ones such as mirror boxes (Mangkuto and Siregar 2018). The former

type is more reliable but requires a large round space space and high construction

cost (Szokolay 2008). The sky-dome has been used in many schools of architecture

and laboratories (Bodart et al. 2006; Mardaljevic 2002; Michel et al. 1995). The
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Welsh School of Architecture has a sky-dome facility with 8m diameter that contains

640 luminaires that can produce up to 8000lx on the working plane (WSA website

2018) (Figure 3.4).

Figure 3.4: The sky-dome facility in the Welsh School of Architecture (source: WSA
website 2018).

The option of installing the experiment setting under the sky-dome has advan-

tages of high illuminance and a controlled environment and that it is not affected

by weather, however, it does have the problem of limited space. A summary of the

advantages and disadvantages of each option are presented in Table 3.6.

Table 3.6: Comparing options to test privacy cases.

Options Advantages Disadvantages

Real situation •Tests real cases. •Needs travelling.
(In an existing school) •Needs more funds.

•Affected by school days.

A box replicating •Easy to replicate distances. •Affected by weather conditions.
a window under •Real sky gives high illuminance •Difficult to replicate heights.
real sky similar to real cases.

A box replicating •Heights can be replicated in mezzanines. •Low illuminance.
a window studied •Distances can be replicated in big spaces. •Health and safety issues.
indoor

A box replicating •Controlled environment. •Limited distance.
a window under •High illuminance. •Limited heights.
an artificial sky •Not affected by weather.

The problem of using the fourth option (installing a box under an artificial sky)

can be solved by using the mathematical trigonometric functions. Tilting the box

can create the same viewing angle when the box (the window) is on a higher floor

after calculating the new distance and the box tilting angle using the mathematical
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trigonometric functions. For example, if the box in a scenario was 6m high and

the observer is 10m away (Figure 3.5), then the viewing angle can be calculated as

Tanθ = 6
10
⇒ θ = Tan−1 6

10
⇒ θ ≈ 31◦ (Figure 3.5a), and the linear view between

the observer’s eye and the box can be calculated as the hypotenuse: 6
Cos31◦

≈ 11.7m

(Figure 3.5b). This would solve the problem of replicating the height of the window.

The other problem is the lack of enough space to replicate the distance, but this

can be solved by using mirrors to compensate for distance shortage. Using mirrors

in this way is a common practice in optometry testing when a clinic room is not big

enough for the recommended distance for the used optometry chart (Jackson and

Bailey 2004). Since the disadvantages of the fourth option (using a box under an

artificial sky) can be overcome, it appears that it would be the best option to use

to evaluate different screens in regard to providing privacy in buildings from outside

viewers.

(a) Example of a scenario. (b) A case derived from the scenario.

Figure 3.5: Example of using the mathematical trigonometric functions to derive a
case from a scenario by tilting the box and increasing the distance.

To test whether or not a shading strategy has successfully maintained privacy,

the author uses testing visibility with human subjects to ask them whether or not

the image behind the window could be seen. To do that the author used Kay

pictures as explained in Chapter 2. Using the relation between the Kay picture

size, visual acuity range and the distance between the picture and the observer, the

author is able to calculate the wanted size of picture according to the distance of

the observer (keeping the picture at size 4 MAR, which is the size that a low-vision
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person with visual acuity 6/24 needs to be 6m away to detect a detail that a normal-

vision person can detect 24m away). In other words, if a person with normal vision

cannot recognise a Kay picture size 4 Mar, then the reason is the solar screen or any

tested shading strategy after controlling all other factors. A permission is granted

by Kay pictures producers to use them in this study and publish the results; the

permission is presented in Appendix F. The exact dimensions of the used pictures

can be calculated after knowing the distances of the study cases derived from the

collected data of existing schools during the field trip.

In order to accurately test the effect of a shading strategy on the visibility, the

author controls the other 10 factors that were concluded from the literature review

in Section 2.2. The 11th factor is the shading strategy that will be tested after con-

trolling the other factors. Thus, the main idea of this test is the fact the Kay picture

behind the window sized 4 MAR is big enough to be detected and recognised by a

person with normal vision , and if an observer was not able to recognise the picture

then the reason is the shading strategy applied to the window when controlling all

other factors. This test is based on testing the worst case scenarios, if the applied

shading strategy was successful in maintaining privacy during the worst case sce-

narios then it is more likely to succeed in any other case. Therefore, the field work

to collect data from schools in Riyadh is vital to conclude these scenarios from the

current situation.

3.2.6 Mapping of objectives to methods

In order to meet objective number 1 (to establish whether using perforated solar

screens is able to achieve acceptable interior daylight levels), daylight simulation is

used to evaluate indoor daylight levels, with different configurations of perforated

solar screens. In order to meet objective number 2 (to establish whether using

perforated solar screens is able to maintain privacy for occupants), Kay pictures are

used to evaluate visibility through perforated screens in a physical experiment by
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recruited human subjects. In order to meet objective number three (to investigate

the parameters of perforated solar screens and evaluate how they affect both the

daylight performance and the visual privacy for occupants) a range of parameters

are examined to allow comparisons between various configurations of solar screens.

In order to meet objective number 4 (to recommend values for each parameter of

perforated screens that is able to maintain privacy and achieve an acceptable level

of daylight at the same time in classrooms in Saudi Arabia), the research is designed

to evaluate indoor daylight and visual privacy of occupants using different values

of each parameter of the perforated screens. The recommended values for each

parameter are listed at the end of this research in order to achieve this objective.

3.3 Work flow

In order to conduct a daylight simulation and build scenarios of privacy-breaching in

girls schools in the studied context, collected data is required to set these methods

before starting the experiments. Therefore, a field trip is set as the first step before

setting the experiments. The field trip is needed to prepare CBDM variables and to

prepare the privacy-breaching scenarios.

To investigate the parameters of perforated solar screens on the aspects of

interior daylighting and privacy, a number of experiments are conducted in this

research. These experiments are spread in phases and the research is divided into

four phases numbered according to the sequence of each phase, details of the phases

are explained later in the research methods. Figure 3.6 represents the work flow of

the research, starting with the field work to collect data and presenting the sequence

of the four phases and their experiments.
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Figure 3.6: Flow chart of research phases and experiments.

3.4 Preparing data to set research methods

It can be seen in Figure 3.6 that the work flow starts with a field trip in order to

collect data to build cases of the project.

3.4.1 The field study

The Deputy Minister of Education for buildings was contacted by the author to

obtain permissions to access girls’ schools during the last two weeks of the summer

break in August 2015. Eleven classrooms in four schools were visited to collect data.

The four schools were chosen to be spread around Riyadh, Figure 3.7 displays the

locations of the schools pinned on Riyadh Map. The number and sizes of windows are

measured and dimensions of each class were ascertained. Then 12 measuring points

spread in a grid of 3 × 4 in each classroom are used to collect illuminance levels

every 15 minutes from 07:30–12:00 noon. A plan presenting the distribution of the

143



Section 3.4

12 measuring points in an average plan is displayed with the measured illuminance

levels later in this chapter.

Figure 3.7: Locations of the four schools pinned on Riyadh map (source: Google
Maps).

Measuring equipment

To measure illuminance, a Konica-Minolta Chroma Meter CL-200A is used (Figure

3.8a). It has an accuracy of ±2% according to the device manual (CL–200A Cata-

logue 2018), it can be used to collect data from multi-points, and store data in the

device to export them in an MS-excel file. It has been used before in research in-

volving the collection of illuminance in similar experiments (Ho et al. 2008; Sleegers

et al. 2013). It is however, acknowledged here that a potential error is present in

the results shown , given that the device has not been calibrated since it was bought

by the Welsh School of Architecture. This omission was noted in the process of

this PhD study but no further action was considered necessary given that it was

expected to be negligible, based on the fact that the illuminance levels measured

were very low as presented later in Section 3.4.1.

144



Section 3.4

To measure distances and heights, a BOSCH laser meter GLM-50 is used (Fig-

ure 3.8b). This device is capable of calculating areas and volumes, and adding/

subtracting distances. It works using a 635-nm semiconductor laser, and it has a

measurement range of 0.05–50m with an accuracy of ±1/16 inch, that equals to

about ±1.5 millimetre (GLM 50 product Description 2018). It has also been used

before in previous research (Ochoa et al. 2014).

(a) Konica-Minolta CL-200A. (b) BOSCH GLM-50 Laser meter.

Figure 3.8: Measurement equipment used to collect data at the field study.

Collected data

It is observed that most (if not all) windows are covered with black opaque or

coloured boards to maintain privacy (Figure 3.9). This confirms the finding in

previous research involving schools in Saudi Arabia by Abanomi (2005).

To help in building a base-case model representing the average dimensions and

characteristics of classrooms, measurements are taken from the eleven visited class-

rooms in 4 girls’ schools in Riyadh. Classrooms are almost identical inside each

school. However, they do vary slightly from one school to another because proto-

types were used to build schools in Riyadh as was explained in Chapter 1. Interior

dimensions, number of windows, and dimensions are recorded and the average di-

mensions are calculated and displayed in Table 3.7. The table also shows the final

dimensions used to build a base-case which is discussed in the next section.
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Figure 3.9: Example of using black opaque boards to cover windows to maintain
privacy, taken by author during the field visit.

Table 3.7: Average parameters of the surveyed classrooms.

Surfaces reflectance

The data collection in this field study has also helped to describe object materials in

order to select reflectance ratio for objects in the 3D model to be used in simulation

(as this is one of the requirements for conducting a light simulation as discussed

in Chapter 2). Object materials are described in Table 3.8. This table is used to
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assign the appropriate reflectance ratio for each object by comparing these materials

with the reflectance ratios in standards and similar related lighting simulation in

literature.

Table 3.8: Objects materials description of the field visit.

Surface materials description

Interior walls Light paint
Ceiling White paint
Floor Grey tiles
Furniture Green desks
White board High reflective
External Ground Dark asphalt

Illuminance levels

The collected illuminance data is illustrated in Figure 3.10b. The average interior

illuminance was less than 200lx, which means that electrical lighting is needed to

reach the minimum average of 500lx in classrooms according to Phillips (2000).Fig-

ure 3.10a shows the distribution of the 12 measuring points in an average plan. Only

measuring point number nine had more than 500lx during less than half of the occu-

pancy time (Figure 3.10b). It appears that the current acts to maintain privacy in

girls’ schools is affecting the daylight availability very significantly and thus energy

consumption in order to provide artificial lighting to meet required lighting levels.
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(a) Positions of measuring points

(b) Illuminance Levels chart (colour scale: Green= high illuminance, Red= low illumi-
nance)

Figure 3.10: Illuminance levels on 12 measuring points through occupancy hours.

School year

The field study also includes meetings with representatives in the Ministry of Ed-

ucation in order to get information about school-hours, school-days, school-weeks

and school-years for public schools. The official week in Saudi Arabia is different

than the common week around the world, with the week starting on Sunday and

the weekend being Friday and Saturday, and that includes the school week. School

year in Saudi Arabia has two terms; it starts on the second week of September

until mid-June, and each term has one half term break for a week. There is also
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a two-week break between terms in mid-January. Saudi Arabia is one of very few

countries that do not have a holiday for Christmas and New Year, Instead, there is

a public holiday on the last week of Ramadan and Eid Al-Fitr. Eid is an Arabic

word meaning Festival, and this Eid is as important for Muslims as Christmas is for

Christians (Newall 1989). Usually the Eid holiday occurs within the break between

the two terms (Ministry of Education website 2015).

School days start at 7:00 and end at 13:30. This school schedule is common

in hot arid areas, in an attempt to avoid the high ambient temperatures in the

afternoon hours as much as possible. This collected information is used to prepare

the time frame which is one of the simulation variables discussed later in this chapter.

School surroundings

Most school buildings in Riyadh are located inside neighbourhoods and surrounded

by four streets. The minimum width of streets surrounding school buildings is 15m

(Figure 3.11). Schools have a boundary wall 3m high, with a minimum sit-back

of 3m. The average width of surrounding streets is 10 − −15m, and there is a

1.1m kerb between boundary walls and surrounding streets. The kerb is 20cm high.

Since Riyadh is in a desert area, usually streets have no tall trees. Hence no trees

surrounding schools can obstruct sunlight and view (Figure 3.11), and therefore,

external obstructions are ignored when building the 3D model. The exterior of the

schools has a sand-beige colour. Figure 3.12 shows an external view of a school

building displaying the wall colour and also showing how covering the opening from

inside affects the view of the building. The windows on the ground floor are usually

uncovered since the surrounding wall is high enough to block the view of them.

Collected data regarding school surroundings are important to build the three di-

mension model of a base-case classroom, which is one of the simulation variables

discussed later in this chapter.
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Figure 3.11: A satellite image showing streets surrounding a typical girls’ high school
(source: Google maps 2015).

Figure 3.12: The exterior wall of school buildings showing the effect of blocking
windows (taken by author 2015).

3.4.2 Preparing CBDM simulation variables

To conduct daylight simulation using CBDM correctly, there are six variables need

to be addressed and prepared as mentioned in Chapter 2. In this section the field

work has helped to prepare these variables as follows.
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Architectural parameters of the 3D model

Some researchers used Google Sketchup (Brembilla et al. 2016), some have used

Rhinoceros (Elghazi et al. 2014; Hegazy and Attia 2014; Sherif et al. 2012a). Any

CAD software however, can be used and the file can be exported to the required

software for simulation according to the simulation software. The 3D model should

include the basic objects in the existing scene (walls, doors and windows) in addition

to the daily used furniture (in the case of a classroom: white board, chairs and

desks). The model must also have an external ground as reflected and diffused light

from the ground could transmit into the building and affect the internal daylighting.

Brembilla et al. (2015b) recommends an external ground with linear dimensions at

least five times the simulated room main dimension. The 3D model should also

consider major external obstructions if they exist in the surrounding e.g. trees

and/or other buildings) (Sabry et al. 2010).

For this research, Rhino is selected for its compatibility with DIVA and Grasshop-

per as explained previously in Section 3.2.3. A three dimensional model of a typical

classroom, Figure 3.13 is generated using the average measurements of the visited

classrooms in this field study (Table 3.7) and is hereafter called the base-case. One

option was to use the maximum possible dimensions to build the model which would

provide a worst case scenario that needs more indoor daylight to reach acceptable

levels. The author decided however, to use the average dimensions of all measured

classrooms instead. The reason for this is that the criterion for accepted interior

daylight does not necessary translate to higher daylight levels, as too high day-

light levels might cause oversupply of daylight which is associated with glare and

excessive heat gain. For example, if the maximum possible dimensions were used

in simulation, this might result in screens that provide acceptable daylight for big

rooms but too high daylight levels for small rooms. In this, it appears that using

average dimensions would be a good approach to find screen configurations that

provide acceptable daylight levels for all sizes of classroom. However, as can be seen
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in Table 3.7, the final base-case dimensions were slightly modified from the average

room dimensions to fit in a grid that would provide three equal zones for study. The

difference is a maximum of 15cm in width, which is less than 4%, and the selected

classroom area was 31m2, with only 1.3m2 difference than the mean classroom size,

which is also less than 4%.

Figure 3.13: Isometric view of the 3D model of the base-case classroom.

Generating a typical classroom is not difficult since most schools were built using

prototypes as discussed in Chapter1. The dimension of the classroom is selected to

allow dividing the space into three exact size zones. The reason for this zonal division

is explained later in this Chapter 2.

The dimension of the generated virtual classroom is 6.90m×4.50m with a height

of 3.0m as shown in Figure 3.14a. According to the collected data from the field

work, the number of windows vary between classrooms according to the window size

(they range between two big windows and eight small windows), but the range of

Window to Wall Ratio “WWR” between all visited classrooms is 15%–25% with an

average of 21%, the number of windows in the base-case classroom is selected to
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(a) Plan view of the base-case classroom showing horizontal dimensions.

(b) Section view of the base-case classroom showing windows and height.

Figure 3.14: 2D drawings of the base-case virtual model of the studied classroom.

be five windows with a 21% WWR. Which is exactly the average WWR with an

average number of windows that appeared in three of the visited classrooms. The

dimension of each window is chosen to be able to be divided equally by 2, 3, 4, 6, 8

and 10, to explore as many variations as possible of different cell sizes, perforation

percentages and different aspect ratios using the same window size for each case.

The window dimensions selected for the experimentation is 1, 200mm × 720mm in

a vertical direction as can be seen in Figure 3.14b and Table 3.7. Although window

sizes are slightly different than the average, the window to wall ratio WWR remains

the same 21%.
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Table 3.9: Architectural parameters of the base-case classroom.

Space Parameters
Length 6.9m
Width 4.5m
Height 3.0m
Reference plane +0.75m

Windows parameters
Window to wall ratio WWR 21%
No. of windows 5
Dimension 1.2m× 0.72m
Sill height 1.15m
Glass transmission 88%

Table 3.9 provides the architectural parameters of the 3D model of the selected

base-case classroom. Schools in Riyadh are designed in such a way that classrooms

are located on first and second floors, while the ground floor contains other school

facilities and administration offices. Some schools have only two floors but the

majority have three floors according to the required size for the neighbourhood in

which the school is located. The base-case 3D model is assumed to be on the first

floor, and it is modelled with a ground plane extending 35m at the side where the

wall with openings is located. This size of ground plane was selected according to

the recommendation for lighting simulation, to be not less than five times the length

of the studied space (Brembilla et al. 2015b) (which in this case is 6.9m). Therefore,

6.9m× 5 ≈ 35m.

Reflectance values

To simulate light in space, the simulating engine requires a description of the materi-

als of the object in the 3D model, in a matter of reflectance values and transmission

value for transparent and semitransparent objects. There are five ways to assign

reflectance values to modelled objects surfaces (Brembilla et al. 2016). These are

listed as follows:

1. Using standard reflectance values from reference books.
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2. Using reflectance values according to object materials from a material database

such as the website www.lighting-materials.com (Lighting Materials for Sim-

ulation 2017).

3. Using reflectance values through cards with known reflectance as a reference

(Society of Light and Lighting 2001).

4. Using calculations from illuminance and luminance measurements (ibid.).

5. Using reflectance values derived from High Dynamic Range (HDR) images

(Mardaljevic et al. 2015).

The Illuminating Engineering Society (IES) recommends using actual reflectance

values for walls, floors, ceiling and furniture, and if the actual values are unknown,

IES recommends using values from an appropriate standard reference. Table 3.10

represents some of the suggested reflectance values, indicating the source of it as

one of these references: The IES LM-83-12 (Heschong et al. 2012a); CIBSE applica-

tion manual 11 on building performance modelling (Chartered Institute of Building

Services Engineers 2015); the Society of Light and Lighting (SLL) lighting Guide:

LG5 Lighting for Education (Society of Light and Lighting 2011); and the require-

ments for the Priority Schools Building Programme (PSBP) promoted by the UK

Education Funding Agency (EFA) (Education Funding Agency 2014). There are

other references which report a list of reflectance values for some materials instead

of standard values, namely the Illuminating Engineering Society of North America

(IESNA) Handbook (Rea 2000) and the British Standard 8206 Part 2 (Mansfield

2008). However, until submitting this research there was no reference standard for

reflectance values in Saudi Arabia. Therefore, the author reviewed previous rele-

vant research conducted in similar climates and building materials, namely, Jeddah

in Saudi Arabia, Cairo, Kharja and Sadat cities in Egypt (Sabry et al. 2014, 2012b,

2011, 2010; Sherif et al. 2012a, 2010). Table 3.10 also compares reflectance values

recommended by reference books and values used in similar previous research with

similar climate and building materials.
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Table 3.10: Comparing reflectivity ratios recommended by reference books with
ratios used in previous relative daylight simulation studies in similar climates.

Floor Walls Ceiling Furniture Solar External
Screen Ground

Ref. books

IES LM-83-12 0.2 0.5 0.7 0.5 0.5 0.1
CIBSE AM11 0.05–0.3 0.4–0.7 0.7–0.85 – – 0.05–0.3
SLL LG5 0.2–0.4 0.5–0.8 0.7–0.9 – – –
PSBP 0.2 0.5 0.7 – – –

Relevant climate

Jeddah, Saudi Arabia
(Sherif et al. 2012a) 0.2 0.5 0.8 0.5 0.5 –
Jeddah, Saudi Arabia
(Sabry et al. 2012b) 0.2 0.5 0.8 0.5 0.5 –
Jeddah, Saudi Arabia
(Sabry et al. 2014) 0.2 0.5 0.8 – 0.5 –
Sadat, Egypt
(Sabry et al. 2010) 0.2 0.6 0.8 0.5 – 0.2
Sadat, Egypt
(Sherif et al. 2010) 0.31 0.68 0.857 0.5 0.68 –
Kharja, Egypt
(Sabry et al. 2011) 0.317 0.68 0.857 0.5 0.68 –
Kharja, Egypt
(Sherif et al. 2012b) 0.317 0.68 0.857 – 0.68 –
Cairo, Egypt
(Elghazi et al. 2014) 0.2 0.5 0.8 0.8 – –
Cairo, Egypt
(Amer and Wagdy 2016) 0.2 0.5 0.8 – – –
Cairo, Egypt
(Hegazy and Attia 2014) 0.2 0.5 0.8 – – –
Cairo, Egypt
(Hegazy et al. 2013) 0.2 0.5 0.8 – – –
Cairo, Egypt
(Wagdy and Fathy 2015) 0.2 0.5 0.8 0.5 0.35–0.8 –
Cairo, Egypt
(Wagdy and Fathy 2016) 0.2 0.5 0.8 0.5 0.8 –
Sydney, Australia
(González and Fiorito 2015) 0.2 0.5 0.8 – 0.9 0.2

The HDR image method was not introduced by the time the surfaces reflectance

ratios were selected in this research, and cards nor a luminance meter were not

available to use by the author at the field trip. Therefore, the reflectance ratios are

selected based on observations of materials at the field study as displayed in Table 3.8

by taking the ratios representing each material from a lighting materials data base

(Lighting Materials for Simulation 2017), and comparing them with recommended

ratios by reference books and ratios used in previous relative studies displayed in

Table 3.10. Accordingly, the selected surface reflectance values of objects of the 3D

model in this research are presented in Table 3.11 and they are selected as follows:

• Floor reflectivity ratio of 0.2, as it is recommended by three different reference
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books and was used in 11 previous relevant studies. It represents the grey

colour observed at the field study according to lighting materials database.

• Walls reflectivity ratio of 0.5, as it is recommended three different reference

books and was used in 10 previous relevant studies. It represents the light

colour of walls observed at the field study according to lighting materials

database.

• Ceiling reflectivity ratio of 0.8, as it is recommended two different reference

books and was used in 11 previous relevant studies. It represents the white

colour observed at the field study according to lighting materials database.

• Furniture reflectivity ratio of 0.5, as it is the only ratio recommended by

reference books and was used in seven previous relevant studies.

• Solar screens reflectivity ratio of 0.7, as it is recommended by Aljofi (2005)

when he studied the effect of colour on screen performance.

• External ground reflectivity ratio of 0.2, as it is the only ratio used in relative

studies, and it represents the dark colour observed at the field study according

to lighting materials database.

• White board reflectively ratio of 0.9, was not mentioned before, but it reflects

the high-reflective white boards observed at the field study, according to the

lighting materials database.

Table 3.11: Surface reflectivity ratios of objects materials in the 3D model.

Surface reflectivity ratios
Floor Walls Ceiling Furniture Solar External White

Screen Ground board
0.2 0.5 0.8 0.5 0.7 0.2 0.9
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Sensor points grid

In general, one or few points can be chosen to represent an average or a worse-case

annual illuminance level such as in corners. That however, cannot quantify how

daylight is distributed in the space. Therefore, a grid of points is recommended to

perform CBDM simulation (Rogers and Goldman 2006). Until now however, there

has been no standard reference specifying the resolution of the grid (the spacing

between sensor points) (Brembilla et al. 2015a). In relation to the grid setting, the

current Code of Lighting published by the Society of Light and Lighting (SSL), one

of the societies of CIBSE, recommends using a square spacing grid with a height

equal to the working plane height, and a minimum boundary between the grid and

walls of 0.5m (Raynham 2012). This boundary however, could be less than 0.5m in

cases where a task is performed within the boundary area itself.

The total grid area should have a length to width ratio between 2 and 0.5. The

SSL code (ibid.) also gives an equation to specify the maximum spacing size:

p = 0.2× 5logd (3.1)

where P is the maximum spacing and should not be more than 10m, and d is the

longest dimension of the studied area (ibid.). Brembilla et al. (2015a) have tested

four grid resolutions: 0.1m, 0.25m, 0.5m and 1m. They recommend using a grid

resolution of at least 0.5m. Nabil and Mardaljevic (2005) believe that a typical grid

resolution would be 0.5m × 0.5m depending on the space; the smaller the grid the

more distributed. In the U.S however, the Illuminating Engineering Society IES

recommends a grid resolution of 0.3m × 0.3m to improve accuracy of simulation

(Heschong et al. 2012b).

A grid with 0.3m × 0.3m resolution was used in many similar projects simu-

lating daylight in buildings (Sabry et al. 2012a, 2014, 2012b; Sherif et al. 2012a,b,

2011; Wagdy and Fathy 2015, 2016). A grid with 0.25m × 0.25m resolution with
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a boundary of the room walls of 0.5m was also used before (Brembilla et al. 2017,

2015b).

The maximum spacing of the grid of measuring sensors in this research is cal-

culated using Equation: 3.1.

0.2 × 5log6.9 ≈ 0.77, therefore, maximum spacing is 0.77m. However, closer

spacing provides more accuracy to the simulation as recommended by Nabil and

Mardaljevic (2005). A sensors grid with spacing of 0.3m× 0.3m is selected for this

study as it is recommended by IES (Heschong et al. 2012b) and used before in similar

research. The reference plane (sensors grid) was slightly above the working plane as

recommended by the SSL code of lighting. The working plane in this research was

the top of students desks. The average desk height according to the field study is

74.3cm (Figure 3.7), therefore, the height of the sensors grid is 75cm, which makes

it just above the average desk height and not less than the highest desk found. The

grid is also divided into three zones according to the distance from the window: Near

Zone, Mid Zone and Far Zone. This zonal division has been used before in similar

light simulation projects (Sherif et al. 2010, 2012b) and also in energy simulation

(Sherif et al. 2011). Different cases can be compared according to the average data

of each zone. Figure 3.15b represents the zonal division and the measuring sensors

grid positions and spacing on a base-case plan, and Figure 3.15a displays the height

of the sensor grid.
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(a) Base-case section showing height of sensors grid.

(b) Base-case plan showing zones and grid spacing.

Figure 3.15: Position and spacing of sensors grid in the base-case classroom.

Target illuminance

The target illuminance threshold can be taken directly from an appropriate stan-

dard reference, such as The IESNA lighting handbook: reference & application (Rea

2000), British Standard BS 8206-2 Lighting for Buildings-Part 2: Code of Prac-

tice for Daylighting (Mansfield 2008), and Daylighting in Architecture, A European

Reference Book (Baker et al. 1993).

The standard adequate illuminance for a reading and/or writing task is 500lx

(Phillips 2000). However, it is very difficult to depend on daylight solely to achieve
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this level without causing glare, and the aim was to reduce the use of artificial light

as much as possible. Therefore, the illuminance threshold is set to 300lx. Wagdy

and Fathy (2015, 2016) have also used the 300lx illuminance threshold instead of

500lx when they tested indoor daylighting in classrooms.

Time frame

The time frame used in simulation could be either the daylit hours for a whole year,

or the occupied hours in one year. The former is useful in residential buildings and

any building that is occupied all day (this was used before in daylight simulation

concerning domestic spaces). The latter is used for simulation of office buildings

and schools, etc. where a time frame is set according to the weekly schedule exclud-

ing weekends and holidays. This was also used before (Reinhart et al. 2006) and

sometimes referred to as occupancy schedules.

The occupancy schedule in this research is created using a typical school year

in Saudi Arabia, one of the collected data of the field study in Section 3.4.1. School

terms, holidays and school-day times were used to create an occupancy schedule

as follows: each term has 18 weeks with one week half term break and two weeks

between the two terms; the academic year ends with a 12 weeks summer break.

School days have seven hours. Thus, the total number of school days is 180 days

in 36 weeks, with a total of 1080 hours. The occupancy schedule file for simulation

is generated in a Micro-soft Excel file. In this file, each hour of the year is given a

value number of either 0 or 1, where the value of 1 represents an occupied hour.

Weather data file

During CBDM modelling, the simulation engine needs an annual weather data set

to define the external luminance conditions that characterise the location while cor-

responding to each hour of the time frame. To use a climate data file in daylighting

simulation, the file should contain two parameters: global horizontal irradiance, and
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either diffuse horizontal irradiance, diffuse horizontal illuminance or direct normal

irradiance (Mardaljevic et al. 2012). These luminance conditions are calculated by

converting the global and diffuse irradiances values in the weather file into illu-

minances using a luminance efficacy model (Jakubiec and Reinhart 2011). Then

these illuminance values are used to generate a luminous distribution, in order to

model a sky dome and finally simulate indoor daylight levels on each sensor point

(Mardaljevic 2000).

There are several weather data sets that contain annual data needed for dy-

namic light simulation (Bellia et al. 2015b; Iversen et al. 2013). The most widespread

amongst them are: the Design Reference Year (DRY) (Jensen and Lund 1995);

the Satel–Light (Ebrahimpour and Maerefat 2010); the Test Reference Year (TRY)

(Commission of the European Community 1985); and the International Weather

for Energy Calculations (IWEC) weather file (Iversen et al. 2013). There are also

more weather data sets but not freely available nor widespread, such as Solar-

GIS (Solar-GIS 2010); Weather Source (Weather-Source 2017); and Weather-Bank

(WeatherBank-INC. 2010). The DRY file contains data to describe climate condi-

tions for 12 typical months compiled from at least 15 years of recorded data from a

weather station (Jensen and Lund 1995; Watkins et al. 2013). The Satel-Light was

developed for Europe as a “European Database of Daylight and Solar Radiation”

using satellite measurements for five years from 1996 to 2000 (Ebrahimpour and

Maerefat 2010). The Meteonorm data set consists of data collected by 8,325 me-

teorological stations around the globe. Data for irradiance were deduced from two

historical sets 1981–1990 and 1991–2010 (Meteonorm Handbook 2015). The TRY

weather file is generated by selecting one typical year out of the historical set. This

year is selected by excluding years containing months with highest average high and

low temperatures (Crawley 1998).

The IWEC weather file has annual data as a Typical Meteorological Year

(TMY). The TMY file is created using a method called sandia method, developed

by Sandia National Laboratories (Hall et al. 1978). It is an empirical approach that
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selects individual months from different years from the period of records (Marion

and Urban 1995). For instance, in a case that contains 20 years of data, all 20th

Januaries are examined and the one considered the most typical is chosen to be

included in the TMY. All other 11 months are treated in the same manner, then the

12 chosen months form a complete typical year. The TMY continued to develop to

TMY2 (ibid.) and TMY3 (Wilcox and Marion 2008) in order to include more data

and to cover more recent years (Crawley et al. 1999; Petrakis et al. 1998; Wilcox and

Marion 2008). The website of Energy Plus thermal simulation program (Crawley

et al. 2001) (a courtesy of the US Department of Energy) contains freely available

IWEC files for over 2100 locations (EnergyPlus 2014). The effect of the choice of the

weather file was studied before by some researchers (Bellia et al. 2015a,b; Bhandari

et al. 2012; Crawley 1998; Iversen 2011; Monteoliva et al. 2017).

The location of analysis in this research is Riyadh (Latitude 24.7, Longitude

46.80 at 612m above sea level). The hot weather in Riyadh was described earlier in

Chapter 1. The external illuminance in such a climate can reach up to 100,000lx

in summer (Alshaibani 2015). Accordingly, the simulated sky condition is set as

“clear sky with sun” as this is the typical sky in such climate. The weather data

file for Riyadh used for simulation is an IWEC file. The weather file is obtained

from the website of Energy Plus thermal simulation program (EnergyPlus 2014).

The IWEC weather data contains a generated typical year TMY, which contains 12

Typical Meteorological Months (TMM) selected from recorded data for at least 23

years (Hall et al. 1978). The data to produce the TMM and TMY for Riyadh was

recorded in King Khalid Airport in Riyadh (Al-Maayouf 2005), which is the closest

weather station to the urban areas of Riyadh where most schools are located.

Selected CBDM variables

This section aims to prepare the CBDM variables to conduct daylight simulation

correctly. Collected data from field work were used to select dimensions to build a
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three dimentional model for the base-case, describe materials, select a time frame

and select a height for sensor grids. The field study helped in preparing the CBDM

variables as well as describing the school surroundings to conclude the privacy-

breaching scenarios used to evaluate privacy in schools. The summary of selected

CBDM variables for conducting daylight simulation in this research is presented in

Table 3.12.

Table 3.12: Summary of CBDM variables.

Selected CBDM variables for simulation
Variable Selected Value
3D model Displayed in Figure 3.13 with parameters in Table 3.9.
Reflectance ratios Displayed in Table 3.11.
Sensor grid 0.3×0.3m grid, 0.75m height, displayed in Figure 3.15.
Target illuminance 300lx
Time frame 1080 hours in 180 days in 36 weeks a year.
Weather data file IWEC file contains TMY for Riyadh obtained from

Energy Plus website (EnergyPlus 2014).

3.4.3 Privacy-breaching scenarios

After defining maintaining privacy as diminishing visibility between the viewer out-

side and the building interior behind openings in Chapter 2, the author found it es-

sential to study the scenarios of breaching privacy in girls’ schools in order to study

privacy in buildings by examining also the influence of the schools’ surroundings.

After analysing the school surroundings during the field work and the dimensions

of a typical school building in Section 3.4.1, the author concluded three worst case

scenarios to breach privacy of occupants in school buildings. Worst case scenarios

have the minimum possible distance between viewer and schools openings; all view-

ers are assumed to be 1.8m high (the author acknowledges this limitation and agree

that using a range of heights would have been better to account for many heights).

The diagram in Figure 3.16 represents a layout of the smallest boundary street

and the closest neighbouring building found at the field study according to school
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buildings regulations in Riyadh. The diagram also represents the following worst

case scenarios for privacy-breaching by viewers around schools:

Figure 3.16: Cases of an average actual school building.

1. A viewer on one of the streets surrounding the school. In this scenario the

viewer is the closest possible to the opening of concern; that is 6m away

from the first floor window. Any closer distance would cause the boundary

wall to cover the view of the opening (Figure 3.16). The height difference

between the viewer’s eye and the target is 3.3m. Although the viewer here is

the closest to the opening, they have to tilt their head a high angle of about

29◦ degrees in order to view the target. The mathematical trigonometric

functions explained in Section 3.2.5 and Figure 3.5a are used to calculate this

angle, Tanθ = 330
600
⇒ θ = Tan−1 330

600
⇒ θ ≈ 29◦ (Figure 3.17). The figure

also shows that the viewer has a straight view to the window; this view has a

linear length of 6.86m, also calculated also using mathematical trigonometric

functions: 330
Cos29◦

≈ 686cm.

2. A viewer on the kerb across the street surrounding the school. In this scenario,

the viewer is 19.8m away from the school building. The height difference

between the viewer’s eye and the target is 3.1m. It differs in this scenario

compared to the first scenario because of the kerb height difference. Thus,

viewers need to tilt their heads about 9◦ degrees in order to keep the target

in their central vision. Mathematical trigonometric functions were used to

calculate this angle, Tanθ = 310
1980
⇒ θ = Tan−1 310

1980
⇒ θ ≈ 9◦ (Figure 3.18).
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Figure 3.17: First scenario: 6m away with 29◦ angle.

The same figure also shows that the viewer has a straight view to the window

at the first floor; this view has a linear length of 20.04m, also calculated using

mathematical trigonometric functions: 310
Cos9◦

≈ 2004cm

Figure 3.18: Second scenario: 19.8m away with 9◦ angle.

3. A viewer from the first floor of a neighbour across the street surrounding the

school. In this scenario, the viewer is 23.7m away from the first floor window

(Figure 3.19). Although the viewer in this scenario is more than 20m away,

they have a direct angle of viewing which reduces the effect of viewing angle

and eye movement as discussed before in Chapter 2.
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Figure 3.19: Third scenario: 23.7m away with 0◦ angle.

3.4.4 Building the privacy-breaching cases

The three worst privacy breach scenarios inside schools are discussed above and

presented in Figure 3.16. These three scenarios are then replicated to three cases

for the experimental study using the method explained in Figure 3.5 to diminish the

need for installing the box in high places. The third scenario was easy to replicate

as an experiment since it was a straight view without any tilting angle (Figures

3.19 and 3.22), whereas for the other two scenarios, the box must be tilted and the

distance between the observer and the screen adjusted, in order to compensate for

the angle caused by the height of the windows on the first floor (Figure 3.17 and

3.18).

Using simple mathematical trigonometric functions to derive the angle and

distance corrections explained in Figure 3.5b, in case-1 the box is tilted for 29◦ and

the distance is 6.84m instead of 6m (Fig: 3.22), whereas the box in the second case

was tilted 9◦ and the distance is 20.04m instead of 19.80m (Figure 3.21). Each

case is tested with each subject. How these cases are used to test privacy through

perforated screens with subjects is discussed in detail in the research methods to

evaluate privacy in Section 3.5.5.

Figure 3.20: Case-1 of privacy-breaching.

167



Section 3.4

.

Figure 3.21: Case-2 of privacy-breaching.

Figure 3.22: Case-3 of privacy-breaching.

Controlling the factors affecting privacy level

After concluding the privacy-breaching scenarios from the field study and replicating

them into experimental cases, it is now important to control the factors discussed

in Section 2.2.5. There are eleven factors affecting the visibility between a viewer

outside and the interior of a building through openings; one of these factors is the

shading strategy. When testing the effect of using solar screens on visual exposure,

the other ten factors need to be controlled to the worst case scenario in order to

confirm to one part of the research hypothesis (that a shading strategy can maintain

privacy in buildings). Factors are therefore controlled as follows:

1. The distance between the eye of the viewer and the target.

The distance is controlled for each case according to the reflected scenario.

The distance of cases represented the worst case privacy-breaching scenarios.

Therefore, if privacy was maintained in the studied distances, then it is likely

to be maintained in any longer distance for each scenario.

2. Glass reflectivity and transmission.

To avoid affecting the result, perforated screens are tested without the use of
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glass. If privacy could be maintained without glass, then the privacy level is

likely to be higher when using glass as the glass reflectivity can reduce visibility

as discussed in Chapter 2.

3. Viewing angle.

To control this factor, all subjects are seated at the same position directly

in front of the solar screen. An office chair with adjustable height was used,

and the eye level was marked on a vertical pole beside the chair (Figure 3.23).

The chair height is adjustable for each subject, and subjects are asked by the

assistant to keep their back straight to maintain the appropriate eye level, in

order to make sure the eye level of all subjects is the same (thus the same

viewing straight angle). During the experiment, the assistant should make

sure that subjects keep their back straight and remind them that they are

allowed them to have a break at any time for comfort.

Figure 3.23: Controlling eye level for all subjects.

4. Luminance of the background of the target inside the building.

The background of the Kay pictures images is white, which provides the most

contrast with the target. All images are printed with an A1 plotter using the

same paper roll to make sure that all images have backgrounds with the same

white level. If subjects are unable to see the high contrast target, they are

more likely not to see other targets with lower contrast.
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5. Eye movement.

One of the advantages of doing that and also tilting the box and changing

the distance accordingly (Figure 3.5) instead of using a higher floor (e.g. a

mezzanine) is making sure that human subjects are using their central vision

instead of their peripheral vision because it would be difficult to control the

head tilting of subjects when looking at a higher target. Using their peripheral

vision might affect the results because it provides less image rendering quality

than their central vision. Moreover, the eye bone and different facial features

of subjects might affect the visual field of the eye. Therefore, head tilting of the

subjects might affect the visual acuity. Controlling the eye level of subjects

as discussed above, would provide the most accurate visual information for

subjects (Figure 3.23).

6. Illuminance contrast between outside and inside.

In the context of this project, in order to control the factor of pupil size for all

subjects, the environment is controlled to create the same contrast between

inside and outside using the same contrast as the studied classroom.

To eliminate the effect of illuminance contrast factor, the DF is used to cali-

brate the illuminance difference between outdoor and classroom interior, and

the illuminance difference between under the sky-dome and box interior. DF

for the studied class is simulated using DIVA-for-Rhino for every case of screen.

Then, using a multi-point light meter, one sensor is placed inside the box ex-

actly at the position of the sensor when simulating the DF for the virtual

classroom. The lighting settings are changed until similar DF is achieved for

the studied cases of different screens. DF ratio between indoor and outdoor

illuminances is calculated under an overcast sky (Moon and Spencer 1942;

Rockcastle and Andersen 2013) which would provide the lowest possible out-

door illuminance. The illuminance contrast between outside and inside the

classroom would be higher under a clear sky, whereas in overcast skies, the
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contrast will be lower, hence visual privacy is likely to be more compromised

than in a clear sky scenario. Therefore, using DF would provide the worst

case scenario for the illuminance contrast. The used actual DF percentages to

control this factor are displayed later in the relative experiment in Chapter 4.

7. Luminance of the wall surrounding the opening.

The outside of the box has a beige colour (Figure 3.3), which is similar to the

exterior wall of schools in Saudi Arabia, according to the conducted field trip

by author (Figure 3.12) and also in a previous field trip by Abanomi (2005)

(Figure 3.24).

Figure 3.24: The exterior wall of schools (source: Abanomi 2005 ).

8. Movement of the target

According to what was discussed in the related optometry principles in Chap-

ter 2, the moving target is more difficult to detect and recognise by human eye.

That means that the worst case scenario is viewing a static target. Therefore,

the target image in this experiment is a still image (Kay pictures). If visual

privacy is maintained for a still image, it would be more likely to be also

maintained for a moving target.
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9. Visual acuity of the viewer

To make sure the differences in visual acuity performance of human subjects

has no effect on the experiment, all participants are subject to a visual acuity

test before the experiment. A Snellen chart (Figure 3.25b) is placed 6m away

from subjects and they are asked to read the letters, especially line number

nine which reflects normal vision as discussed in Chapter 2. Results of any

subject with visual acuity results below normal vision standards are excluded

from the final results.

(a) Testing visual acuity of subjects be-
fore the experiment.

(b) Snellen visual acuity test. Repro-
duced by author.

Figure 3.25: Using Snellen visual acuity test to make sure that all participants have
normal visual acuity.

10. Size of the target

Each target requires a minimum distance in order to be detectable, and this

is one of the main principles in all visual acuity charts used by optometrists.

According to the distances of the privacy-breaching cases in Figures 3.20, 3.21

and 3.22, the size of the Kay pictures images are reproduced with size 4 MAR

that requires the human eye to be at least 6m away, for someone with low
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visual acuity to detect any image. That would mean that a participant with

a normal vision acuity would very easily detect and recognise the same image

from 6m away. If an image that big was not able to be detected by a human

with normal vision, then it would be the result of the perforated solar screen

since all other factors were controlled. As explained in Chapter 2, visual chart

size including Kay pictures can be calibrated according to the distance between

the chart and the observer, using equation: Tanθ = X
L

where L is the distance

between target and observer and X is the height of the stroke of each picture.

Thus, two sets of Kay pictures are produced ,adopting the same principles to

be used with the required distances according to the privacy cases in Figures:

3.20, 3.21 and 3.22. One set with a stroke size of 7.96mm to be used with

6.86m in case-1, and a set with 23.72mm stroke size to be used with 20m

distance and more (case-1 and case-2). Figure 3.26 represents the proportion

of size different between the two sets, scaled to 1:4.

11. Shading strategies.

The last factor affecting the visibility of occupants from outside is the use of

an external solar screen in front of openings. This is the focus of this phase.

Since all other factors were controlled, not being able to see an image behind a

perforated solar screen means that the screen succeeded in maintaining privacy

if the image can be seen easily without a solar screen.
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(a) a Kay-Picture image used in case 1 & 2 (scale 1:4).

(b) a Kay-Picture image used in case 3 (scale 1:4).

Figure 3.26: Size difference between a Kay Picture image used for case 1 & 2, and
case 3, scaled to 1:4 (reproduced by author).
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3.5 Research methods

After selecting the methodology following the outcomes of the literature review

and preparing all data needed to conduct the research according to the work flow

presented in Figure 3.6, this section explains the experiments and phases of the

research, and explains how daylight and privacy are evaluated in these phases after

using the data collected from the field study.

3.5.1 Phases

In the first phase, the effect of the first four parameters on daylight performance of

solar screens is tested one at a time according to the selected simulation process dis-

cussed in Table 3.4. The tested parameters in this phase are: perforation percentage;

depth ratio; cell module size ; and opening aspect ratio. When testing a parameter,

all other parameters are fixed based on the results of previous experiments. When no

previous result was available, for example, when testing the perforation percentage,

other parameters are controlled based upon assumptions derived based on previous

similar research. Then when testing the depth ratio, the recommended values of the

previous experiment (perforation percentage) is used to control that parameter.

Since there is no logical sequence to test the parameters in phase one, the author

decided to start with the most parameters that have been studied before. Although

it was in different contexts, it would give a starting point to set the values of the

controlled parameters. Hence, phase one is performed with the following sequence:

perforation percentage, depth ratio, cell size and then aspect ratio.

In order to review whether the selected sequence has an effect on the result, the

author in phase two has repeats the first experiment (Perforation percentage) using

the recommended values of the results of phase one to test the effect of perforation

percentage again. Finding an agreement between the results of testing the effect of

perforation percentage in phase one and in phase two, would prove that the selected
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sequence of experiment has no effect on the final result.

The last parameter (Axial tilt angle of the screen) is tested in the third and the

fourth phases. Theoretically, axial tilting is the most important parameter to reduce

visibility through perforated screens even without affecting the daylight performance

of the screen, in fact, upper horizontal axial tilting would be expected to allow more

indoor daylight as the screen would have a bigger sky view avoiding obstructions of

surrounding buildings. Therefore, this parameter is tested in a different way than

the other parameters. Screen configuration based on the results of the first two

phases are used to produce different cases of screens for the privacy experiment.

Then the effect of the tilt angle of screens is tested in phase three to find out the

recommended angle that provides privacy.

Then in phase four, Instead of testing a range of values of axial tilting, only

the recommended angle values resulted in phase three (The sucessful angles that

maintain privacy) are used to test the daylight performance of the perforated solar

screens. At the end of this phase, the daylight simulation results of tilted screens

is compared with the results of vertical screens and the case of windows without

screens.

3.5.2 Generating the screens

To use screens with different configuration according to the studied parameter in

daylight simulation, screens are generated as 3D models in Rhino. The most appro-

priate way to generate different versions of a screen according to the value of each

parameter is to use parametric modelling. Parametric modelling refers to the auto-

mated parameter based generation of 3D elements (Erlendsson 2014). “Grasshopper-

3D” developed by David Rutten at Mcneel and Associates (Rutten and McNeel

2012), is a generic algorithm editor allowing the user to perform parametric mod-

elling extension for Rhino. By using Grasshopper, screens can be automatically

drawn based on the author’s defined algorithms and can be altered by changing
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parameters within the algorithm according to the required resulting object. Figure

3.27 displays the components used to build the algorithms in order to generate all

the screens. The used components are grouped, named and organised to make it

easier to the non-expert to understand what have been done in the Grasshopper

canvas to generate the screens. Only the values of the parameter of tilt angle in

phase 4 are done manually by the author in Rhino.
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Figure 3.27: Screen-shot of the Grasshopper canvas created to generate screens by controlling values of each parameter.
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3.5.3 Daylight performance

Phase one, two and four involve testing the daylight performance of perforated

solar screens. Based on the Literature review outcomes, two metrics of evaluating

daylight in buildings are used in this research. One static and one dynamic: Average

illuminance distribution on the working plane; and the DAv respectively. Studying

the illuminance levels would provide information for the best parameter values for

a specific time and day in the year. Whilst the DAv allows for covering the set

occupancy time and gives more information about the daylight performance for the

whole year.

Illuminance levels

For each case of each parameter in the phases mentioned, the illuminance levels are

simulated on each sensor point at the reference plane. The average illuminance is

calculated for each zone. Measurements higher than 5000lx are excluded from the

rest of the analysis, including these points would bias the average values although

they stand for less than 0.5% of the measuring points, this approach was used

previously by Sherif et al. (2012b).

The measurement are recorded three times a day, for four typical days, namely

the summer and winter solstices and the autumn and spring equinoxes. The selected

simulated times are 07:00, 10:00 and 13:00, to cover a school day in Saudi Arabia,

from 6:30 to 13:30 as mentioned previously. The simulation is also repeated for each

of the main orientations (N, E, W and S). This method was used before in similar

relevant studies (Sabry et al. 2011; Sherif et al. 2012b), they however, have used

09:00 12:00 and 15:00 in only three days a year in three orientations: summer and

winter solstices and either autumn or spring equinoxes, given that the day length of

autumn and spring equinoxes are equal and the sun path is symmetrical. Therefore,

the result of 09:00 and 15:00 in the West would be the same as the result of 15:00

and 09:00 on the East respectively (Sherif et al. 2010). This was not applicable in
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this project since the selected simulated hours are 07:00, 10:00 and 13:00 to cover

the school day, thus, not symmetrical between East and West. Although there

would be slight difference in results for schools oriented different that direct main

orientation, it is unlikely to find a building in Riyadh that is not oriented to the

main orientations. The reason for that is that Riyadh has a gridiron plan which can

be seen in Riyadh map in Figure 3.7.

Dynamic Daylight Metrics

Cases of each studied parameter are simulated to study how they affect the annual

daylight performance using the DDPMs. These metrics evaluate daylighting per-

formance based on time series of illuminance or luminance levels within a space.

These time series cover the occupancy hours in a calendar year and are based on

external, annual solar radiation data for the building site. As mentioned before,

Daylight Availability DAv is selected to be the dynamic daylight metric used in

daylight simulation for this study as explained in Section 3.2.

The result of DAv metrics provides a percentage of the occupied hours of the

year when a minimum illuminance threshold is met by daylight alone, and then

categorise the space according to that into three criteria: ‘Daylit area’, ‘Partly

Daylit area’ and Overlit. Daylit area is the area receiving adequate daylight for at

least half of the occupancy time, whereas, areas that fail to achieve the required

threshold are considered as Partly lit areas. Overlit areas however, are defined as

those areas receiving ten times or more of the adequate daylight for at least 5% of

the occupancy time (Reinhart and Wienold 2011).

Simulating the cases

Selecting the simulation process as simulating and studying one parameter at a time

was discussed in Section 3.2.4. That section also discussed the selected software tools

as Diva-for-Rhino and Grasshopper to control DIVA more efficiently and to export
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data to Microsoft-Excel. The script to perform the daylight simulation and export

data is written in Grasshopper and can be seen as a Grasshopper canvas showing

the used components in Figure 3.28.
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Figure 3.28: Screen-shot of the Grasshopper canvas created to perform daylight simulation using DIVA.

182



Section 3.5

3.5.4 Presenting results of daylight simulation

The results of experiments related to daylight simulation are represented in charts

and tables. The results of average illuminance experiments for each studied param-

eter are represented in tables, one table for each orientation. Each table is listing a

matrix of average illuminance values covering the following:

• Average illuminance values for each zone of the three zones: (Near, Mid and

Far), named according to the distance from the wall with openings, zonal

division was explained in Section 3.4.2 and displayed in Figure 3.15.

• Average illuminance values for each specific time (7:00, 10:00 and 13:00) of

summer and winter solstices and the autumn and spring equinoxes.

• Average illuminance values for each case of the studies cases of that parameter

(e.g. perforation percentage has 9 cases: 90%, 80%, 70%, 60%, 50%, 40%, 30%,

20% and 10%)

The cells of the average illuminance values table are highlighted to show the re-

sults easily. Black cells represent results that have illuminance levels more than

1000lx, grey cells represents results that have illuminance between 500lx and 999lx,

finally, light grey cells represents results that have illuminance between 300lx and

499lx. These ranges aimed to ease comparisons between different timings and zones.

Results parameters that showed significant different between each variation, have

helped also to produce tables to indicate recommended values for the tested param-

eter.

The results of DAv experiments for each studied parameter are represented in

charts and tables. The simulation results give each sensor point on the grid (of the

345 sensor points) a value of DAv from 0%–100%, this percentage is calculated using

this equation:

DAv = Occupied,time,achieving,the,target,illuminance,(300lx)
Total,occupied,time × 100

Each sensor point then would have a value of DAv, then it is represented on
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the plan of the classroom as a grid of squares, one square for each sensor points

in order to show the distribution of DAv on the plan. Each square is coloured

according to its DAv value using a coloured scale that ranges from Blue (0%) to

Red (100%). Squares with magenta colour indicate the ’Overlit’ areas, which have

received received at least 3000lx (10 times the target illuminance threshold) for at

least 5% of the occupancy time. Figure 3.29 is an example of a grid of DAv to

explain how the grid is resulted out of the values of each sensor point and the colour

scale. When studying each parameter, a table for each orientation illustrates a DAv

grid for each studied case. In order to simplify comparisons between results of each

orientation, all grids in all tables are superimposed on the classroom plans where

windows are always on the upper side of the grid regardless of the studied façade

orientation in that table.

Figure 3.29: An example of the analysis grid resulted from the simulation for Day-
light Availability.

The total area of Overlit squares is then calculated, and total area of squares

that failed to achieve at least 50% DAv is calculated and considered as ’Partly

lit area’, and total area of squares that achieve 50% or more DAv without being

categorised as ’Overlit area’ is calculated and considered as ’Daylit area’, in other

words Daylit area is all the remain areas that were not categorised as neither Overlit

or Partlylit areas because the total has to be 100% (Table 3.13).
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Table 3.13: Representing DAv resulted areas in a graph.

Area Description

Overlit Receiving 3000lx or more for at least 5% of occupied time
Partly lit Receiving 300lx or less for less than 50% of occupied time
Daylit All remain areas

These data is then illustrated in bar charts. Four charts for every parameter,

one for each one of the four main orientations. In every chart, the studied cases

of that parameter on that orientation is compared, the case providing the biggest

’Daylit area’ would give the best value for that parameter.

All of daylight simulation experiments in this research are presented using the

same methods discussed above. A copy of the method of representing results of

daylight simulation is attached in Appendix H printed in an A3 sheet so that readers

can unfold it when needed and use it to interpret any daylight simulation results in

this research.

3.5.5 Privacy study

3.5.6 Methods

The general methodology of this phase, is building a physical model to test the use

of solar screen with recruited subjects. The physical model consisted of a box with

one open side covered by a perforated screen. Human subjects are used to test

whether the image hidden behind the screen can be identified or not by subjects.

The box was able to be tilted to represent the viewing angle of each one of the

privacy breaching scenarios discussed in Section 3.4.3 (Figures 3.17, 3.18 & 3.19).

Position of subjects, distance form the box and box tilting angle was set according to

the three scenarios of breaching privacy, and each scenario is tested three times using

three perforated screens. Different Kay picture images are placed inside the box one

at a time. Subjects are asked to identify the Kay picture hidden behind screens

one at a time. Six different Kay pictures are used and each picture is assigned with
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an image number. Table 3.14 represents the image number for each Kay picture,

and the possible names that subjects might call it. A picture would be reported as

identified by subjects when the subjects call a proper name of the viewed image.

The size of Kay pictures is calibrated and changed in this experiment according to

the distance between subjects and pictures to be equivalent to size 24/6 as explained

in Section 3.4.4. A permission from the producers of Kay pictures is obtained by the

author to use them and calibrate their sizes as required. A copy of the permission

is attached in Appendix F.

Table 3.14: Images, possible names and assigned numbers to each one of the used
Kay Pictures in the experiment.

1 2 3 4 5 6

Boot Car House Apple Star Duck
Shoe Vehicle building Cherry Bird

Truck Home Chick

Recruiting subjects

This part of the research is looking at establishing satisfaction of privacy require-

ments considering the worst case privacy breach scenarios. Therefore, the recruit-

ment deliberately looks for people who are sensitive to these privacy requirements.

That means recruiting Muslims or/and citizens of a Middle eastern country. This

does not impose any ethical risks, on the contrary it is expected that volunteers

would happily contribute to the research and understand that no risks are present.

Other subjects from a Western background are also recruited to enable comparison

of the results and check whether cultural background has an effect on the results.

Subjects are recruited using inviting posters that disseminates information re-

garding the study are distributed across Cardiff University buildings, and messages
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in social groups and societies (e.g. Saudi Student Society in the Student Union of

Cardiff University). Subjects age target is between 18–39 years. This range is se-

lected to cover mostly subjects that are parents and simultaneously young enough to

ensure good visual acuity. The effect of age, gender as well as the effect of the sub-

jects being parents are analysed against the results of the experiment. 28 subjects

are finally recruited, 14 male and 14 females. Participation in this study is entirely

voluntary, and the participants have the right to withdraw from the study at any

time without giving a reason. Since most potential subjects are PhD candidates in

the Welsh School of Architecture, the author is keen that all PhD candidates do not

see any of the Kay picture images prior to the experiment as exposing the images to

subjects before the experiment would affect detecting the images as subjects might

use the imagination from their memory when trying to guess the image. For the

same reason, no subjects from the Optometry school or optometrists are recruited

in this experiment as they might be familiar with Kay pictures. Participated sub-

jects are asked not to discuss the images they have seen during the experiment with

others, especially if their colleagues and families are possible subjects.

Health and safety considerations

Prior to conducting the experiment, the researcher considered the likelihood of any

risks associated with the planned study and listed how to control them and all

actions needed to avoid them. These data were filled in a risk assessment form

and was approved by the health and safety officer at Welsh School of Architecture

where the experiment is taking place. Hence, the experiment met the requirements

of Cardiff University’s health and safety policies. A copy of the risk assessment form

is attached in Appendix B.

Subjects are informed by the examiner or his assistant about the safety proce-

dures in case of emergency and the direction of the nearest emergency exit and the

nearest facilities. They are also informed that they can ask for a break any time
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during the experiment, they are also provided with a bottle of water and informed

that they can drink between sessions.

Ethics considerations

An ethical request was submitted to the ethics committee in the Welsh School of

Architecture, and approval was granted prior to commencing the experiments. A

copy of the approved application is provided in Appendix C.

To comply with the “Prevent Duty” requirement, which aims to prevent anyone

being drawn into terrorism, all recruited subjects from outside the Welsh School of

Architecture are asked to bring a photo identification card and are required to sign

in and sign out with their names recording the time entering and exiting the building

respectively. The examiner checks their identification cards and signs them in with

their full names. This information however, is not related to the questionnaire. This

sign in and sign out of the building and a record of the exact timings is kept entirely

for security reasons in a password protected file with the signed consent forms.

Any other information provided by subjects are anonymous and held confidentially

and used only for this academic research. Collected data from subjects will not

be kept after the degree is awarded and it will be erased. To comply with ethics

requirements, eyes of subjects who their photos appeared in this thesis were covered

so they cannot be recognised.

Construction the box and screens

Perforated screens are constructed in the FabLab facility in WSA (the Digital Fab-

rication Lab 2018) using a laser cutter machine FB–700 (Figure 3.30) which has a

resolution of 0.025mm and a minimum spacing of 1mm between any two cuts to

prevent material burning (www.cct–uk.com 2018).

To control the light level behind the studied screens, a box is constructed with

one open side, which is the method selected in Section 3.2.5. The open side is
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(a) Laser cutter FB–700, source:
(www.cct–uk.com 2018).

(b) Cutting perforated screens in the
laser cutter in the FabLab of WSA.

Figure 3.30: Laser cutter used to produce physical models of perforated solar screens.

able to be covered with an interchangeable perforated solar screens. Each screen is

able to be easily replaced by another one to reduce total time of experiment, which

would reduce the effect of fatigue on subjects. The box is constructed using timber

beams cut in the workshop of the Welsh School of Architecture with the help of a

professional craftsman experienced in model making. His supervision in constructing

the model is one of the requirements for the health and safety risk assessment form

discussed in Section 3.5.6.

To simplify moving and changing the tilt angle of the box, the box is attached

to a tilting table with four wheels with brakes. The table is a typical drafting table

used by students at the Welsh School of Architecture. It is not totally vertical when

folded, therefore, the researcher attached a piece of timber to make it vertical with

90◦ degree (Figure 3.31b). The ability for the table to be folded from horizontal to

vertical allows the examiner to control the rotation angle of the box which can reflect

one of the three experimental cases that resemble the three scenarios of breaching

privacy shown in Figures 3.17, 3.18 & 3.19, discussed in Section 3.4.4.

Another tilting mechanism is constructed on the box itself, using a piano hinge

to allow the rotation of the perforated solar screen only. It is used to test the effect
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(a) The box installed on the fold-able ta-
ble.

(b) Correcting the vertical angle of the
table.

Figure 3.31: Attaching the box on a tilting drafting table and correcting its angle
when folded.

of the screen’s tilting angle on privacy as one of the parameters of perforated solar

screens which is the aim of the experiment of phase three discussed in Section 3.5.1.

In order to simplify recording the tilt angles, a transparent compass is attached on

the side of the box to give a reading of the rotation of the screen angle during the

experiments. The compass is also produced using the laser cutter from a rhino file

prepared by the examiner (Figure 3.32). The author acknowledges that there might

be +-1 degree error due to the manual recording of the tilt angle, however, the worst

case scenario was used to control all other factors which would to reduce the effect

of errors.

When the screen is tilted, the void underneath would definitely be allowing

subjects to see what is inside the box as well as allowing light to emit inside, which

would alter the controlled illuminance contrast. Therefore, a piece of blackout fabric

is used to cover that area. It is sewed and stitched according to the size of the box

to cover around the screen when it is tilted. That would block the view of the

subject and also allow controlling the light level inside the box as controlled by the

examiner. The attached blackout fabric can be seen in Figure 3.33.
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Figure 3.32: The transparent compass used to report tilt angles.

(a) Starting point from 90◦. (b) Recording the angle.

Figure 3.33: Using the compass to record rotation angles.

The human subjects in this experiment are recruited to test three screens in

the three cases, which gives a total of nine stages. For each case, the subject sets on

a chair at a specific distance away from the screen according to each case’s privacy

scenario, cases are explained in Section 3.4.3, and Figures 3.17, 3.18 & 3.19.
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One by one, subjects are asked to declare whether they are able to recognise

the image behind the screen. Starting from a 90◦ angle where it is impossible to

view anything through the opening (Figure 3.33a). The examiner starts to rotate

the screen slowly until the subjects ask him to stop, as they wished to make a guess

about the image behind the screen. Subjects are able to make any number of guesses

until the image is recognised, and then this tilting angle of the screen is recorded by

the examiner (Figure 3.33). These steps are repeated for every screen in every case

with each subject. When changing screens and images, the assistant has to make

sure that subjects do not have any view to any of the images by placing a big dark

umbrella in front of them (Figure 3.34).

(a) The assistant holding the umbrella. (b) The subject is covered.

Figure 3.34: Blocking the view of the subject with a large umbrella during the
transition between each case during the experiment.

in order to reduce the total time for experiment, the transition between cases

is designed to be as smooth and fast as possible. Two pieces of timber are cut by

the examiner to represent the required angle to tilt the box to replicate each case

(Figure 3.35), and either one of them is able to be positioned easily between the

bottom of the table plain and table legs. To make the transition from one case to
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(a) Measuring the angle. (b) Construction. (c) Attached under table.

Figure 3.35: Controlling the tilt angle of the table for each case.

another, the examiner or his assistant positions the required piece or removed it

according to the required case. Figure 3.35c displays an example of the piece that

is used to represent the 29◦ in case-1 (Figure 3.20).

Environment

This experiment took place under the Sky-Dome, which is an artificial sky facility

in the Welsh School of Architecture. It contains 640 luminaires (Philips CL 4500K)

mounted within an open geodesic framework. It can produce up to 7, 000lx (WSA

website 2018) (Figure 3.4). As explained in Section 3.4.4, in order to control the

illuminance contrast between inside the box and outdoor, the sky-dome output is

set to achieve the same DF when using the same screen configuration for each

studied screen the DF used to control the illuminance contrast is assigned later in

the Research chapter (Chapter 4).

The Sky-Dome is required to be used by other architecture students during the

period of the experimentation and therefore, sometimes it is necessary to remove

the box to allow other students to work on their projects. Therefore, foam boards

are cut as a mask and fixed on the floor to mark the exact position of the table

wheels (Figure 3.36). The ease of movement and control position is one of the main
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reasons to attach the box on a table with wheels. A mirror is used in some cases to

compensate for distance shortages when the space is not wide enough to replicate

the privacy breach scenarios, this is a typical practice in optometry testing (Jackson

and Bailey 2004).

Figure 3.36: Masks on the floor to mark wheels positioning.

The questionnaire

The data collection sheet has two parts, the first part is to be completed by the

subjects and contains questions about their backgrounds, gender, age group and

number of children. Details of the number of children is also given in this part

regarding their gender and whether they are in school age or not. All of these data

are compared at the end to see if they have any effect on the results.

The second part of the sheet is to be completed by the examiner. At first, the

result of the visual acuity test is recorded. Then using responses form subjects, the

angles of screen rotation that allowed visibility is recorded by the examiner for each

tested screen in each privacy case. The three privacy cases were explained in Section

3.4.4. The image number of the Kay picture used for each test is also recorded to
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see if there is an effect by the image used on the result. The assigned image numbers

to each Kay picture are displayed in Table 3.14. The questionnaire used to collect

data from subjects and report responses of subjects is included in Appendix E. As

an example, a part of the questionnaire is displayed in Figure 3.37.

Figure 3.37: Part of the data sheet collecting data from answers of subjects.

3.5.7 Summary

This chapter started with discussing the literature review outcomes and listing the

options of methods to conduct the research. The options are analysed to select the

appropriate methods to achieve the research aim and objectives. Then the work

flow of the research is presented explaining the field work to collect required data

to prepare CBDM variables and to prepare privacy breaching scenarios.

The work flow also explains the phases and experiments of the research. The

research methods of the research is also explained including the used metrics to

simulate and analyse indoor daylight which is used in all indoor daylight experiments

in this research, and how the results of daylight simulation are presented. Research

methods include also details and experimental settings of the privacy study.
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4.1 Introduction

This chapter presents the experiments of this research spread over four phases as

explained in the work flow of the research in Figure 3.6. A virtual simulation method

is used for three phases, one, two and four, whereas in phase three an experiment

with a human subject is used to assess the visibility of objects behind screens and

thus the privacy aspect of screens. The results of daylight simulations are presented

according to the results presenting methods (explained in Section 3.5.4).

Phase one contains four experiments for the following parameters: perforation

percentages, depth ratio, cell size and opening aspect ratio. Parameters are studied

one at a time according to the selected simulation process identified in Chapter 3.

Phase two aims to check whether or not the selected sequence of experiments has an

effect on the result, by repeating experiments on the perforation percentage using

the results of phase one. In phase three, the results of phase two are used to create

three screens and test the effect of the tilting angle of screens providing privacy for

the occupants of buildings viewed through screened windows. In phase four, the

results and recommended screen tilt angles are used in a virtual daylight simulation

to test the interior daylight levels when using the screens that maintained privacy.

At the end, the result of the last experiment is compared with the results of vertical

screens that achieved acceptable interior daylight levels without tilting, as well as

the base case with windows without any solar screens.

4.2 Phase one: The effect of four parameters on

indoor daylight

Four parameters of perforated solar screens are tested in this phase, facing the

four main orientations, using daylight simulation methods reporting the average

illuminance and the DAv metrics as explained in Chapter 3. Parameters are tested
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one at a time in this order: perforation percentage, depth ratio, cell module size and

aspect ratio. The results of testing each parameter are displayed in tables and charts.

The result of studying each parameter is used to control successive parameters until

the last experiment in this phase is reached. At the end, the recommended values of

all of the four parameters are represented in a table as the final result of this phase.

4.2.1 The effect of perforation percentage

The objective of this experiment is to define the recommended perforation percent-

ages for perforated solar screens in order to enhance interior daylighting for the

main orientations in the context of schools in hot arid areas. Creating a method

that can be used to study perforated screens in any location. Previous studies have

already investigated the effect of different values of perforation percentage on the

performance of perforated solar screens on daylight in living rooms of residential

spaces; Sherif et al. (2012b) have studied the effect on indoor daylight levels and

on energy load (Sherif et al. 2010). However, results are expected to be different

for educational spaces, due to different illuminance requirements, different window

to wall ratio, space size, dimensions and hours of occupancy when compared with

residential spaces.

Variation of the parameter

Each perforated screen has a perforation percentage. To explain the perforation

percentage, a screen is divided in a module grid, and the perforation percentage is

calculated considering the module grid and the size of a perforation. It represents the

percentage of the size of each perforation to the cell module size. For example, Figure

4.1 presents an example of two screens with different perforation percentages, 90%

in the left screen, 50% in the screen shown on the right, but having the same module

grid, thus, the same cell module size (6cm × 6cm). The parameter of perforation

percentage is tested in a range of cases from 10% to 90% in 10% intervals; results
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are juxtaposed against those of a case of a window where no screens are used.

Figure 4.1: Elevations and sections of examples of 50% perforation percentage on
the right and 90% perforation percentage on the left.

Controlled parameters

To study the effect of perforation percentage, all other parameters are controlled;

Table 4.1 presents the controlled screen parameters. Values of depth ratio are con-

trolled to 0.75 according to results of previous publications in similar climates (Sherif

et al. 2011), and was also used to control depth ratio by Sabry et al. (2014). Cell

module size is controlled using 6cm as a starting point since it has not been studied

before; the 6cm is used as a module as it gives flexibility for further investigation of

aspect ratio. The opening aspect ratio is controlled using 1:1 aspect ratio (square

cells) as a starting point. Previous research of a similar nature started with square

cells to control aspect ratio when testing parameters of perforated solar screens (Chi

et al. 2017; Sabry et al. 2011; Sherif et al. 2012b).

199



Section 4.2

Table 4.1: Values of all parameters when testing perforation percentage.

Controlled screen parameters
Orientation Depth ratio Aspect ratio cell module size
south 0.75 1:1 6cm
east 0.75 1:1 6cm
north 0.75 1:1 6cm
east 0.75 1:1 6cm

4.2.2 Results

The results of the two daylight metrics: average illuminance and Daylight Availabil-

ity are displayed and discussed for each of the four main orientations.

Average illuminance levels

The results of simulating average illuminance levels are presented in Table 4.2. In

the majority of cases, the average illuminance levels in the Mid zones increase dra-

matically and become even higher than in the Near zones with the use of solar

screens compared with base cases with no screen, because the solar screens are able

to reduce the high illuminance values on the Near zones which could improve the

distribution. In some extreme cases, average illuminance levels in the Mid zone are

almost double the levels in the Near zone especially in spring and winter in all ori-

entations, which means that screens are able to emit daylight deeper into the space.

The only exception to that is at 10:00 in autumn in the east orientation where the

average illuiminance in the Near zone remains higher that average illuminance in

the Mid zone, however, this is only one case out of 50 cases and the increase is only

about 3%.

Results also show that using perforated screens in most cases succeeds in reduc-

ing the high illuminance values that could supply discomfort glare (above 1000lx)

into an acceptable level (300–500lx) especially in Near and Mid zones, except in

winter and early hours of spring in all orientations. In the later cases, using perfo-
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Table 4.2: Average illuminance (lx) for perforation percentage cases in the three
zones of each orientation (black cells, ≥ 1000lx; grey cells, between 500lx and 999lx;
light grey between 300lx and 499lx).

7 10 13 7 10 13 7 10 13 7 10 13

base 281 1940 2431 862 1822 1617 621 2975 3158 18 1339 1962
90% 55 352 455 197 321 249 151 750 977 3 257 364

80% 45 284 366 161 263 205 124 619 809 2 208 293

70% 34 218 279 126 206 162 97 485 628 1 159 225

60% 26 165 211 97 159 126 75 371 479 0 120 167

50% 19 118 150 70 115 92 54 267 343 0 86 119

40% 12 77 98 47 77 62 36 175 222 0 56 78

30% 7 42 54 26 44 35 20 99 125 0 31 43

20% 2 18 22 11 19 15 9 41 51 0 13 18

10% 0 3 4 1 4 3 1 7 9 0 2 3

base 164 1082 1314 618 1268 1201 441 1862 2126 10 760 1097
90% 59 364 465 217 346 263 161 661 821 4 271 373

80% 48 300 384 180 286 218 133 547 685 3 223 307

70% 39 240 307 145 231 177 107 435 543 1 178 246

60% 29 178 227 108 173 134 80 329 412 0 132 182

50% 21 129 164 79 127 98 59 242 299 0 96 132

40% 14 83 106 51 83 65 38 158 193 0 62 85

30% 8 45 57 29 47 37 21 90 110 0 34 46

20% 3 18 23 12 20 16 9 37 45 0 13 18

10% 0 3 4 1 4 3 1 7 9 0 1 3

base 95 619 726 400 865 858 281 1174 1343 7 128 624
90% 40 241 301 163 270 217 120 450 536 2 180 246

80% 34 204 255 137 226 181 101 380 452 1 152 208

70% 27 163 203 109 181 145 80 300 356 0 121 166

60% 20 121 151 82 136 110 60 227 269 0 90 123

50% 14 88 110 60 99 81 44 167 197 0 65 90

40% 9 57 71 38 64 52 28 107 127 0 42 58
30% 6 33 41 23 38 31 17 63 75 0 25 34
20% 2 15 19 11 17 15 8 28 33 0 11 15

10% 0 3 4 1 4 3 1 7 7 0 1 3

Zo
n

es

Cases Average Illuminance values

Season:

Hour:

Spring Summer Autumn Winter

M
id

Fa
r

South orientation

N
ea

r

(a) South orientation.

7 10 13 7 10 13 7 10 13 7 10 13

base 317 2028 2187 1993 3034 1394 1185 2838 1723 17 1267 1595
90% 67 376 408 1117 1310 219 457 1368 311 3 247 295

80% 54 303 328 1130 1098 180 385 1150 255 2 199 238

70% 42 235 253 962 874 145 309 920 201 1 153 184

60% 31 174 190 837 671 112 245 723 154 0 115 138

50% 22 121 133 659 476 81 183 527 110 0 81 97

40% 15 81 88 398 316 55 132 350 74 0 54 65

30% 8 45 49 305 173 32 83 192 42 0 30 36

20% 3 19 20 69 72 14 43 81 19 0 13 15

10% 0 2 3 10 9 1 7 10 3 0 1 1

base 196 1096 1162 2190 2327 1074 1544 2429 1217 9 707 897
90% 75 389 424 2007 1074 237 809 1136 340 3 261 309

80% 59 309 337 1824 883 192 646 937 274 2 208 245

70% 50 259 282 1516 731 161 561 778 229 1 173 206

60% 38 198 216 1291 566 125 467 608 177 0 133 158

50% 26 136 148 900 395 88 362 432 123 0 91 108

40% 17 88 95 690 263 59 229 283 81 0 59 70

30% 9 46 50 391 142 32 134 156 44 0 30 37

20% 3 18 19 161 60 14 53 66 18 0 12 15

10% 0 1 2 8 7 0 8 8 2 0 0 0

base 113 604 627 2065 1439 764 1470 1517 816 5 387 504
90% 53 258 278 1153 682 204 938 738 270 1 175 208

80% 44 216 232 978 572 169 774 625 225 0 146 174

70% 35 170 184 783 459 135 659 500 179 0 115 137

60% 26 130 141 588 353 103 541 386 136 0 88 105

50% 20 97 105 428 260 76 438 286 101 0 66 78

40% 13 65 71 251 178 52 308 191 69 0 44 53
30% 8 37 40 131 99 30 198 110 39 0 25 30
20% 4 18 19 64 47 15 94 52 19 0 12 14

10% 0 1 1 7 6 0 16 6 2 0 0 0

Zo
n

es

Cases

N
ea

r
M

id
Fa

r

Season:

Hour:

East orientation
WinterSpring Summer Autumn

Average Illuminance values

(b) East orientation.

7 10 13 7 10 13 7 10 13 7 10 13

base 262 1651 2064 1402 1915 1451 528 1351 1518 17 1049 1457
90% 54 315 397 348 378 237 137 271 290 3 208 277

80% 42 244 307 277 301 191 109 216 231 2 161 215

70% 34 200 250 225 245 157 89 177 189 1 131 175

60% 26 149 186 171 187 120 68 136 144 0 98 131

50% 18 106 132 124 136 88 49 99 105 0 70 93

40% 12 70 88 83 91 59 33 67 71 0 46 62

30% 6 35 43 41 46 30 17 34 36 0 23 31

20% 2 14 17 16 18 12 7 14 14 0 9 12

10% 0 0 1 1 2 0 0 1 1 0 0 0

base 149 910 1087 901 1239 1062 371 1009 1118 9 573 810
90% 57 324 405 344 386 251 148 297 318 4 214 284

80% 46 264 330 281 317 208 121 244 261 3 175 232

70% 38 217 272 231 260 171 99 201 215 1 144 191

60% 28 162 202 172 196 130 75 151 162 0 107 142

50% 20 115 144 124 141 94 54 109 116 0 76 101

40% 12 71 88 79 90 60 34 69 74 0 47 62

30% 7 34 42 37 43 29 16 33 36 0 22 30

20% 1 12 15 14 16 11 7 13 14 0 8 11

10% 0 0 1 0 1 0 0 0 1 0 0 0

base 84 507 583 517 811 750 233 694 765 5 316 456
90% 39 217 265 243 294 211 111 242 257 2 144 191

80% 33 184 225 205 249 178 94 205 217 1 122 162

70% 27 148 182 165 200 143 76 165 175 0 99 131

60% 21 116 142 129 156 112 59 129 136 0 77 102

50% 15 84 102 94 114 82 43 93 99 0 56 74

40% 10 53 65 59 72 52 27 60 63 0 35 47

30% 4 25 31 28 34 24 13 28 30 0 17 22

20% 0 10 12 11 14 10 6 12 12 0 7 9

10% 0 0 0 0 0 0 0 0 0 0 0 0

Zo
n

es

Cases

Fa
r

Autumn

Average Illuminance values

Summer

N
ea

r
M

id

Season:

Hour:

North orientation
WinterSpring

(c) North orientation.

7 10 13 7 10 13 7 10 13 7 10 13

base 242 1636 2285 733 1411 1896 442 1307 2570 17 1088 1665
90% 48 303 426 175 266 426 113 255 519 3 210 311

80% 39 243 340 142 217 352 92 209 423 2 168 249

70% 31 192 268 113 175 283 74 167 340 1 133 197

60% 24 148 206 89 137 224 58 131 264 0 102 151

50% 16 100 139 62 97 158 40 93 186 0 69 103

40% 11 68 94 42 67 106 28 64 126 0 47 70

30% 6 33 46 21 33 53 14 32 62 0 23 34

20% 2 16 21 9 15 25 6 14 29 0 11 15

10% 0 1 2 0 1 3 0 0 5 0 0 1

base 138 908 1195 538 1087 1330 330 1022 1521 9 598 930

90% 51 316 444 200 301 384 129 290 503 3 221 327

80% 42 257 360 163 246 320 106 237 412 2 180 266

70% 34 210 294 133 201 259 86 194 337 1 147 217

60% 26 160 223 102 156 203 66 150 260 0 111 165

50% 18 112 156 72 111 145 47 107 185 0 78 115

40% 11 69 96 46 71 94 30 69 119 0 48 71

30% 6 33 45 22 33 44 14 33 56 0 23 34

20% 2 15 21 9 15 20 5 15 26 0 10 15

10% 0 1 2 0 1 2 0 1 5 0 0 1

base 79 513 647 348 756 912 218 716 973 5 333 523
90% 35 208 284 150 243 284 98 236 359 1 146 215

80% 29 177 243 128 205 241 84 200 304 0 124 183

70% 23 139 190 100 162 191 66 158 240 0 97 144

60% 18 109 149 78 126 150 51 123 188 0 76 112

50% 13 79 109 57 92 109 37 89 136 0 55 82

40% 9 55 76 40 65 75 26 63 96 0 39 57
30% 4 25 34 18 29 34 12 28 42 0 17 25
20% 1 11 15 8 14 15 5 13 20 0 8 12

10% 0 0 1 0 0 1 0 0 2 0 0 0

Zo
n

es

Cases

Hour:

West orientation
Spring Summer Autumn Winter

Average Illuminance values

N
ea

r
M

id
Fa

r

Season:

(d) West orientation.
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rated screens reduces the illuminance to below 300lx (Table 4.2). Illuminance levels

however, are very low in the Far zone in most of the cases when using perforated

screens, except for east and south orientation in autumn and summer, and afternoon

in autumn for east orientation.

Daylight distribution and spatial distribution of illuminance are also improved

in the Far zone. Although illuminance levels do not become higher than levels of the

Near zone, the ratio between illuminance in Far and Near zones is improved with the

use of perforated screens when compared with the same ratio in cases of windows

without screens. To understand this more clearly, results tables are used to calculate

a ratio between illuminance in zones when using perforated screens compared with

the same ratio of the same zones when no screen is attached, using Equation 4.1:

Ratio =
F(lx)

N(lx)

× 100 or
M(lx)

N(lx)

× 100 (4.1)

Where: M(lx) is the average illuminance in the Mid zone of the required case in

the hour of interest, N(lx) is the average illuminance in the Near zone of the same

case in the same hour and F(lx) is the illuminance in the Far zone of the same case

in the same hour. This ratio is called the spatial distribution ratio hereafter.

To compare this ratio between cases in order to confirm how spatial daylight

distribution is improved in the Far and Mid zones, equation: 4.1 is used for each

average illuminance level of each simulated hour to create Tables 4.3 and 4.4. These

tables aim to compare results of 90% perforation percentage and results for a window

with no screen for south and east cases, and north and west cases respectively using

the spatial distribution ratio. Tables display the difference between the ratio of each

case in bold font. If the difference is in minus (red cells) then the spatial distribution

ratio with no screen is higher.
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Table 4.3: Comparing spatial distribution ratio between zones with and without
using perforated screens of 90% perforation percentage in south and east orientations
(red cells represent where that the ratio without screen was higher than when using
screens).

7 10 13 7 10 13 7 10 13 7 10 13 7 10 13 7 10 13 7 10 13 7 10 13

58 56 54 72 70 74 71 63 67 56 57 56 62 54 53 110 77 77 130 86 71 56 56 56

106 103 102 110 108 106 107 88 84 128 105 103 111 103 104 180 82 108 177 83 109 112 106 105

47 48 48 39 38 31 36 26 17 72 48 47 49 49 51 70 5 31 47 -3 39 55 50 48

34 32 30 46 47 53 45 39 43 37 10 32 36 30 29 104 47 55 124 53 47 32 31 32

72 68 66 83 84 87 79 60 55 63 70 68 78 69 68 103 52 93 205 54 87 41 71 70

38 37 36 36 36 34 34 21 12 27 60 36 43 39 39 -1 5 38 81 1 39 9 40 39

difference

difference

South orientation East orientation

Autumn Winter Spring Summer Autumn Winter

Mid / Near 

x100

Far / Near noscreen

x100 90% screen

noscreen

90% screen

Spring Summer

Table 4.4: Comparing spatial distribution ratio between zones with and without us-
ing perforated screens of 90% perforation percentage in north and west orientations.

7 10 13 7 10 13 7 10 13 7 10 13 7 10 13 7 10 13 7 10 13 7 10 13

57 56 52 73 77 70 75 78 59 53 55 56 57 55 53 64 65 73 70 75 74 53 55 56

106 104 104 114 113 90 114 114 97 114 105 105 105 103 102 99 102 106 108 110 110 116 103 102

49 49 52 41 36 20 39 36 38 61 50 49 48 48 49 35 38 33 37 35 36 63 49 47

32 31 28 47 54 48 49 55 38 32 31 31 32 31 28 37 42 52 44 51 50 29 30 31

71 69 67 86 91 67 87 92 69 45 69 69 72 69 67 70 78 89 81 90 89 57 69 69

39 37 38 38 38 18 38 38 31 14 39 38 40 38 38 33 36 37 37 38 38 28 39 38

difference

difference

West orientation North orientation

Mid / Near noscreen

x100 90% screen

Far / Near noscreen

x100 90% screen

Spring Summer Autumn Winter Spring Summer Autumn Winter

Results show that the spatial distribution ratio between Mid and Near zones is

notably increased with the use of screens in all cases except one at 10:00 in autumn

(highlighted in red). Similar results are found also between the Far and Near zones;

the ratio increases in all cases except one at 07:00 in summer in the east. that is

only 2 cases out of 48 which is remarkable.

It is also noticed that using perforated screens on the north and west orienta-

tions reduces the illuminance sharply since the direct sunlight on these orientations

is minimal due to the latitude of the location, during the occupancy hours concerned

here (afternoon hours are excluded from this analysis). Even when using higher per-

foration percentages, 90% perforation also reduces illuminance sharply in west and

north orientations (Tables 4.2c & 4.2d). This gives an indication that testing other

parameters is essential in pursuing the provision of better better daylighting with

the use of perforated solar screens.

Illuminance values also helped to produce Table 4.5 that indicates the minimum
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recommended perforation percentages to be used as a tool to help architects to decide

the perforation percentage required according to the orientation and times of use for

school classrooms in spaces with similar areas and dimensions at similar contexts.

Although this table can only be used when other parameters are controlled by using

the same values used in this experiment (e.g. Depth ratio of 0.75), the method

developed in this research can be used to produce similar tables for any context in

any location.

Table 4.5: Minimum recommended perforation percentages to achieve the target
illuminance (300lx) in all studied cases and zones for specific times throughout the
year. (black cells represent cases that 300lx cannot be achieved with daylight alone,
lighter cells represent higher perforation percentages.)

The table is also useful for zoning and controlling mechanisms for artificial

lighting installations as it indicates the hours and zones that daylight illuminance is

not sufficient when using perforated screens with associated parameter values, thus,

artificial light is needed. For example: 7:00 in spring and winter for all zones of all

orientations; 10:00 in winter in all zones of all orientations; and most cases in the

Far zone, which can indicate that additional artificial lighting fixtures are needed

also at Far zones than at other zones.

Results also show that some cases provide average illuminance of more than

2000lx without knowing if the area is considered as Overlit or Daylit, which explains
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the necessity for the next stage of the research. Further investigation is required to

clearly understand the situation, using CBDM simulation and analysing data using

Daylight Availability metric, one of the Dynamic Daylight Performance Metrics

(DDPMs).

Daylight Availability

The results of the light simulating using DAv in this experiment, are presented in

Tables 4.6, 4.7, 4.8 & 4.9 and Figures 4.2, 4.3, 4.4 & 4.5.

In the south orientation, a 90% perforation percentage achieves better Daylight

Availability than other perforation percentages, and an 80% perforation percentage

also achieves an acceptable result of a 71.5% Daylit area of the total area (Figure

4.2) and (Table 4.6).

No screen 90% 80% 70% 60% 50% 40% 30% 20% 10%

Partlylit 0 10.5 25.25 49.5 77.75 96.5 100 100 100 100

Daylit 60 82.5 71.5 47.25 22.25 3.5 0 0 0 0

Overlit 40 7 3.25 3.25 0 0 0 0 0 0
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Figure 4.2: DAv of perforation percentage cases for the south orientation.
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Table 4.6: Distribution of DAv on the classroom plan for the south orientation with
different perforation percentages (windows are located on the top side of the plan).

For the east orientation, an 80% perforation percentage achieves more Daylit

area than any other perforation percentages in the east orientation; 90% & 70%

perforation percentages also provide acceptable Daylit area of more than 50% of

the total area (Figure 4.3 and Table 4.7). Results show a linear increase of the

Partlylit area and decrease of the Overlit area for south and east orientations, when

decreasing the perforation percentage (Figures 4.2 & 4.3).
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Table 4.7: Distribution of DAv on the classroom plan for the east orientation with
different perforation percentages (windows are located on the top side of the plan).
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No screen 90% 80% 70% 60% 50% 40% 30% 20% 10%

Partlylit 0 10.5 16.25 26 51 76.75 91.75 92 94.5 100

Daylit 12 57.5 58.5 50 27 7.5 0.25 0.25 0 0

Overlit 88 32 25.25 24 22 15.75 8 7.75 5.5 0

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

%
 P

er
ce

n
ta

ge
 t

o
 t

o
ta

l a
re

a

Perforation percentage

East Orientation

Figure 4.3: DAv of perforation percentage cases for the east orientation.
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Similar to the previous stage and for the same reasons, results also show that

using perforated screens on the west and north orientations reduce the Daylit area

to unacceptable levels to less than 50% of the total area, which is problematic and

does not meet the criteria. Even with the use of the highest perforation percentage

(90%) the daylit area is still as low as 8.5% in north and 12.5% in east as shown in

Figure 4.4 and Figure 4.5 respectively.

In general, it appears that Overlit area is reduced in all orientations with the

use of solar screens, which means using solar screens would reduce direct sunlight

penetration and potential discomfort glare accordingly.

No screen 90% 80% 70% 60% 50% 40% 30% 20% 10%

Partlylit 2 91.5 97.5 99.75 100 100 100 100 100 100

Daylit 95 8.5 2.5 0.25 0 0 0 0 0 0

Overlit 3 0 0 0 0 0 0 0 0 0
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Figure 4.4: DAv of perforation percentage cases for the north orientation.
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Table 4.8: Distribution of DAv on the classroom plan for the north orientation with
different perforation percentages (windows are located on the top side of the plan).
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Table 4.9: Distribution of DAv on the classroom plan for the west orientation with
different perforation percentages (windows are located on the top side of the plan).
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No screen 90% 80% 70% 60% 50% 40% 30% 20% 10%

Partlylit 0 87.75 97.75 99.25 100 100 100 100 100 100

Daylit 88 12.25 2.25 0.75 0 0 0 0 0 0

Overlit 12 0 0 0 0 0 0 0 0 0
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Figure 4.5: DAv of perforation percentage cases for the west orientation.
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Recommended values of the studied parameter (perforation percentage)

Based on the results, the recommended values of the parameter for perforation

percentages are:

• 90% perforation percentages for the south orientation.

• 80% perforation percentages for the east orientation.

• 90% perforation percentages for the north orientation.

• 90% perforation percentages for the east orientation.

These values are used to control the parameter for perforation percentage when

investigating the next parameter (depth ratio).

4.2.3 The effect of depth ratio

The objective of this experiment is to define the recommended depth ratios for

perforated solar screens on windows in order to provide better interior daylighting

for main orientations in the context of schools in hot arid areas, by investigating a

range of variation of that parameter and comparing results with the no screen cases.

Previous studies have already investigated the effect of different values of depth

ratio on perforated solar screens and its performance on energy consumption, al-

though this was not in relation to indoor daylight levels but rather overheating and

energy saving, and the context was living rooms in residential spaces (Sherif et al.

2012c). However, no previous research known to the author has investigated the

effect of depth ratio on daylight performance in classrooms.

Variation of the parameter

The depth is the thickness of the screen in the y direction. The depth ratio is the

ratio between the depth or the thickness of the screen to the cell module size. Figure
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4.6 shows examples of three screens with different depth ratios (0.15, 0.75 & 1.2)

while sharing the same cell module size (8cm) and the same perforation percentage

(70%). Values of depth ratio are tested in a range of ten cases from 0.15 to 1.5 in

0.15 intervals.

Figure 4.6: Examples of screen with depth ratios 0.15, 0.75 and 1.35.

Controlled parameters

To study the effect of depth ratio parameter on the daylight performance of perfo-

rated screens, all other parameters are controlled; Table 4.10 presents the controlled

screen parameters. Similar to the previous experiment, cell module size is controlled

using 6cm as a starting point since it has not been studied before; the 6cm is used as

a module as it gives flexibility for further investigation of aspect ratio. The opening

aspect ratio is controlled using 1:1 aspect ratio (square cells) as a starting point.

Previous research of a similar nature started with square cells to control aspect ratio

when testing parameters of perforated solar screens (Chi et al. 2017; Sabry et al.

2011; Sherif et al. 2012b). The values of perforation percentage are controlled us-

ing the recommended values according to the results of the previous experiment in

this phase (Section 4.2.2). Table 4.10 presents values of the controlled parameters,

and highlights the parameter that is controlled using a previous experiment in this

research.
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Table 4.10: Values of all parameters when testing the depth ratio (bold columns
represent parameters values based on results of a previous experiment).

Controlled screen parameters
Orientation Perforation percentage Aspect ratio Cell module size
south 90% 1:1 6cm
east 80% 1:1 6cm
north 90% 1:1 6cm
east 90% 1:1 6cm

4.2.4 Results

A copy of the method of representing results of daylight simulation is printed in A3

and attached in Appendix H.

The results of the two daylight metrics used: average illuminance and Daylight

Availability are displayed and compared with the case for a windows with no screens

attached, and results are discussed for each of the four main orientations.

Average illuminance levels

The results of simulating average illuminance levels are presented in Table 4.11.

The results of this experiment show that in the south orientation, a range of depth

ratios between 0.3–0.75 would provide acceptable illuminance levels between 300lx

and 1000lx in most cases except in autumn and spring where higher depth ratio is

needed (Table 4.11a). In the east, slightly higher range of depth ratios is needed

in most cases 0.45–0.9 except in summer and spring mornings where perforated

screens with a depth ratio as high as 1.5 is needed (Table 4.11b). In both north and

west orientations, screens with a 0.15 depth ratio successfully achieve acceptable

illuminance levels in all zones, although providing slightly high illuminance in the

Near zone in spring (Tables 4.11c & 4.11d).
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Table 4.11: Average illuminance (lx) for depth ratio cases in the three zones of each
orientation (black cells, ≥ 1000lx; grey cells, between 500lx and 999lx; light grey
between 300lx and 499lx).

7 10 13 7 10 13 7 10 13 7 10 13

base 281 1940 2431 862 1822 1617 621 2975 3158 18 1339 1962

0.15 176 1167 1588 536 901 642 401 1854 2062 11 842 1195

0.30 131 859 1142 412 678 678 310 1490 1805 8 623 895

0.45 98 633 829 321 523 387 243 1198 1556 6 463 664
0.60 73 468 608 250 407 307 191 946 1212 4 342 493
0.75 55 352 455 197 321 249 151 750 977 3 257 364

0.90 44 278 357 162 265 206 125 618 781 2 203 283

1.05 36 229 293 136 224 176 105 513 647 1 168 233

1.20 29 182 231 111 184 147 85 418 525 0 133 185

1.35 23 142 177 97 160 130 71 264 307 0 105 145

1.50 20 126 159 79 132 108 61 286 362 0 92 128

base 164 1082 1314 618 1268 1201 441 1862 2126 10 760 1097

0.15 109 679 869 401 625 459 298 1142 1302 7 508 696

0.30 96 597 765 353 552 552 263 1031 1194 6 447 612

0.45 80 501 641 297 467 348 221 902 1087 5 373 512

0.60 69 429 550 255 403 304 189 777 941 4 319 440

0.75 59 364 465 217 346 263 161 661 821 4 271 373

0.90 50 310 396 186 297 227 138 567 689 3 230 318

1.05 40 251 319 153 246 191 114 470 573 2 186 257

1.20 34 211 268 131 211 165 97 399 484 1 156 216

1.35 23 142 177 97 160 130 71 264 307 0 105 145

1.50 24 144 182 92 150 121 69 280 345 0 106 147

base 95 619 726 400 865 858 281 1174 1343 7 128 624

0.15 63 380 472 263 431 343 194 706 795 4 284 387

0.30 57 341 425 234 384 384 172 639 723 4 254 347

0.45 51 310 387 211 348 277 155 585 673 3 231 316

0.60 46 277 345 187 308 246 138 521 599 3 206 282

0.75 40 241 301 163 270 217 120 450 536 2 180 246

0.90 36 217 270 146 243 195 107 405 468 1 161 221

1.05 32 195 243 131 218 175 96 359 415 1 145 199

1.20 27 165 205 112 185 149 82 306 353 0 123 168

1.35 23 142 177 97 160 130 71 264 307 0 105 145

1.50 20 122 151 83 139 115 61 226 267 0 90 124

Zo
n

es

Cases

South orientation

N
ea

r
M

id
Fa

r

Summer Autumn

Average Illuminance values

Season: Spring Winter

Hour:

(a) South orientation.

7 10 13 7 10 13 7 10 13 7 10 13

base 317 2028 2187 1993 3034 1394 1185 2838 1723 17 1267 1595

0.15 179 1078 1179 1327 2126 466 762 2169 736 9 696 831
0.30 131 782 845 1141 1765 357 628 1814 549 6 503 599
0.45 98 572 617 1106 1561 281 531 1568 420 5 369 440

0.60 71 406 436 908 1295 220 440 1320 318 3 263 314

0.75 55 310 331 866 1092 181 381 1129 255 2 200 240

0.90 42 233 253 764 889 150 331 1184 206 1 153 185

1.05 35 188 205 665 727 127 301 818 172 0 125 150

1.20 28 153 166 533 600 107 268 669 143 0 102 122

1.35 23 124 135 471 483 90 241 549 119 0 82 99

1.50 20 105 113 365 403 78 224 451 102 0 69 84

base 196 1096 1162 2190 2327 1074 1544 2429 1217 9 707 897

0.15 121 630 689 1700 1382 357 1099 1481 533 6 426 500

0.30 102 532 582 1731 1255 305 981 1325 451 5 359 422

0.45 85 446 487 1763 1126 263 898 1193 384 4 300 354

0.60 74 384 418 1587 1020 230 836 1079 333 3 258 304

0.75 61 320 349 1583 893 197 751 946 282 3 214 254

0.90 50 259 281 1195 749 166 683 806 233 1 173 206

1.05 41 211 230 1003 622 139 623 688 194 0 141 168

1.20 35 178 194 876 537 121 573 583 167 0 119 142

1.35 28 143 155 779 437 102 529 486 137 0 96 114

1.50 23 119 129 535 372 88 499 408 117 0 80 95

base 113 604 627 2065 1439 764 1470 1517 816 5 387 504

0.15 70 343 369 1485 839 273 1034 916 364 3 234 277

0.30 63 307 331 1461 772 245 935 835 326 3 208 248

0.45 56 273 295 1278 699 216 864 758 288 2 185 220

0.60 48 237 256 1134 626 187 801 676 249 1 161 191

0.75 44 215 232 1016 570 169 713 616 225 0 145 173

0.90 38 187 201 880 499 149 657 541 195 0 126 150

1.05 33 161 173 754 428 128 611 471 169 0 108 129

1.20 29 140 151 718 378 113 566 412 148 0 94 113

1.35 25 121 130 588 324 99 532 353 128 0 81 97

1.50 22 107 114 526 284 89 505 313 115 0 72 86

Zo
n

es

Cases

N
ea

r
M

id
Fa

r

East orientation

Average Illuminance values

Season: Spring Summer Autumn Winter

Hour:

(b) East orientation.

7 10 13 7 10 13 7 10 13 7 10 13

base 262 1651 2064 1402 1915 1451 528 1351 1518 17 1049 1457

0.15 175 1041 1342 976 1059 614 368 708 769 11 686 910

0.30 129 764 980 717 798 469 282 545 589 8 503 668

0.45 95 559 713 557 608 367 219 425 457 6 368 489

0.60 71 414 524 435 472 291 171 335 359 4 273 363

0.75 54 316 398 345 375 236 136 269 288 3 208 277

0.90 42 246 308 279 305 195 111 221 236 2 162 216

1.05 34 198 246 229 253 165 92 185 197 1 130 173

1.20 28 161 199 188 210 139 77 155 165 0 105 141

base 149 910 1087 901 1239 1062 371 1009 1118 9 573 810

0.15 110 618 777 692 712 449 281 550 586 7 411 541

0.30 93 528 663 561 610 388 237 470 501 6 351 462

0.45 79 449 565 471 522 336 201 402 430 5 298 394

0.60 66 374 469 398 443 287 170 341 365 4 249 329

0.75 56 321 401 339 381 250 146 295 316 4 213 281

0.90 47 268 335 287 325 214 124 251 268 3 178 235

1.05 39 225 280 241 276 185 105 214 229 2 149 198

1.20 33 185 229 200 231 157 87 180 192 1 122 162

base 84 507 583 517 811 750 233 694 765 5 316 456

0.15 62 338 412 400 464 331 178 384 406 4 225 298

0.30 56 309 377 356 423 302 161 350 370 4 206 272

0.45 50 277 339 315 377 269 143 311 329 3 184 244

0.60 44 245 299 278 333 238 126 274 290 3 163 216

0.75 39 217 265 243 293 211 111 242 257 2 144 191

0.90 35 194 237 215 261 187 99 215 228 1 129 170

1.05 31 171 209 190 231 167 87 191 203 0 113 150

1.20 26 147 179 163 201 146 75 166 176 0 97 129

Zo
n

es

Cases

North orientation

N
ea

r
M

id
Fa

r

WinterSeason: Spring Summer Autumn

Hour:

Average Illuminance values

(c) North orientation.

7 10 13 7 10 13 7 10 13 7 10 13

base 242 1636 2285 733 1411 1896 442 1307 2570 17 1088 1665

0.15 155 997 1438 470 684 961 294 647 1439 11 691 1022
0.30 113 725 1041 359 525 772 227 499 1080 7 503 744

0.45 87 553 789 288 424 642 183 404 853 6 383 567

0.60 64 400 567 221 331 516 142 317 657 4 278 411

0.75 48 302 425 175 266 426 113 255 518 3 209 310

0.90 39 245 343 147 225 359 96 216 431 2 170 252

1.05 31 192 267 118 185 296 78 178 350 1 133 197

1.20 25 157 217 99 156 250 65 150 291 0 109 161

base 138 908 1195 538 1087 1330 330 1022 1521 9 598 930

0.15 97 594 837 372 546 646 237 528 885 7 417 615

0.30 82 504 709 314 466 568 201 450 767 6 353 522

0.45 71 434 611 271 404 506 174 389 673 5 304 449

0.60 59 366 513 229 342 437 147 331 574 4 256 377

0.75 50 307 429 195 295 381 126 285 493 3 214 317

0.90 43 261 364 167 255 330 108 245 422 3 182 269

1.05 35 215 299 140 215 280 91 207 356 1 150 222

1.20 29 179 248 118 182 241 77 176 301 0 125 184

base 79 513 647 348 756 912 218 716 973 5 333 523

0.15 55 330 450 243 390 443 159 380 561 4 231 341

0.30 50 298 407 217 350 399 142 341 505 4 209 308

0.45 45 267 364 193 311 359 126 302 455 3 187 275

0.60 40 236 323 171 276 322 112 269 405 2 166 244

0.75 35 210 287 152 245 287 99 238 361 1 147 217

0.90 32 190 259 137 222 258 90 217 325 1 133 196

1.05 27 166 227 120 195 226 79 190 285 0 116 171

1.20 23 141 192 102 167 197 68 163 244 0 98 145

Zo
n

es

Cases

M
id

Fa
r

Hour:

Season:

Average Illuminance values

West orientation

N
ea

r

Spring Summer Autumn Winter

(d) West orientation.
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The results show that using perforated screens in most cases succeeds in reduc-

ing the high illuminance values that could cause discomfort glare (above 1000lx) into

an acceptable level (300–500lx) especially in south and east where the illuminance

could reach as high as 3000lx in Near zones (Table 4.11). However, the required

depth ratio to achieve this differ according to the orientation even for the same time

of the day and season, for instance, there is a high depth ratio in summer in the

morning and low depth ratio in the south. Acceptable illuminance is also achieved

in Far zones in all orientations and seasons except winter.

Tables of results confirm the finding of the previous experiment, that using

perforated screens has the potential to improve distribution of daylight in the space

and thus achieve better uniformity. In the majority of cases, when using perforated

screens the spatial distribution ratio of average illuminance levels in Mid and Near

zones (using equation 4.1) increases in comparison with the same ratio of no screen

cases. The only exceptions to that are six cases out of all 48 cases, three in the

south, two in east and one in west orientation (Tables 4.12 & 4.13). The same ratio

between Far and Near zones in most cases is also improved except in four cases, two

in the south, and one each in east and west orientations. It can be noticed that in

all cases on the north orientation, the spatial distribution ratio is improved with the

use of perforated solar screens.

Table 4.12: Comparing spatial distribution ratio between zones with and without
using perforated screens of 0.15 depth in south and east orientations (red cells rep-
resent where that the ratio without screen was higher than when using screens).

7 10 13 7 10 13 7 10 13 7 10 13 7 10 13 7 10 13 7 10 13 7 10 13

58 56 54 72 70 74 71 63 67 56 57 56 62 54 53 110 77 77 130 86 71 56 56 56

62 58 55 75 69 71 74 62 63 64 60 58 68 58 58 128 65 77 144 68 72 64 61 60

difference 4 2 1 3 -1 -3 3 -1 -4 8 4 2 6 4 5 18 -12 0 14 -17 2 8 5 4

34 32 30 46 47 53 45 39 43 37 10 32 36 30 29 104 47 55 124 53 47 32 31 32

36 33 30 49 48 53 48 38 39 37 34 32 78 69 68 103 52 93 205 54 87 41 71 70

difference 2 1 0 3 1 0 3 -1 -4 0 24 0 43 39 39 -1 5 38 81 1 39 9 40 39

Winter

South orientation East orientation
Spring Summer Autumn Winter Spring Summer Autumn

Mid / Near noscreen

x100 0.15 depth

Far / Near noscreen

x100 0.15 depth
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Table 4.13: Comparing spatial distribution ratio between zones with and without
using perforated screens of 0.15 depth in north and west orientations (red cells
represent where that the ratio without screen was higher than when using screens).

7 10 13 7 10 13 7 10 13 7 10 13 7 10 13 7 10 13 7 10 13 7 10 13

57 56 52 73 77 70 75 78 59 53 55 56 57 55 53 64 65 73 70 75 74 53 55 56

63 60 58 79 80 67 81 82 62 63 60 60 63 59 58 71 67 73 76 78 76 63 60 60

difference 6 4 6 6 3 -3 6 4 3 10 5 4 6 4 5 7 3 0 6 3 3 10 5 4

32 31 28 47 54 48 49 55 38 32 31 31 32 31 28 37 42 52 44 51 50 29 30 31

36 33 31 52 57 46 54 59 39 36 33 33 35 32 31 41 44 54 48 54 53 36 33 33

difference 3 2 3 4 4 -2 5 4 1 4 3 2 3 2 2 4 1 2 4 3 2 6 3 1

Winter

Mid / Near noscreen

x100 0.15 depth

Spring Summer Autumn Winter Spring Summer Autumn

West orientation North orientation

Far / Near noscreen

x100 0.15 depth

Finally, Table 4.14 is produced to show the minimum recommended depth ratio

for each case according to the analysed results when using the same controlled

parameters values in the similar contexts. Architects and designers can use this

table as a tool to decide the depth ratio of a perforated solar screen according to the

required illuminance level and the orientation for similar contexts. The table is also

useful to indicate the hours and zones that daylight illuminance is not sufficient and

artificial light is needed (e.g. 7:00 in winter and spring for all zones of all orientations

and 10:00 in winter in Far zone of all orientations).

Table 4.14: Minimum recommended depth ratios to achieve the target illuminance
(300lx) in all studied cases and zones for specific times throughout the year. (black
cells represent cases that 300lx cannot be achieved with daylight alone; lighter cells
represent higher depth ratios.)

Season:

Hour: 7 10 13 7 10 13 7 10 13 7 10 13

North 0.14 0.75 0.90 0.75 0.90 0.45 0.15 0.60 0.60 0.14 0.45 0.60

East 0.14 0.75 0.75 1.50 1.50 0.30 1.05 1.50 0.60 0.14 0.45 0.60

South 0.14 0.75 0.90 0.45 0.75 0.60 0.30 1.20 1.50 0.14 0.60 0.75

West 0.00 0.75 0.90 0.30 0.60 0.90 0.00 0.60 1.05 0.00 0.45 0.75

North 0.14 0.75 0.90 0.75 0.90 0.45 0.14 0.60 0.75 0.14 0.30 0.60

East 0.14 0.75 0.75 1.50 1.50 0.60 1.50 1.50 0.60 0.14 0.30 0.60

South 0.14 0.90 1.05 0.30 0.75 0.60 0.14 1.20 1.50 0.14 0.60 0.90

West 0.00 0.75 0.90 0.30 0.60 0.90 0.00 0.60 1.20 0.00 0.45 0.75

North 0.14 0.30 0.45 0.45 0.60 0.30 0.14 0.45 0.45 0.14 0.14 0.14

East 0.14 0.30 0.30 1.50 1.35 0.14 1.50 1.50 0.30 0.00 0.00 0.00

South 0.14 0.45 0.75 0.14 0.60 0.30 0.14 1.20 1.35 0.14 0.14 0.45

West 0.00 0.15 0.60 0.00 0.45 0.60 0.00 0.45 0.90 0.00 0.00 0.30

orientation

Depth ratiosZo
n

es:
N

ear
M

id
Far

Spring Summer Autumn Winter

Minimum Depth ratios to achieve 300 lx illuminance

218



Section 4.2

Similar to the results of the perforation percentage experiment, results show

that some cases provided average illuminance of more than 2000lx without knowing

if the area is considered as Overlit or Daylit. Therefore, the next stage of this exper-

iment is necessary to clearly understand the situation, by using CBDM simulation

and analysing data using DAv metric as one of the DDPMs.

Daylight Availability

The results of light simulation of DAv in this experiment are presented in Tables

4.15, 4.16, 4.17 & 4.18 and Figures 4.7, 4.8, 4.9 & 4.10.

In the south orientation, results show that a depth ratio of 0.6 achieves more

Daylit areas than other depth ratios (82.5%) although it still has some Overlit and

Partlylit areas (Table 4.15 and Figure 4.7). However, according to the results,

screens with a depth ratio between 0.15 and 1.05 provide a Daylit area of more than

50% of the total area of the studied space which is an acceptable result according

to the used criteria. The actual choice can be made by designers considering other

factors, e.g. to diminish Overlit area by using depth ratio of 0.9 or to diminish the

Partlylit area by using a depth ratio of 0.45.
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Table 4.15: Distribution of DAv on the classroom plan for the south orientation
with different depth ratios (windows are located on the top side of the plan).
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No
screen

0.15 0.3 0.45 0.6 0.75 0.9 1.05 1.2 1.35 1.5

Partlylit 0 0 0 0.5 3.75 10.5 22.25 35.5 56 79.25 100

Daylit 60 68.5 72.5 79.75 85.75 82.5 77.75 64.5 44 20.75 0

Overlit 40 31.5 27.5 19.75 10.5 7 0 0 0 0 0
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Figure 4.7: DAv of depth ratio cases for the south orientation.
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In the east orientation, it is relatively difficult to diminish Overlit area, however;

cases a with depth ratio between 0.75–1.05 achieve acceptable levels of Daylit areas,

and screens with a 0.75 depth ratio provide the most Daylit areas with 59% of

the total area. Although this also causes Overlit areas of 32.25%, that could be

acceptable considering the direct sun from the east side during school hours (Figure

4.8 and Table 4.16). Architects and designers can also use the chart to choose

an appropriate depth ratio in cases where minimising the Overlit area was more

significant than providing more of the Daylit area.

Table 4.16: Distribution of DAv on the classroom plan for the east orientation with
different depth ratios (windows are located on the top side of the plan).
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No
screen

0.15 0.3 0.45 0.6 0.75 0.9 1.05 1.2 1.35 1.5

Partlylit 0 0 0 0 0.75 8.75 19 20.75 33.25 54.25 76

Daylit 12 37 41.75 48.75 56.25 59 56.25 57.5 48.5 34.75 19

Overlit 88 63 58.25 51.25 43 32.25 24.75 21.75 18.25 11 5
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Figure 4.8: DAv of depth ratio cases for the east orientation.

In both north and west orientations, results show a near linear correlation

between depth ratio and the size of Daylit area. The lower the depth ratio is,

the more Daylit area it provides, and thus, depth ratio of 0.15 provides the biggest

Daylit area with more than 80% of the total area. Interestingly, a thin screen with

0.15 depth ratio could still diminish the Overlit area in both orientations (Figures

4.9 & 4.10) and (Tables 4.17 & 4.18).

No screen 0.15 0.3 0.45 0.6 0.75 0.9 1.05 1.2

Partlylit 2 17 28.5 48 74.5 90 98 100 100

Daylit 95 83 71.5 52 25.5 10 2 0 0

Overlit 3 0 0 0 0 0 0 0 0
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Figure 4.9: DAv of depth ratio cases for the north orientation.
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Table 4.17: Distribution of DAv on the classroom plan for the north orientation
with different depth ratios (windows are located on the top side of the plan).
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Table 4.18: Distribution of DAv on the classroom plan for the west orientation with
different depth ratios (windows are located on the top side of the plan).
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No screen 0.15 0.3 0.45 0.6 0.75 0.9 1.05 1.2

Partlylit 1.75 17.5 31.5 50 73.25 87.75 97.5 99.75 100

Daylit 89.25 81.5 68.5 50 26.75 12.25 2.5 0.25 0

Overlit 9 1 0 0 0 0 0 0 0
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Figure 4.10: DAv of depth ratio cases for the west orientation.
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Results of this stage prove that using perforated solar screens on all orienta-

tions can provide more Daylit area than cases where no screens are attached to

windows, except in the north orientation where Daylit area is bigger with no screen

but accompanied with Overlit area (Figure 4.9). Results also show that depth ratio

has a significant effect on the performance of the solar screen in providing Daylight

Availability; results however, vary according to the orientation.

Recommended values of the studied parameter

Based on the results, the recommended values of the parameter of depth ratio are:

• A 0.6 depth ratio for the south orientation.

• A 0.75 depth ratios for the east orientation.

• A 0.15 depth ratio for the north orientation.

• A 0.15 depth ratio for the west orientation.

These values are used to control the parameter of depth ratio when investigating

the next parameter (cell module size).

4.2.5 The effect of cell module size

The objective of this experiment is to investigate the effect of changing the cell

module size on the daylight performance of perforated solar screens. The aim is to

find the recommended value of cell module size to enhance interior daylighting and

provide acceptable daylight levels for the main orientations in the context of schools

in hot arid areas. Most previous studies have fixed cell module size to investigate

other screen parameters in different studies (Sabry et al. 2011; Sherif et al. 2012a,c;

Wagdy and Fathy 2015). However, no previous research known to the author has

investigated the effect of different cell module size on the daylight performance of

perforated solar screens. This perspective is considered to be novel, as no other
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research focusing on this aspect and context is known to the author.

Variation of the parameter

A range of square cell module sizes are tested in a range of cases from 1cm × 1cm

to 12cm× 12cm. Figure 4.11 shows examples of different cases of cell module sizes

(3cm× 3cm, 6cm× 6cm, 12cm× 12cm). The cases of cell module sizes are selected

according to the dimensions of the studied windows (120cm×72cm), because the cell

module size should be a number that could be multiplied to give an exact number

of the window dimension. Therefore, cell module sizes of 2cm × 2cm 3cm × 3cm,

4cm × 4cm, 6cm × 6cm, 8cm × 8cm and 12cm × 12cm are investigated in this

experiment.

Figure 4.11: Examples of screens with different cell module size sharing the same
perforation percentage, depth ratio and aspect ratio.

Controlled parameters

To study the effect of cell module size, it is isolated by controlling other parameters;

Table 4.19 presents the controlled screen parameters. Values of controlled param-

eters are selected according to results of the previous experiments in this research

(perforation percentage and depth ratio), whereas, the parameter of aspect ratio is

set to 1:1 in all orientations as it has not been studied yet in this research.
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Table 4.19: Values of all parameters when testing cell module size (bold columns
represent parameters values based on results of previous experiments).

Controlled screen parameters
Orientation Perforation percentage Depth ratio Aspect ratio
south 90% 0.6 1:1
east 80% 0.75 1:1
north 90% 0.15 1:1
east 90% 0.15 1:1

4.2.6 Results

A copy of the method of representing results of daylight simulation is attached in

Appendix H.

The results of the two daylight metrics used in the experiments: average illu-

minance and Daylight Availability are displayed and compared with the case with

no screens attached to the windows, and results are discussed for each of the four

main orientations.

Average illuminance levels

The results of simulating average illuminance levels are presented in Table 4.20.

Results show that changing cell module size does not have a notable effect on the

average illuminance. The average illuminance levels have only slight differences

between each case (less than 5% difference); this slight variation is most likely caused

by the accuracy of the computer simulation that has a range of ±3% . This finding

can be seen in all orientations (Table 4.20).

Contrary to the previous experiments, results can not be used to produce a table

as a tool to recommend values of this parameter since similar light performance is

achieved using values of all cases.
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Table 4.20: Average illuminance (lx) for cell module size cases in the three zones of
each orientation (black cells, ≥ 1000lx; grey cells, between 500lx and 999lx; light
grey between 300lx and 499lx).

7 10 13 7 10 13 7 10 13 7 10 13

base 281 1940 2431 862 1822 1617 621 2975 3158 18 1339 1962

2x2 61 388 505 209 340 262 160 786 1044 3 284 402

3x3 74 476 620 253 411 312 193 944 1249 4 349 511

4x4 72 463 601 248 404 307 189 926 1218 4 338 480

6x6 76 489 636 258 420 317 196 954 1261 4 358 510

8x8 73 469 611 250 406 310 190 935 1235 4 343 495
12x12 73 466 605 249 405 308 190 938 1237 4 341 479

base 164 1082 1314 618 1268 1201 441 1862 2126 10 760 1097

2x2 58 363 464 216 342 259 161 656 814 4 270 371

3x3 70 435 556 258 407 307 191 780 962 4 324 445

4x4 69 431 552 255 404 305 189 770 958 4 321 442

6x6 70 435 557 257 407 306 191 777 965 4 324 446

8x8 69 428 548 255 403 303 189 772 955 4 319 438
12x12 69 425 544 252 400 302 188 774 960 4 316 435

base 95 619 726 400 865 858 281 1174 1343 7 128 624

2x2 39 232 289 158 261 210 116 437 516 1 172 236

3x3 45 273 341 185 306 245 136 512 605 3 203 278

4x4 46 277 345 188 310 248 138 516 609 3 206 281

6x6 45 273 341 185 306 245 136 511 606 2 203 278

8x8 46 275 343 187 308 246 137 515 608 3 205 280
12x12 45 272 340 184 305 244 136 515 610 3 202 277

Zo
n

es

Cases

South orientation

N
ea

r
M

id
Fa

r

Season: Spring

Hour:

Average Illuminance values

Summer Autumn Winter

(a) South orientation.

7 10 13 7 10 13 7 10 13 7 10 13

base 317 2028 2187 1993 3034 1394 1185 2838 1723 17 1267 1595

2x2 37 203 221 765 758 126 274 808 176 1 134 161

3x3 55 314 337 720 1109 183 387 1158 259 2 204 244

4x4 55 312 336 891 1108 182 385 1149 258 2 203 243

6x6 55 318 335 1129 1093 183 387 1141 258 2 202 242

8x8 53 305 325 862 1085 180 375 1124 253 2 197 236
12x12 54 303 327 1128 1096 180 380 1134 253 2 198 237

base 196 1096 1162 2190 2327 1074 1544 2429 1217 9 707 897

2x2 41 216 236 900 623 135 459 662 191 1 145 172

3x3 63 326 355 1661 905 200 705 955 287 3 218 258

4x4 61 321 349 1265 895 197 682 947 282 3 215 254

6x6 62 323 351 1263 897 198 691 958 283 3 216 256

8x8 61 319 348 1583 895 195 750 952 279 2 214 253
12x12 61 318 346 1850 897 195 652 939 279 3 213 252

base 113 604 627 2065 1439 764 1470 1517 816 5 387 504

2x2 31 152 164 692 404 118 627 440 157 0 103 122

3x3 45 219 236 1049 575 171 830 623 228 0 148 176

4x4 44 218 235 1178 574 172 812 621 228 0 148 176

6x6 44 216 232 1261 569 170 803 621 225 0 146 174

8x8 44 218 234 930 575 171 717 626 227 0 147 175
12x12 42 209 225 964 565 165 763 608 219 0 142 169

Zo
n

es

Cases

East orientation

N
ea

r

Hour:

Average Illuminance values

Season: Spring Summer Autumn Winter

M
id

Fa
r

(b) East orientation.

7 10 13 7 10 13 7 10 13 7 10 13

base 262 1651 2064 1402 1915 1451 528 1351 1518 17 1049 1457

2x2 173 1038 1338 980 1050 614 365 705 767 11 683 907

3x3 173 1037 1336 975 1053 613 365 704 766 11 682 906

4x4 174 1039 1340 970 1051 616 364 704 768 11 684 908

6x6 171 1023 1317 966 1045 604 364 699 758 11 673 906

8x8 171 1023 1317 966 1045 604 364 699 758 11 673 893
12x12 172 1029 1327 960 1044 609 362 697 760 11 678 900

base 149 910 1087 901 1239 1062 371 1009 1118 9 573 810

2x2 107 605 760 680 701 442 276 541 576 7 402 530

3x3 108 609 766 668 701 444 277 543 579 7 405 534

4x4 107 604 757 667 696 440 275 538 573 7 401 528

6x6 107 606 761 678 699 441 276 540 575 7 403 537

8x8 107 606 761 678 699 441 276 540 575 7 403 531
12x12 109 618 776 679 711 448 280 549 585 7 411 541

base 84 507 583 517 811 750 233 694 765 5 316 456

2x2 62 343 419 404 471 337 181 392 414 4 228 303

3x3 61 336 410 398 461 330 178 383 404 4 223 296

4x4 63 347 423 406 473 338 182 394 416 4 231 306

6x6 61 336 410 397 461 330 177 383 404 4 224 298

8x8 61 336 410 397 461 330 177 383 404 4 224 296
12x12 62 341 417 400 467 333 179 387 409 4 227 301

Zo
n

es

Cases

North orientation

Fa
r

WinterSpring Summer Autumn

Average Illuminance values

Hour:

N
ea

r
M

id

Season:

(c) North orientation.

7 10 13 7 10 13 7 10 13 7 10 13

base 242 1636 2285 733 1411 1896 442 1307 2570 17 1088 1665

2x2 155 1002 1450 472 687 960 295 650 1451 11 694 1028

3x3 157 1010 1473 476 690 966 297 654 1501 11 700 1037

4x4 155 1000 1442 471 685 960 295 648 1434 11 693 1025

6x6 155 997 1460 470 684 989 294 648 1486 10 691 1024

8x8 155 1000 1442 471 685 959 295 648 1436 11 693 1025
12x12 152 977 1409 462 672 953 289 636 1409 10 677 1001

base 138 908 1195 538 1087 1330 330 1022 1521 9 598 930

2x2 95 583 822 364 537 637 233 519 873 7 410 604

3x3 96 591 833 368 542 642 236 524 878 7 415 612

4x4 97 595 838 371 546 645 237 527 881 7 418 616

6x6 97 592 833 370 544 642 237 527 881 7 415 612

8x8 95 584 823 365 537 636 233 520 872 6 410 605
12x12 97 594 837 371 547 648 237 529 888 7 417 615

base 79 513 647 348 756 912 218 716 973 5 333 523

2x2 55 331 451 244 394 445 160 384 562 4 232 343

3x3 55 329 448 242 389 441 158 379 556 4 231 340

4x4 55 330 451 243 391 444 159 381 559 4 232 342

6x6 55 330 449 243 393 443 159 383 560 4 231 341

8x8 55 326 443 240 386 439 157 377 555 4 228 336
12x12 55 331 451 244 392 446 159 382 564 4 232 342

Zo
n

es

Cases

West orientation

Hour:

N
ea

r
M

id
Fa

r

Average Illuminance values

Season: Spring Summer Autumn Winter

(d) West orientation.

Daylight Availability

The results of light simulation of DAv in this experiment are presented in Tables

4.21, 4.22, 4.23 & 4.24 and Figures 4.12, 4.13, 4.14 & 4.15.
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Table 4.21: Distribution of DAv on the classroom plan for the south orientation
with different cell module sizes (windows are located on the top side of the plan).

No screen 2x2 3x3 4x4 6x6 8x8 12x12

Partlylit 0 4.25 4.25 4.25 4.5 3.5 4

Daylit 60 86.5 85.5 86.5 86 85.75 85.5

Overlit 40 9.25 10.25 9.25 9.5 10.75 10.5
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Figure 4.12: DAv of cell module size cases for the south orientation.
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Table 4.22: Distribution of DAv on the classroom plan for the east orientation with
different cell module sizes (windows are located on the top side of the plan).

No screen 2x2 3x3 4x4 6x6 8x8 12x12

Partlylit 0 9.5 9 8.5 8.75 9 8

Daylit 12 59.75 60.25 60.5 59 58.75 60

Overlit 88 30.75 30.75 31 32.25 32.25 32
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Figure 4.13: DAv of cell module size cases for the east orientation.
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Table 4.23: Distribution of DAv on the classroom plan for the north orientation
with different cell module sizes (windows are located on the top side of the plan).

No screen 2x2 3x3 4x4 6x6 8x8 12x12

Partlylit 2 17.5 16.5 15.75 16.25 16.75 16.5

Daylit 95 82.5 83.5 84.25 83.75 83.25 83.5

Overlit 3 0 0 0 0 0

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

%
 P

er
ce

n
ta

ge
 t

o
 t

o
ta

l a
re

a

Cell module size

NorthOrientation

Figure 4.14: DAv of cell module size cases for the north orientation.
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Table 4.24: Distribution of DAv on the classroom plan for the west orientation with
different cell module sizes (windows are located on the top side of the plan).

No screen 2x2 3x3 4x4 6x6 8x8 12x12

Partlylit 2 16.5 16.5 17 16.25 17.5 17

Daylit 89 82.25 82.25 82.5 82.5 81.75 82.25

Overlit 9 1.25 1.25 0.5 1.25 0.75 0.75
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Figure 4.15: DAv of cell module size cases for the west orientation.
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The results of this stage of this experiment agreed with the result of the first

stage (average illuminance). Simulating DAv proves that changing the cell module

size has a minimal effect on the performance of a perforated solar screen in all

orientations. It is noticeable as well that all results are laying on an acceptable level

of DAv, which is providing a Daylit area of more than 50% of the total space area.

This confirms the recommended values of the previous two experiments and that the

recommended values of perforation percentage and depth ratio are able to provide

better lighting performance of screens.

Recommended values of the studied parameter

It appears that the parameter of the cell module size has a limited effect on the

daylight performance of perforated screens. Designers could use the required cell

module size according to other preferences regarding other functions of perforated

solar screens. For example, bigger cell module sizes can be used when it is preferable

to see the outside view, and smaller cell module sizes could be used when maintaining

privacy is preferable. These design decisions would not affect the light performance

of screens as long as the other parameters are maintained at the recommended

values.

4.2.7 The effect of opening aspect ratio

The objective of this experiment is to examine a range of aspect ratios of perforated

screens, to find the values providing acceptable interior daylighting in classrooms in

hot arid areas for the four main orientations (north, south, east and west). Sherif

et al. (2013) have investigated the effect of opening aspect ratios on daylighting

and on energy consumption for residential living rooms. Sabry et al. (2012) have

previously investigated the effect of aspect ratios on daylight performance in living

rooms in residential spaces. However, no previous research known to the author has

investigated the effect of aspect ratio on daylight performance in classrooms.
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Variation of the parameter

The opening aspect ratio is defined as the ratio between the horizontal width (H)

and vertical length (V) of the cell H:V. In order to create as many aspect ratio

cases as possible according to the window dimensions (72cm×120cm), a 6cm×6cm

cell module size was selected. This allows screens to have a total of nine different

aspect ratios, four ratios with horizontal direction (2:1, 4:1, 6:1, 12:1) and four with

vertical direction (1:2, 1:4, 1:10, 1:20) and one square cell with a 1:1 ratio. Table

4.25 displays the variations of 6cm module to create the variations of studied aspect

ratios. Using this module size allowed screens with all aspect ratios to cover the

window size exactly; this would provide more accurate results than allowing screen

boundaries to pass the window size. Figure 4.16 shows examples of some of the

aspect ratio variations used in this experiment; it also shows the difference between

Vertical direction cells and Horizontal direction cells. All of these cases are examined

and compared in this experiment to find the values for the aspect ratio that achieves

acceptable interior daylight for each façade orientation.

Figure 4.16: Examples of screens with different aspect ratios.
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Table 4.25: Actual sizes of each perforation of the variations of opening aspect ratios
tested in this experiment.

V direction H direction
Aspect ratio Actual size Aspect ratio Actual size

1:2 6cm× 12cm 2:1 12cm× 6cm
1:4 6cm× 24cm 4:1 24cm× 6cm
1:10 6cm× 60cm 6:1 36cm× 6cm
1:20 6cm× 120cm 12:1 72cm× 6cm

Controlled parameters

To study the effect of the opening aspect ratio, it is isolated by controlling other

parameters. Table 4.26 presents the controlled screen parameters. Values of con-

trolled parameters are selected according to the results of the previous experiments

in this research (perforation percentage and depth ratio), and since previous results

indicate that there is minimal effect of different cell module size, this parameter is

selected to be 6cm for the reason discussed above.

Table 4.26: Values of all parameters when testing opening aspect ratio (bold columns
represent parameters values based on the results of previous experiments).

Controlled screen parameters
Orientation Perforation percentage Depth ratio Cell module size
south 90% 0.6 6cm
east 80% 0.75 6cm
north 90% 0.15 6cm
east 90% 0.15 6cm

4.2.8 Results

A copy of the method of representing the results of daylight simulation is attached

in Appendix H.

The results of the two daylight metrics used in the research: average illuminance

and Daylight Availability are displayed and compared with the case of windows with

no screens attached, and results are discussed for each of the four main orientations.
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Average illuminance levels

The results of simulating average illuminance levels are presented in Table 4.27. In

the south orientation, results show that using any other aspect ratio than 1:1 (square

cells) could provide higher illuminance levels in all zones than screens with vertical

or horizontal cells (Table 4.27a). That does not mean however, that better lighting

conditions are provided since higher illuminance could result in heat and discomfort

glare.

In the east orientation, screens with square cells have also provided less illumi-

nance values than other cases. The cases of Vertical cells provided slightly higher

illuminance levels than cases with Horizontal cells (Table 4.27b).

In the north orientation, there is a slight difference showing that in general,

screens with horizontal direction provide higher illuminance (Table 4.27c).

In the west orientation, it is very difficult to notice any difference between the

results of average illuminances (Table 4.27d).

Results show that usually cases differ from one direction to another (cases with

higher V and cases with higher H); the difference however was minimal and most

results were acceptable according to the set criteria. Therefore, the next stage (using

DAv) would give more detailed information to allow comparison of the cases since

it considers conditions with an oversupply of interior daylight.
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Table 4.27: Average illuminance (lx) for opening aspect ratio cases in the three zones
of each orientation (black cells, ≥ 1000lx; grey cells, between 500lx and 999lx; light
grey between 300lx and 499lx).

7 10 13 7 10 13 7 10 13 7 10 13

base 281 1940 2431 862 1822 1617 621 2975 3158 18 1339 1962

12:1 100 638 827 344 554 413 269 1323 1594 6 467 670

6:1 101 649 842 346 559 414 269 1320 1596 6 475 661

4:1 95 608 788 327 528 393 255 1255 1523 6 444 639

2:1 87 555 720 297 483 362 229 1144 1418 5 406 574

1:1 71 455 591 245 399 304 187 928 1219 4 333 468

1:2 107 700 969 337 556 414 252 1227 1552 6 509 728

1:4 133 874 1209 400 671 499 296 1481 1761 8 636 919

1:10 98 642 890 296 495 380 216 1049 1475 6 468 694
1:20 107 708 982 321 537 411 233 1143 1574 7 516 763

base 164 1082 1314 618 1268 1201 441 1862 2126 10 760 1097

12:1 92 572 729 349 549 411 264 1019 1175 6 427 583

6:1 90 558 712 339 532 399 255 987 1154 6 416 570

4:1 88 548 699 329 518 388 247 965 1133 6 408 559

2:1 80 498 638 299 471 355 223 894 1074 5 371 510

1:1 70 436 559 257 406 306 190 782 975 4 325 448

1:2 83 519 668 303 473 353 223 898 1119 5 388 534

1:4 87 546 702 317 495 367 233 948 1154 5 408 562

1:10 67 420 542 239 376 282 174 729 1005 4 313 434
1:20 69 434 561 248 389 293 181 758 1033 4 324 449

base 95 619 726 400 865 858 281 1174 1343 7 128 624

12:1 58 348 431 243 402 324 181 644 724 4 259 353

6:1 57 343 426 238 393 316 177 633 714 4 256 348

4:1 55 329 409 228 376 303 169 609 692 4 245 334

2:1 52 313 390 216 356 286 160 586 671 3 234 318

1:1 45 274 342 186 307 246 137 518 612 3 204 279

1:2 49 300 374 202 333 265 149 564 679 3 223 305

1:4 52 313 391 211 347 276 155 593 714 3 233 319

1:10 40 245 309 162 265 212 117 468 626 2 183 251
1:20 42 257 324 170 278 221 123 486 651 2 192 263

Zo
n

es

Cases

South orientation
Season: Spring Summer

Average Illuminance values

Autumn Winter

Hour:

N
ea

r
M

id
Fa

r

(a) South orientation.

7 10 13 7 10 13 7 10 13 7 10 13

base 317 2028 2187 1993 3034 1394 1185 2838 1723 17 1267 1595

12:1 68 375 413 834 1311 237 441 1475 332 3 251 301

6:1 64 361 389 1023 1264 224 422 1408 313 3 236 284

4:1 62 346 380 779 1229 218 419 1382 306 3 231 277

2:1 55 311 334 1212 1112 193 386 1216 268 2 202 243

1:1 42 229 250 995 884 149 331 961 205 1 152 183

1:2 75 429 464 1286 1337 220 454 1348 322 3 277 331

1:4 104 623 663 1522 1581 283 540 1577 426 5 392 469

1:10 117 707 761 1463 1635 315 578 1717 476 6 447 535
1:20 126 746 820 1773 1758 333 605 1837 508 6 481 576

base 196 1096 1162 2190 2327 1074 1544 2429 1217 9 707 897

12:1 77 402 439 1862 1030 262 781 1144 370 4 272 322

6:1 77 399 435 1716 1024 258 796 1125 366 4 269 319

4:1 71 368 402 2177 973 240 763 1071 338 3 248 295

2:1 64 333 363 1711 904 213 726 991 302 3 224 265

1:1 52 267 290 1504 761 170 634 823 239 1 179 212

1:2 67 351 383 2372 978 208 732 1021 301 3 235 278

1:4 80 419 456 2197 1086 236 784 1146 347 4 280 330

1:10 83 435 474 2235 1127 241 845 1189 357 4 291 342
1:20 85 441 481 1835 1133 243 880 1199 361 4 295 347

base 113 604 627 2065 1439 764 1470 1517 816 5 387 504

12:1 56 277 298 1683 669 232 855 735 303 2 188 225

6:1 55 270 291 1409 655 226 906 724 294 2 184 219

4:1 53 261 281 1410 639 217 892 701 284 2 177 211

2:1 48 237 255 1591 598 194 805 655 254 1 161 192

1:1 39 191 206 819 507 152 770 551 201 0 129 154

1:2 45 222 239 1176 617 171 827 655 229 0 150 178

1:4 50 245 264 1285 680 185 890 715 250 1 166 196

1:10 52 255 275 1335 712 191 872 747 259 1 173 204
1:20 52 253 273 1671 713 189 880 745 257 1 171 203

Zo
n

es

Cases

Hour:

N
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r
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East orientation
Season: Spring Summer Autumn Winter

Fa
r

Average Illuminance values

(b) East orientation.

7 10 13 7 10 13 7 10 13 7 10 13

base 262 1651 2064 1402 1915 1451 528 1351 1518 17 1049 1457

12:1 191 1140 1469 1085 1165 670 406 776 841 12 751 996

6:1 187 1114 1436 1067 1141 654 398 760 823 12 734 974

4:1 186 1112 1433 1072 1130 655 395 755 820 12 732 971

2:1 183 1096 1413 1035 1114 645 386 743 808 12 721 958

1:1 174 1037 1336 971 1056 614 366 705 767 11 683 906

1:2 192 1150 1485 1036 1151 672 395 764 835 12 757 1004

1:4 172 1035 1336 877 1040 610 353 689 755 11 681 904

1:10 180 1082 1398 909 1083 637 367 717 787 11 712 945
1:20 190 1148 1484 952 1144 671 385 752 828 12 755 1002

base 149 910 1087 901 1239 1062 371 1009 1118 9 573 810

12:1 119 669 839 770 775 489 309 602 639 7 445 586

6:1 116 657 825 747 759 478 301 587 625 7 437 575

4:1 114 645 810 737 745 471 296 577 614 7 429 566

2:1 112 635 797 714 735 463 291 568 604 7 422 556

1:1 108 613 770 679 708 447 280 548 583 7 408 537

1:2 112 633 796 690 724 457 286 561 598 7 421 554

1:4 104 590 742 617 672 426 263 520 556 7 392 517

1:10 106 598 753 627 679 429 267 525 561 7 398 524
1:20 109 616 775 646 702 441 276 543 579 7 410 540

base 84 507 583 517 811 750 233 694 765 5 316 456

12:1 67 366 446 440 506 363 195 422 445 4 244 322

6:1 65 354 431 422 489 351 188 407 430 4 236 312

4:1 65 358 436 426 490 351 189 408 431 4 238 315

2:1 64 350 427 416 482 344 185 400 423 4 233 308

1:1 61 338 413 397 464 331 178 385 407 4 225 298

1:2 62 342 418 399 467 334 179 388 411 4 228 302

1:4 59 325 397 371 442 314 169 366 387 4 216 286

1:10 60 331 404 379 450 320 172 373 394 4 220 291
1:20 61 334 409 379 454 324 173 377 399 4 223 295

Zo
n

es

Cases

North orientation
Season: Spring Summer Autumn Winter

Hour:

N
ea

r
M

id
Fa

r

Average Illuminance values

(c) North orientation.

7 10 13 7 10 13 7 10 13 7 10 13

base 242 1636 2285 733 1411 1896 442 1307 2570 17 1088 1665

12:1 170 1096 1600 515 748 1055 322 708 1608 12 759 1124

6:1 170 1096 1600 515 748 1055 322 708 1608 12 759 1124

4:1 168 1086 1587 511 740 1018 319 702 1610 12 752 1114

2:1 162 1042 1523 492 713 1019 308 676 1546 11 722 1070

1:1 152 979 1412 462 672 953 289 636 1416 10 678 1002

1:2 169 1091 1597 505 735 1036 315 694 1607 12 756 1118

1:4 180 1167 1703 531 774 1081 331 730 1698 13 808 1195

1:10 184 1193 1743 540 787 1098 336 742 1735 13 826 1222
1:20 187 1211 1753 548 799 1107 341 752 1724 13 838 1239

base 138 908 1195 538 1087 1330 330 1022 1521 9 598 930

12:1 102 627 883 393 579 672 252 561 930 7 441 649

6:1 102 627 883 393 579 672 252 561 930 7 441 649

4:1 102 623 878 391 575 667 249 556 924 7 438 645

2:1 100 615 867 384 564 658 245 546 911 7 432 637

1:1 95 581 818 365 537 639 233 519 868 7 408 601

1:2 100 612 863 382 562 663 244 543 908 7 430 634

1:4 102 624 881 389 570 674 248 551 925 7 439 647

1:10 101 621 876 385 565 673 246 546 918 7 436 643
1:20 101 622 877 387 568 671 247 549 920 7 437 644

base 79 513 647 348 756 912 218 716 973 5 333 523

12:1 58 343 467 254 411 458 166 400 583 4 240 354

6:1 58 343 467 254 411 458 166 400 583 4 240 354

4:1 57 342 466 253 408 457 166 397 580 4 240 354

2:1 57 339 462 250 403 453 163 393 574 4 238 351

1:1 55 330 450 243 391 446 158 381 562 4 232 341

1:2 55 331 451 244 393 453 159 383 564 4 232 342

1:4 56 337 459 248 401 462 162 390 575 4 237 348

1:10 56 337 460 248 397 462 162 388 575 4 237 349
1:20 57 339 463 250 403 464 164 392 580 4 238 351

Zo
n

es

Cases

M
id
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r

Average Illuminance values

Hour:

N
ea

r

West orientation
Season: Spring Summer Autumn Winter

(d) West orientation.
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Daylight Availability

The results of light simulation of DAv in this experiment are presented in Tables

4.28, 4.29, 4.30 & 4.31) and Figures 4.17, 4.18, 4.19 & 4.20. Results show that

according to the orientation, using different openings with a different aspect ratio

than 1:1 could slightly improve the daylight performance of screens and provide

acceptable interior daylight levels in all cases except in the south orientation where

the square opening performs better.

In the south orientation, the best aspect ratio to provide higher Daylit area is

1:1 with square cells; using other aspect ratios for southern orientation could reduce

the daylight performance of the perforated solar screen as it reduced the Daylit area

when testing the DAv metric in Figure 4.17 and Table 4.28.

No screen 12:1 6:1 4:1 2:1 1:1 1:2 1:4 1:10 1:20

Partlylit 0 0 0.25 0 0.75 4 1.5 0.75 6 8.5

Daylit 60 76 81.75 76.75 80.75 86 80.25 74 74.5 72.75

Overlit 40 24 18 23.25 18.5 10 18.25 25.25 19.5 18.75
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Figure 4.17: DAv of aspect ratio cases for the south orientation.

240



Section 4.2

Table 4.28: Distribution of DAv on the classroom plan for the south orientation
with different aspect ratios (windows are located on the top side of the plan).

The results of the east orientation are displayed in Table 4.29 and show that us-

ing cells with a horizontal direction is likely to provide slightly more Daylit area and

reduce Partlylit area. Although screens with vertical direction cells result in higher

illuminance values in the first stage, they increased the Overlit area dramatically

and thus reduced the Daylit area in Figure 4.18.
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Table 4.29: Distribution of DAv on the classroom plan for the east orientation with
different aspect ratios (windows are located on the top side of the plan).
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No screen 12:1 6:1 4:1 2:1 1:1 1:2 1:4 1:10 1:20

Partlylit 0 1.5 1.25 2 3.75 16.25 6.5 3.25 1.5 1.75

Daylit 12 59.5 58.5 60.25 59.5 58.5 47.75 47.75 45.75 41.25

Overlit 88 39 40.25 37.75 36.75 25.25 45.75 49 52.75 57
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Figure 4.18: DAv of aspect ratio cases for the east orientation.
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In the west and north orientations, results show that using screens with either

horizontal or vertical direction cells provides more Daylit area than square cells,

with a slightly more Daylit area for screens with horizontal cells in Figures 4.19 &

4.20 and Tables 4.30 & 4.31.

Table 4.30: Distribution of DAv on the classroom plan for the north orientation
with different aspect ratios (windows are located on the top side of the plan).
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No screen 12:1 6:1 4:1 2:1 1:1 1:2 1:4 1:10 1:20

Partlylit 2 9 11.5 12.5 12.75 17 14.25 16 17 17.5

Daylit 95 91 88.5 87.5 87.25 83 85.75 84 83 82.5

Overlit 3 0 0 0 0 0 0 0 0 0
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Figure 4.19: DAv of aspect ratio cases for the north orientation.

No screen 12:1 6:1 4:1 2:1 1:1 1:2 1:4 1:10 1:20

Partlylit 2 11.5 9.5 10.75 13.5 17 12.25 11.5 10.5 10.5

Daylit 89 85.5 87.5 86 84 82 84.25 83.5 83.75 83.5

Overlit 9 3 3 3.25 2.5 1 3.5 5 5.75 6
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Figure 4.20: DAv of aspect ratio cases for the west orientation.
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Table 4.31: Distribution of DAv on the classroom plan for the west orientation with
different aspect ratios (windows are located on the top side of the plan).
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Recommended values of the studied parameter

Based on the results of this experiment, the recommended values of the parameter

of thr opening aspect ratio are:

• Square cells with a 1:1 aspect ratio for the south orientation.

• Cells with a horizontal direction, especially with a 4:1 aspect ratios for the

east orientation.

• Cells with a horizontal direction, especially with a 12:1 aspect ratio for the

north orientation.

• Cells with a horizontal direction, especially with a 6:1 aspect ratio for the east

orientation.

However, the difference is barely notable and most cases have successfully

achieved Daylit areas of more than 50% of the total area, except cells with a vertical

direction cells on the east facing façade.

4.2.9 Discussion of phase one

The results of all experiments of phase one are summarised in Table 4.32. This table

displays the recommended value for each parameter for each of the main orientations

that helped to achieve an acceptable level of indoor daylight in the studied classroom

by providing a Daylit area of more than 50% of the total space area.

Table 4.32: Summary of recommended values of the studied parameters on main
orientations based on the results of phase one.

south east north east
Perforation % 90% 80% 90% 90%
Depth Ratio 0.6 0.75 0.15 0.15
Cell module size No effect No effect No effect No effect
Aspect Ratio 1:1 4:1 12:1 6:1
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The simulation of a range of perforation percentages for a solar screen demon-

strates that the effect of perforation percentage on indoor daylight is related to the

orientation of the window and the time of the day. In the east and south orientations,

there is a linear reduction of Overlit area with the use of solar screens with lower

perforation percentage. In the west orientations however, there are minimal Overlit

areas as would be expected considering the fact that school days in this context

finish at 13:30 before the direct sun can hit the eastern façade. Similarly, minimal

Overlit areas are also noticed in the north orientation because of the location of

Riyadh, 24.7◦ north of the tropic of Cancer. Results indicate that 70%, 80% and

90% perforation percentages would provide acceptable Daylit area in the east orien-

tation (≥50% of the total area) and 90% & 70% perforation percentages in the south

orientations. In the west and north orientations, there is a dramatic reduction of

Daylit areas between the ‘no screen’ case and the 90% perforation percentage screen

when the depth ratio is controlled to 0.75 in the first experiment. Other parame-

ters could be the reason for that leap, for example, using a lower depth ratio could

provide more indoor daylight with a screen having the same perforation percentage.

The results of analysing the effect of perforation percentage can be tested

against the results of similar work of Sherif et al. (2012b) which would provide

confidence in the results. Table 4.33 displays a comparison between the results of

testing the perforation percentage in this research and in the aforementioned paper;

it compares the perforation percentages that achieved the highest Daylit area and

also the achieved Daylit area between this research and the work by Sherif et al.

(ibid.).

Table 4.33: Results comparison with a previous study by Sherif et. al (2012b).

south east north east
the results of Sherif et. al 90% 90% NA 90%
Achieved Daylit by Sherif et. al 46% 23% NA 23%
the results of this research 90% 80% 90% 90%
Achieved Daylit in this research 82.5% 58.5% 8.5% 12.25%
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The table shows similarity between the results of both studies. They both

recommend 90% perforation percentage for the south and the west orientations, a

slight difference can be found on the east orientation. This research recommends

an 80% perforation percentage and the previous study by Sherif et. al (2012b)

recommends a 90%; however, a 90% perforation percentage also provides acceptable

Daylit areas in this research with more than 50% of the total area. The north

orientation was not studied by Sherif et al. (2012b) and therefore, no results were

available for comparison in the table. It can be noticed that the achieved daylit

area is higher in this research in the south orientation than the achieved daylight

by Sherif et al. with 82.5% compared to 46%. The achieved daylit area was also

higher in this research in the east orientation with 58.5% compared to 23%. This

can be explained by the difference in the studied context. The virtual classroom

in this study has five windows, whereas, the virtual living room in the compared

experiment has one window. Conversely, this research achieved lower Daylit area in

the west. The reason for that is the difference in the occupancy schedule; indoor

daylight in this research is tested only for school hours which finishes at 13:00, which

means less daylight during afternoon hours at the west orientation.

The results of simulated screens using a range of different values of depth ratio

in the second experiment prove that using perforated solar screens could enhance

Daylight Availability and increase Daylit area effectively; in some cases the percent-

age of Daylit area multiplied from 12% with no screen to about 60% in the east

orientation. It is also proven that lower depth ratios than 0.75 could emit more day-

light through solar screens especially on north and west orientations, despite that

Sherif et al. (2012c) and Sherif et al. (2011) recommended the use of 0.75 depth

ratio to save energy. In this research, the provision of indoor daylight for school

pupils for health and productivity concerns is of greater significance than saving

energy. As mentioned in Chapter 2, to the author’s knowledge, previous research

has not tested the effect of depth ratio on indoor daylight alone by isolating other

parameters. Instead, Sherif et al. (2012c) have tested the effect of depth ratio on en-
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ergy consumption and Wagdy and Fathy (2015, 2016) have tested some cases with a

combination of different values of different parameters at the same time. Therefore,

a comparison cannot be made between the results of recommended depth ratios in

this research and any previous study.

This phase also indicates that cell module size has minimal effect on the daylight

performance of perforated screens as long as depth ratio and perforation percentage

are maintained, meaning that the cell module size can be selected according to the

preferences of the designer and the required function of the screen. For example, if

the designer preferred not to obstruct the view to the outside in a similar context, a

bigger cell module size can be used without affecting the daylight performance of the

screen as long the recommended depth ratio and perforation percentages were used

according to the orientation. Conversely, if the privacy was the priority function,

cell module size can be set as small as possible which could provide privacy without

affecting the daylight performance. Similar to the depth ratio results, a comparison

cannot be made between the results of the recommended cell module size in this

research and any previous study.

When testing the effect of opening aspect ratios, the selected range of varia-

tions is selected intentionally to allow the dimension of screens to be exactly as the

dimension of the window (0.72m×1.2m). The author is questioning the accuracy of

previous research that used screens bigger than windows when testing the effect of

aspect ratios. For example, Sabry et al. (2014) used a cell module size of 14cm and

an opening aspect ratio of 12:1. That would make the dimension of each perforation

172cm×14cm, and the screen dimension 3.44m×1.54m on a window size 2m×1.4m.

The results of testing variations of opening aspect ratios recommend using a

different aspect ratio than 1:1 for the north and west façades, and using a 1:1 aspect

ratio in the south. For the east orientation, results also recommend using only

screens with cells of horizontal direction. However, the Daylit area is increased only

slightly and most cases of aspect ratios in all main orientations achieved adequate
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levels of daylighting performance providing a Daylit area of more than 50% of the

total space. Only the screens with cells in a vertical direction in the east orientation

failed to achieve acceptable Daylit areas; in these cases, Overlit areas occupied about

half of the total area of the classroom. Therefore, even if the aspect ratio is kept at

1:1 in all orientations, screens would still provide acceptable interior daylight levels,

and when using horizontal direction screens the Daylit area is increased only less

than 5%.

The results of analysing the effect of the opening aspect ratio can be tested

against the results of similar work by Sherif et al. (2012a) which would provide

confidence in the results. Table 4.34 displays a comparison between the results of

testing the opening aspect ratio in this research and in the aforementioned paper;

it compares the opening aspect ratio that achieved the highest Daylit area and also

the achieved Daylit area in this research and the work of Sherif et al. (ibid.).

Table 4.34: Results comparison with a previous study by Sherif et. al (2012a).

south east north east

The results of Sherif et. al 18:1 18:1 12:1 18:1

Achieved Daylit by Sherif et. al 73% 53% 91% 87.5%

The results of author 1:1 4:1 12:1 6:1

Achieved Daylit in this research 82.5% 58.5% 8.5% 12.25%

The table shows similarity between the results of both studies; they both rec-

ommend using screens with cells in a horizontal direction cells in the east, north and

west orientations. Although the values were different, the recommended ratios by

the previous study have also provided acceptable indoor daylight in the experiment

of this research by achieving 50% or more Daylit area. The achieved Daylit area

in the two experiments on the east orientation are very close, whereas, in the west

orientation the achieved area in this research is much less due to the different occu-

pancy time as the school day finishes at 13:00 and afternoon daylight after school

hours is not considered. The results for the south orientation show some differences

between this research and the study by Sherif et al. (ibid.). The aspect ratio that
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achieved the highest Daylit area is the square cell with a 1:1 aspect ratio, whereas

it was the cell with an 18:1 aspect ratio which is a cell of a horizontal direction in

the previous study by . However, all screens with horizontal direction cells achieve

acceptable Daylit levels of more than 50% Daylit area. It can be also seen in the

table that the achieved Daylit area in this research is much lower than the one in

the previous study by Sherif et. al (2012a). The reason for that is the difference in

the occupancy schedule, as indoor daylight in this research is tested only for school

hours which finish at 13:00 meaning that there is less daylight during afternoon

hours at the west orientation.

4.3 Phase two: Testing if selected order of exper-

iments produced bias

The results of the previous phase (phase one) recommend values of four parameters

for perforated screens to improve indoor daylighting in classrooms. The recom-

mended values of each parameter are presented in Table 4.32. These recommended

values of each previously studied parameter are used to control all parameters except

the one that is being studied in that experiment. Therefore, the four experiments

depend on each other and one can challenge that the selected sequence of the four

experiments might have an effect on the results and using a different sequence might

have resulted in different outcomes. For example, the depth ratio is controlled to

0.75 when testing the perforation percentage, then the results of that experiment

recommended using a 90% perforation in the north orientation. Then the results of

testing the effect of depth ratio recommended using a 0.15 depth ratio in the north

orientation. One might argue that if the depth ratio was tested first then the 0.15

depth ratio might increase the Overlit area when testing the perforation percentage,

and 90% might provide a higher Overlit area and thus a lower Daylit area.
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Therefore, this phase aims to verify that the selected order of the experiments

in phase one had no effect on the final result by repeating the first experiment

conducted in phase one (the effect of perforation percentage) using the final recom-

mended values for each orientation in Table 4.32 to control other parameters, for

instance a depth ratio of 0.15 in the north.

4.3.1 The effect of perforation percentage

The objective of this experiment is to make sure that the random sequence of the

experiments has no effect on the final results of phase one. The same range of

cases of different perforation percentages used in phase one are tested again using

parameters value of the results of all the experiments in phase one. The results of

this phase are compared with the results of the first phase, where the perforation

percentage is tested using assumed values to control the other parameters.

The studied cases

The first experiment studying the effect of perforation percentages on the perfor-

mance of perforated screens is repeated here for west, north and south facing façades

using the results of phase one to control other parameters (Depth ratio, aspect ra-

tio), cell module size is ignored since it was found from the results of phase one

that it does not affect the daylight performance of screens. Table 4.35b represents

values of controlled parameters used to repeat the perforation percentage study in

this phase. However, the test for the east-facing façade is not repeated in this phase

since the result of the depth ratio experiment in phase one recommends using 0.75

for the east orientation and this value is exactly what is used in the first experiment

and thus, would result in similar results. Although the opening aspect ratio exper-

iment recommends using 4:1 in the east orientation, the difference is insignificant

(less than 1%) and it would not have a strong effect on the result. The same lighting

simulation methods explained and used in phase one are used here in this phase.
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Table 4.35: Comparing values of controlled parameters when testing perforation
percentages in phase one and in phase two (the east orientation is bold to show that
it is the same and does not need to be repeated).

(a) Phase one.

Controlled parameters
Orientation Depth ratio Aspect ratio Cell module size
south 0.75 1:1 6cm
east 0.75 1:1 6cm
north 0.75 1:1 6cm
west 0.75 1:1 6cm

(b) Phase two.

Controlled parameters
Orientation Depth ratio Aspect ratio Cell module size
south 0.6 6:1 6cm
east 0.75 4:1 6cm
north 0.15 12:1 6cm
west 0.15 1:1 6cm

Controlled parameters

The only difference between this study and the previous one in phase one, is the

values used to control the other parameters. Table 4.35 compares the values of

controlled parameters between phase one (Table 4.35a) and phase two (Table 4.35b).

The table also highlights the parameter values of the east-facing façade to show the

similarity between them and to justify that it is unnecessary to repeat the test for

the east-facing Façade.

4.3.2 Results

A copy of the method of representing the results of daylight simulation is attached

in Appendix H.

The results of the two used daylight metrics: average illuminance and Daylight

Availability are displayed and compared with the case for windows with no screens

attached, and results are discussed for each of the four main orientations.
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Average illuminance levels

The results of simulating average illuminance levels are presented in Table 4.36. The

results show that using perforated screens is able to reduce the high illuminance

values in comparison to to the case for windows with no screens into acceptable

levels (300–500lx), especially in Mid and Near zones. The only times that using

perforated screens is not recommended are in early mornings of Winter and Spring

where even without screens the illuminance is less than 300lx in Table 4.36. When

compared with the results of studying perforation percentages in phase one (when

using a depth ratio of 0.75), it can be noticed that illuminance levels at Far zones

are improved dramatically, especially in the north and west (when using a depth

ratio of 0.15).

The results in table 4.36 also confirms the finding of the same experiment in

phase one, that is to say that using perforated screens is able to improve the interior

daylight distribution and uniformity by increasing illuminance levels in Far and Mid

zones comparing with Near zones. When comparing the ratio between Mid and

Near zones for the case of 90% perforation and the case with no screen, it can be

noticed that this spatial ratio when using screens is higher in all cases except the

afternoon in summer and autumn only in the west orientation. Exactly similar for

the Far zones, the spatial ratio is also higher when using screens except in afternoon

in summer and winter in the west orientation.

255



Section 4.3

Table 4.36: Average illuminance (lx) for perforation percentage cases in the three
zones of each orientation (black cells, ≥ 1000lx; grey cells, between 500lx and 999lx;
light grey, between 300lx and 499lx).

7 10 13 7 10 13 7 10 13 7 10 13

base 281 1940 2431 862 1822 1617 621 2975 3158 18 1339 1962
90% 75 478 620 256 416 317 194 922 1211 4 350 492

80% 59 378 490 205 334 253 157 780 994 3 277 389

70% 47 296 383 164 267 203 126 628 797 3 217 305

60% 34 219 282 123 202 155 95 480 606 1 160 226

50% 25 156 201 90 147 115 70 346 438 0 114 162

40% 17 105 134 61 101 78 47 236 294 0 76 110

30% 9 60 76 35 59 46 28 136 169 0 43 60

20% 3 22 28 14 22 18 10 50 62 0 16 22

10% 0 6 7 3 6 5 2 12 15 0 4 6

base 164 1082 1314 618 1268 1201 441 1862 2126 10 760 1097
90% 74 460 588 273 430 323 201 773 957 4 342 471

80% 57 357 456 213 338 255 158 650 787 4 265 366

70% 46 289 370 172 273 206 127 528 639 3 215 296

60% 37 233 297 139 221 167 103 422 509 1 173 238

50% 26 160 204 96 154 117 72 297 358 0 119 163

40% 17 109 138 66 105 80 49 204 243 0 80 111

30% 10 64 82 40 64 49 29 120 144 0 47 66

20% 3 20 25 13 20 16 9 38 46 0 15 20

10% 0 6 7 4 6 5 2 11 13 0 4 6

base 95 619 726 400 865 858 281 1174 1343 7 128 624
90% 49 296 369 201 330 263 147 522 614 3 220 301

80% 37 227 283 153 254 203 113 432 496 1 169 230

70% 32 192 240 129 213 169 95 360 416 0 143 195

60% 25 151 189 101 167 134 74 282 327 0 112 154

50% 18 108 134 72 120 96 53 202 234 0 80 110

40% 13 77 96 51 85 68 38 144 165 0 57 78
30% 8 45 56 30 51 41 23 85 98 0 34 46
20% 2 15 18 10 16 13 7 27 32 0 11 15

10% 0 5 6 4 6 5 2 9 11 0 4 5
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Average Illuminance values
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South orientation
Spring Summer Autumn WinterSeason:

(a) South orientation.

7 10 13 7 10 13 7 10 13 7 10 13

base 262 1651 2064 1402 1915 1451 528 1351 1518 17 1049 1457
90% 191 1141 1470 1085 1166 671 404 775 840 12 751 997

80% 171 1018 1310 991 1047 596 365 695 750 11 670 888

70% 147 881 1135 845 900 518 312 599 649 9 580 769

60% 122 728 938 712 746 428 260 497 538 7 479 636

50% 99 592 763 575 604 347 210 403 437 6 390 517

40% 73 435 559 440 450 257 158 300 324 4 286 380

30% 48 284 365 289 295 169 104 198 214 3 187 248

20% 26 153 195 164 164 94 58 110 118 0 100 133

10% 9 53 68 60 58 33 20 39 42 0 35 46

base 149 910 1087 901 1239 1062 371 1009 1118 9 573 810
90% 118 665 835 765 769 485 306 596 633 7 442 582

80% 105 589 739 687 683 429 272 528 561 7 392 515

70% 91 514 645 599 597 376 237 462 491 6 342 451

60% 78 439 552 505 505 318 200 390 416 5 292 385

50% 60 340 427 389 396 248 156 305 323 4 226 298

40% 46 257 323 296 299 188 118 230 244 2 171 225

30% 31 174 219 201 203 127 80 155 165 1 116 153

20% 17 96 120 114 114 71 44 86 91 0 64 84

10% 7 37 47 44 44 28 17 34 35 0 25 32

base 84 507 583 517 811 750 233 694 765 5 316 456
90% 66 362 441 438 500 358 193 416 439 4 241 319

80% 59 323 393 394 446 319 173 371 391 4 215 284

70% 50 277 337 339 384 275 148 319 336 3 184 244

60% 42 233 284 286 322 230 124 267 282 2 155 205

50% 33 184 225 227 254 181 97 210 222 0 123 162

40% 25 137 167 171 189 134 73 156 165 0 91 121

30% 16 91 111 113 126 89 48 104 109 0 60 80

20% 10 54 66 68 75 53 29 61 65 0 36 48

10% 3 19 23 24 26 18 10 21 23 0 12 17
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North orientation
WinterSpring Summer Autumn

(b) North orientation.

7 10 13 7 10 13 7 10 13 7 10 13

base 242 1636 2285 733 1411 1896 442 1307 2570 17 1088 1665
90% 170 1091 1588 514 745 1053 321 706 1591 12 756 1118

80% 146 941 1356 446 648 920 279 614 1348 10 652 964

70% 123 793 1141 376 546 783 235 517 1135 8 549 811

60% 102 655 943 313 455 646 196 432 950 7 454 672

50% 85 549 791 262 379 518 164 359 780 6 381 563

40% 85 384 553 185 268 369 116 254 549 4 266 394

30% 38 244 351 119 174 246 75 166 367 2 169 251

20% 15 95 134 51 76 114 32 72 72 0 66 97

10% 7 43 62 22 33 49 14 32 68 0 30 45

base 138 908 1195 538 1087 1330 330 1022 1521 9 598 930
90% 103 629 885 394 579 673 251 560 929 7 441 650

80% 91 558 785 349 513 596 223 497 827 6 392 577

70% 78 476 670 299 440 513 191 425 710 5 334 492

60% 64 393 553 245 361 424 156 349 588 4 276 407

50% 54 331 467 205 300 334 131 290 482 4 232 342

40% 54 235 332 145 213 237 93 206 343 2 165 243

30% 24 146 205 91 135 162 58 130 225 0 102 151

20% 13 78 109 49 72 89 31 70 70 0 54 80

10% 5 30 42 18 28 34 12 27 47 0 21 31

base 79 513 647 348 756 912 218 716 973 5 333 523
90% 58 348 473 257 416 466 168 406 588 4 244 359

80% 51 306 417 227 367 410 149 358 521 4 215 317

70% 43 256 349 189 305 344 123 298 438 3 180 265

60% 36 213 290 157 253 285 102 247 364 1 149 220

50% 30 177 243 130 207 222 84 202 294 0 125 183

40% 30 123 168 89 143 153 58 139 204 0 86 127
30% 13 82 112 60 96 109 39 93 141 0 58 85
20% 7 41 56 30 49 58 20 48 48 0 29 43

10% 2 16 22 12 20 23 8 19 29 0 11 17
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Hour:

Average Illuminance values
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West orientation
WinterSpring Summer Autumn

(c) West orientation.
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Table 4.37: Comparing spatial distribution ratio between zones with and without
using perforated screens of 90% perforation percentage in the south and east orien-
tations.

7 10 13 7 10 13 7 10 13 7 10 13

58 56 54 72 70 74 71 63 67 56 57 56

99 96 95 107 103 102 104 84 79 102 98 96

difference 40 40 41 35 34 28 33 21 12 46 41 40

34 32 30 46 47 53 45 39 43 37 10 32

65 62 60 79 79 83 76 57 51 65 63 61

difference 32 30 30 32 32 30 31 17 8 29 53 29

South orientation
Spring Summer Autumn Winter

Mid / Near noscreen

x100 90% screen

Far / Near noscreen

x100 90% screen

Table 4.38: Comparing spatial distribution ratio between zones with and without
using perforated screens of 90% perforation percentage in the north and west ori-
entations, (red cells represent where that the ratio without screen was higher than
when using screens).

7 10 13 7 10 13 7 10 13 7 10 13 7 10 13 7 10 13 7 10 13 7 10 13

57 56 52 73 77 70 75 78 59 53 55 56 57 55 53 64 65 73 70 75 74 53 55 56

61 58 56 77 78 64 78 79 58 59 58 58 62 58 57 70 66 72 76 77 75 62 59 58

difference 4 2 3 3 1 -6 4 1 -1 6 3 2 5 3 4 6 1 -1 5 2 2 9 4 3

32 31 28 47 54 48 49 55 38 32 31 31 32 31 28 37 42 52 44 51 50 29 30 31

34 32 30 50 56 44 52 57 37 34 32 32 35 32 30 40 43 53 48 54 52 33 32 32

difference 2 1 1 3 2 -4 3 3 -1 2 2 1 3 1 2 3 1 2 4 2 2 4 2 1

Far / Near noscreen

x100 90% screen

Mid / Near noscreen

x100 90% screen

Spring Summer Autumn Winter Spring WinterSummer Autumn

North orientationWest orientation

Comparing results with the same experiment in phase one, it can be indicated

that using the recommended configuration (depth ratio of 0.15 and horizontal di-

rection cells) is able to improve the performance of perforated solar screens in the

west and north significantly in all zones as shown in Tables 4.36b & 4.36c.

Illuminance values helps also to produce Table 4.39, which indicates the mini-

mum recommended perforation percentages to be used as a tool to help architects

to decide the perforation percentage required according to the orientation and times

of occupancy for school classrooms in spaces with similar areas and dimensions in

similar contexts. However, this table can only be used when other parameters are

controlled by using the same values used in this experiment (e.g. a depth ratio of

0.15 in the north and west, 0.6 in south).
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Table 4.39: Minimum recommended perforation percentage to achieve target illumi-
nance in all studied cases and zones for specific times throughout the year (lighter
cells represent higher perforation percentages).

The table is also useful to indicate the hours and zones in which daylight illu-

minance is not sufficient when using perforated screens with associated parameter

values, thus, artificial light is needed (e.g. 7:00 in winter and spring for all orien-

tations; 7:00 in south in all seasons; 10:00 in the winter in Far zones). Artificial

lighting fixtures are also needed at 7:00 in most orientations for the whole year.

Daylight Availability

The results of simulation DAv in this experiment are presented in Tables 4.40, 4.41

& 4.42 and Figures 4.21, 4.22 & 4.23.

In the south Orientation, a 90% perforation percentage achieves more indoor

daylight than other perforation percentages, 70% and 80% perforation percentages

also achieve acceptable results of more than 50% ‘Daylit’ area of the total area in

Figure 4.21 and Table 4.40.
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Table 4.40: Distribution of DAv on the classroom plan for the south orientation
with different perforation percentages in phase two (windows are located on the top
side of the plan).
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No screen 90 80 70 60 50 40 30 20 10

Partlylit 0 4.25 12.5 29.5 55 83.5 96.5 100 100 100

Daylit 55 86.5 81.75 67.25 41.75 13.5 0.5 0 0 0

Overlit 45 9.25 5.75 3.25 3.25 3 3 0 0 0
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Phase2: Perforation percentage

South Orientation

Figure 4.21: DAv of perforation percentage cases for the south orientation in phase
two.
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In the north orientation, screens with a 90% perforation percentage achieve a

remarkable 91% Daylit area with no Overlit area at all. Screens with 70% and 80%

perforation percentages also provide acceptable levels of Daylit area of 60% and 80%

of the total area shown in Figure 4.22 and Table 4.41.

Table 4.41: Distribution of DAv on the classroom plan for the north orientation
with different perforation percentages in phase two (windows are located on the top
side of the plan).

261



Section 4.3

No screen 90 80 70 60 50 40 30 20 10

Partlylit 0 9 19.5 39.75 57.75 74 90.5 100 100 100

Daylit 95.75 91 80.5 60.25 42.25 26 9.5 0 0 0

Overlit 4.25 0 0 0 0 0 0 0 0 0
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Phase2: Perforation percentage

North Orientation

Figure 4.22: DAv of perforation percentage cases for the north orientation in phase
two.

In the west orientation, quite similar to the result of the north orientation,

screens with 90% perforation percentage achieve a Daylit area as high as 87.5%

with only 3% Overlit area. Screens with 70% and 80% perforation percentages also

provide acceptable levels of Daylit area of 56.5% and 76.5% respectively as shown

in Figure 4.23 and Table 4.42.

No screen 90 80 70 60 50 40 30 20 10

Partlylit 0 9.5 22.25 42.25 62.25 72.5 92.75 98.75 100 100

Daylit 88 87.5 76.5 56.5 36.5 26.25 6 0 0 0

Overlit 12 3 1.25 1.25 1.25 1.25 1.25 1.25 0 0
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Phase2: Perforation percentage

West Orientation

Figure 4.23: DAv of perforation percentage cases for the west orientation in phase
two.
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Table 4.42: Distribution of DAv on the classroom plan for the west orientation with
different perforation percentages in phase two (windows are located on the top side
of the plan).

The results show a linear increase of the Daylit area and decrease of the Partlylit

area in all orientations when increasing the perforation percentage starting from 30%

perforation. The results of this experiment prove that even when using screens with

depth ratio as low as 0.15, screens would still be able to minimise the Overlit area

and provide acceptable levels of Daylit area.
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4.3.3 Discussion of phase two

Based on the results, the recommended values of the parameter of perforation per-

centages to provide the highest Daylit area based in simulating DAv were:

• A 90% perforation percentages for the south orientation.

• A 90% perforation percentages for the north orientation.

• A 90% perforation percentages for the west orientation.

These recommended values of the parameter of perforation percentage are iden-

tical to the recommended values when testing the perforation percentage in phase

one. This agreement of the recommended values has proven that the selected ran-

dom sequence of the four experiments in phase one has not affected the final results

of phase one. Therefore, the recommended values of studied parameters in phase

one are used in the next phase (phase three) to study the effect of perforated solar

screens on maintaining privacy.

At the end of these two phases, the first part of the research hypothesis has

been confirmed as it is proven that using perforated solar screens is able to enhance

indoor daylighting in classrooms for all of the main orientations by applying the

proper values of each parameter of perforated solar screens.
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4.4 Phase three: The effect of screen parameters

on privacy level

This phase is the only phase that is looking at the privacy aspect of perforated solar

screens.

The objective of this phase is to investigate screen parameters by studying their

effect on maintaining visual privacy for occupants of a building.The research will

identify the angle of screen axial tilting to provide privacy for occupants by blocking

viewing from outside observers of occupants inside buildings. In this phase, results

and recommended values for studied parameters in previous phases are used to

produce three full-scale models of perforated solar screens. The results from the

experiment in this phase will provide recommendations for the axial tilting of solar

screens to provide privacy behind perforated solar screens. Data for the experiment

are collected by interviewing 28 subjects using a questionnaire completed by the

examiner after recording responses of subjects. The method and questionnaire are

discussed in Chapter 2, and a copy of the questionnaire is attached in Appendix E.

Results of evaluating the effect of depth ratio on the indoor lighting in previous

phases show that increasing the depth ratio would reduce the indoor lighting signif-

icantly, especially in the west and north orientations, into less than the acceptable

level. Therefore, in order to achieve the research objectives of providing acceptable

levels of daylight and simultaneously maintain privacy,a depth ratio of 0.15 is the

only tested value of the range of depth ratios since it is the only ratio that could

achieve acceptable daylight in all orientations. Testing privacy in this research is

based on using worst-case scenarios and therefore, if a perforated screen with depth

ratio of 0.15 was able to maintain privacy then it is more likely to succeed with

higher ratios that are recommended in east and south orientations.

Results of evaluating the perforation percentage on the indoor lighting in pre-

vious phases show that perforation percentages of 70%, 80% and 90% have achieved
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acceptable levels in all studied orientations. Decreasing the perforation percentage

lower than 70% will not achieve this and thus fail to achieve research objectives.

Therefore, these three values of perforation percentage are tested to find the recom-

mended configuration to maintain privacy.

As mentioned in the results discussion of the previous phases, the cell module

size and the opening aspect ratios show minimal effect on indoor lighting, and there-

fore, these two parameters are not tested in phase three and are controlled to one

value to reduce experiment time that might cause fatigue to participants and might

affect the result.

Since the effect of screen axial tilting has not been tested yet in this research,

a range from 0◦ to 90◦ is tested to find out the recommended angle that succeeds in

blocking the view between an observer outside and an object behind the screen.

4.4.1 The effect of screen’s axial tilting on privacy

The parameter of axial tilting of perforated solar screens is investigated on the

way it affects the visibility through perforated screens when viewing from outside

buildings. Axial tilting is one of the parameters of perforated solar screens. Different

types of the axial tilting of perforated solar screens are discussed in Chapter 2; these

types are: vertical axis tilting; horizontal upper axis tilting and horizontal lower axis

tilting. In this research the author decided to test only the horizontal upper axis

as theoretically it has the most potential to block view from outside to inside for

higher floors similar to the studied context explained in this research. Tilted screens

using the upper horizontal axis also have the potential to allow more daylight to

admit inside buildings as it maximises the sky views and minimises the influence

of obstructions around the building. Figure 4.24 displays an example of perforated

screens tilted using the upper horizontal axis. The effect of axial tilting on daylight

performance of perforated screens is studied in the next phase (phase four), whereas

this phase looks at the privacy aspect of the axial tilting of solar screens.
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Figure 4.24: Example of perforated screens tilted on the upper horizontal axis.

4.4.2 The selected screens

Three different perforated screens are selected for this experiment based on results of

previous phases. The three screens are tested with each subject, and the parameter

values of the three modelled screens are selected as following:

1. Perforation percentages:

The results of phase one and phase two show that perforation percentages

above 70% are able to provide an acceptable level of DAv which was previously

set to equate to achieving 50% or more daylit area out of the classroom area.

Therefore three perforation percentages are used to create three perforated

screens to be tested with subjects in this phase: 90%; 70% and 50%. A 50%

perforation percentage is used to confirm the effect of perforation percentage

on privacy and in case the higher perforation percentages failed to maintain

privacy behind solar screens.

2. Depth ratio:

Since the aim is to test the worst-case scenarios in this phase, the depth ratio

applied was the lowest (0.15). Although higher values are recommended in

some orientations (0.6 in south, 0.75 in east), only the 0.15 depth ratio is tested
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in the privacy study, because if a screen with a 0.15 depth ratio succeeded in

maintaining privacy, then any screen with a higher depth ratio would satisfy

the visual privacy requirements. Hence, the research is testing the worst-case

scenario.

3. Cell size:

Since this parameter has no effect on the daylight performance of perforated

screens, the cell size is chosen as the minimum cell size that the laser cutter

is able to cut without burning the screens, which is 1mm according to the

setting used on the machine. Since the depth ratio used is 0.15 and the highest

perforation is 90%, the author decided to use 3mm thick plywood sheets to cut

the screens, and therefore using a cell size of 2cm would allow the minimum

cut to be not less than 1mm.

4. Aspect ratio:

In order to avoid tiring the subjects with possible adverse impacts on their

concentration during the test, only one value of aspect ratio is used. Screens

with square cells only (1:1 aspect ratio) are used which provided the highest

DAv in the south orientation. Although previous phases in this research rec-

ommended using 4:1 in the east, 6:1 in the west and 12:1 in the north, the

difference between DAv provided by using these aspect ratios and using 1:1 is

minimal, between 2%–8%. Using four different aspect ratios would result in

testing 63 cases instead of nine, which would multiply the test time more than

four times for every subject considering the transition time between cases. An

aspect ratio of 1:1 is chosen for all constructed screens as it is the optimal

aspect ratio for the south orientation and is also successful in providing ac-

ceptable level of DAv in all other orientations (Daylit area of ≥50% of total

area).

The parameter values used to construct the three solar screens are summarised

in Table 4.43.
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Table 4.43: parameter values of constructed perforated solar screens.

Screen-1 Screen-2 Screen-3
Perforation percentage 50% 70% 90%
Depth ratio 0.15 0.15 0.15
Aspect ratio 1:1 1:1 1:1

The three screens are tested with the three cases of breaching privacy that are

studied in Chapter 3. Copies of these three cases are brought here in Figure 4.25 to

relate results to the cases.

(a) A copy of case-1.

.

(b) A copy of case-2.

(c) A copy of case-3.

Figure 4.25: Copies of the experimental cases to test the privacy aspect.

Controlling the environment

This experiment took place under the sky dome facility in Cardiff University as

explained before. The light output of the sky dome was set to achieve 5400lx on the

working plane where the box is placed. To control the effect of illuminance contrast

between outdoor and indoor illuminance as one of the ten factors to be controlled
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explained in Section 3.4.4, DF is used to control this factor according to the worst-

case scenario which is the lowest ratio between indoor and outdoor illuminances.

Using the same screens that are studied in this privacy experiment, the 3D model

was used to simulate DF behind each screen. The DF ratios are displayed in Table

4.44.

Table 4.44: DF values used to control the illuminance contrast between outside and
inside.

Screen DF
Perforation 50% 1.5%
Perforation 70% 2.1%
Perforation 90% 4%

These values are used to make sure that the DF and thus the illuminance

contrast during the experiment is controlled similar to the result of the simulated

DF using the 3D virtual model.

4.4.3 Results

Collected data in this phase are presented in tables; Table 4.45 presents the personal

and background data of subjects, then three tables, one for each case, presents the

response of each subject for each screen. The results of testing the three solar screens

with 28 subjects in three cases of privacy breach are demonstrated in three tables

(Tables 4.46, 4.47 & 4.48). The highest rotation angle is recorded to be used in

the next phase to test how well this angle would provide daylight into the studied

classroom.

Personal and background data are collected from subjects to check if there is

any effect on the their judgement and presented in Table 4.45. The collected data

also includes the background of each subject, and they are classified as having a

conservative background if they are of Middle Eastern or Muslim origin.
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Table 4.45: Personal and background data of participating subjects.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28
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childern:

school age ch.:

Girls:
Girls in school:

Subject no.:

Age group:

Conservative 

Background:
Gender:

Case-1

Case-1 is when the box including the screen and the image behind it are inclined

29◦ (Figure 4.25a) and subjects are placed 6m away from the screen as explained in

Chapter 3. Each case is tested with all subjects using screens with three different

perforation percentages starting from the 50% screen and ending with the 90%

screen.

Table 4.46: Results of case-1: Highest recorded angles that maintain privacy for
each subject viewing a random Kay picture. (-) = all angles; black cells = highest
angle for each case.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28

Angle - - - - - - - - - - - - - - - - - - - - - - - - - - - -

image no. 1 4 6 4 5 3 5 2 5 3 1 5 3 1 3 5 1 6 6 2 6 2 1 6 2 1 1 6

Angle 5 10 6 5 6 5 12 7 11 6 5 10 - 8 4 12 9 5 5 - 10 - - 10 10 - 8 11

image no. 2 4 6 4 5 3 5 2 5 3 1 5 3 1 3 5 1 6 6 2 6 2 1 6 3 3 1 5

Angle 9 12 17 11 13 13 14 11 13 10 10 13 10 12 11 10 12 12 10 9 12 10 10 12 12 12 11 17

image no. 3 5 5 3 6 4 6 1 6 4 2 6 3 6 2 1 2 3 3 2 3 2 1 3 2 3 3 6

Case-1

subject number:
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ge

90%

70%

50%

Results show that a 50% perforation percentage is successful in providing pri-

vacy to the interior of the building in case-1 by preventing subjects from seeing the

image behind the perforated screen (Table 4.46). When using a 70% perforation

percentage, results show that the maximum angle able to prevent subjects from see-

ing the image is 12◦ measured from the vertical as explained in Figure 3.3.2. The

same angle (highlighted in the table) is recorded as the responses of two subjects

(Subjects no.: 7 & 16). When using a 90% perforation percentage, the maximum

angle to maintain privacy is 17◦ (highlighted in the table) and is recorded as the
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response of two subjects (subjects no.: 3 & 28). In order to understand how would

the tilting angle translated into perforated screens to cover windows in actual class-

rooms, Figure 4.26 gives a section of a classroom as an example of using the 12◦ as

a tilting angle for perforated solar screens.

Figure 4.26: Section of a classroom showing a perforated solar screen tilted 12◦.

Case-2

Case-2 is when the box including the screen and the image behind it are inclined 9◦

(Figure 4.25b) and subjects are placed 20m away from the screen.

Similar to case-1, results of case-2 show that a 50% perforation percentage is

successful in providing privacy to the interior of the building in case-2 by preventing

subjects from seeing the image behind the perforated screen (Table 4.47). When

using a 70% perforation percentage, results show that the maximum angle able to
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Table 4.47: Results of Case-2: highest recorded angles that maintain privacy for
each subject viewing a random Kay picture. (-) = all angles; black cells = highest
angle for each case.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28

Angle - - - - - - - - - - - - - - - - - - - - - - - - - - - -

image no. 6 1 3 1 4 1 2 5 3 1 6 3 5 5 5 4 6 2 1 1 1 1 6 2 1 1 2 2

Angle 25 14 24 11 27 24 15 23 24 25 27 23 25 30 20 30 29 28 22 15 25 22 20 19 26 30 22 29

image no. 6 1 3 1 4 1 2 5 3 1 6 3 5 5 5 4 6 2 1 1 1 1 6 2 4 5 2 3

Angle 35 35 37 37 32 35 32 37 40 29 35 38 36 35 31 38 37 42 37 33 38 38 30 36 35 34 37 31

image no. 4 3 4 6 1 6 1 4 4 2 5 1 2 3 1 2 4 4 4 5 4 4 4 5 1 1 4 2

Case-2

subject number:

P
er

fo
ra

ti
o

n
 P

er
ce

n
ta

ge 50%

70%

90%

prevent subjects from seeing the image is 30◦ (highlighted in the table); the same

angle is recorded as the responses of three subjects (Subjects no.: 14, 16 & 26).

When using a 90% perforation percentage, the maximum angle to maintain privacy

is 42◦ (highlighted in the table) and it is recorded as the response of only one subject

(Subject no.: 18).

Case-3

Case-3 is when the screen and the image behind it are straight without any inclina-

tions (Figure 4.25c) and subjects are placed 20m away from the screen.

Table 4.48: Results of Case-3: highest recorded angles that maintain privacy for
each subject viewing a random Kay picture. (-) = all angles; black cells = highest
angle for each case.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28

Angle - - - - - - - - - - - - - - - - - - - - - - - - - - - -

image no. 5 2 1 5 5 5 4 6 2 5 4 2 6 2 6 6 5 1 2 6 2 6 2 1 6 2 6 1

Angle 33 17 32 38 26 39 27 33 26 36 36 31 22 34 26 37 38 36 24 37 22 32 21 35 39 30 31 39

image no. 5 2 1 5 2 5 4 6 2 5 4 2 6 2 6 6 5 1 2 6 2 3 2 1 5 4 6 4

Angle 43 42 48 45 45 45 50 47 47 45 46 52 46 48 45 45 51 49 50 41 52 47 43 50 50 40 50 44

image no. 2 5 2 2 3 2 3 3 1 6 3 4 2 4 4 3 3 5 5 3 5 5 5 4 6 2 5 1

Case-3

P
er

fo
ra

ti
o

n
 P

er
ce

n
ta

ge 50%

70%

90%

subject number:

Similar to case-1 and case-2, results of case-3 show that a 50% perforation

percentage is successful in providing privacy to the occupants of the building in

case-3 by preventing subjects from recognising the image behind the perforated

screen (Table 4.48). When using a 70% perforation percentage, results show that
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the maximum angle able to prevent subjects from seeing the image is 39◦ (highlighted

in the table) the same angle is recorded as the responses of three subjects (Subjects

no.: 6, 25 & 28). When using 90% perforation percentages, the maximum angle to

maintain privacy is 52◦ (highlighted in the table) and is recorded as the response of

two subjects (subjects no.: 12 & 21).

4.4.4 Discussion of phase three

To summarise experiments in phase three, results are demonstrated in Table 4.49

which presents the maximum rotation angle that prevents subjects from seeing the

image behind perforated screens.

Table 4.49: Maximum rotation angles to maintain privacy in phase three; the biggest
recorded angle of all cases of all screens is highlighted in a square.

Case-1 Case-2 Case-3
Perforation 50% all angles all angles all angles
Perforation 70% ≥ 12◦ ≥ 30◦ ≥ 39◦

Perforation 90% ≥ 17◦ ≥ 42◦ ≥ 52◦

Since the objective of this experiment is to find the configuration that maintains

privacy and prevents visibility for all possible scenarios, then according to the result

of phase four, the designer has three choices to achieve this: using a perforated screen

with a 50% perforation percentage without tilting; using perforated screen with a

70% perforation percentage tilted 39◦ ; using perforated screen with 90% perforation

percentage tilted 52◦. This could work with any depth ratio since the the lowest

ratio is used in this phase (depth ratio of 0.15). However, increasing the depth ratio

would reduce Daylit area in north orientation as concluded in previous phases of

this research. The following section examines whether the personal characteristics

and background of the interviewees affects the results.
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Figure 4.27: Section of a classroom showing a perforated screen tilted 52◦.

Effect of personal characteristics of subjects

For further investigation, the author looks at whether the personal attributes and

background of subjects had any effect on the results.

It appears that there is no significant difference between results of male and

female subjects. The average angle recorded for males and females show similarity

in Table 4.50. The recorded maximum tilt angles to prevent visibility through

perforated screens are also spread almost equally between male and female subjects,

seven females and six males.

Table 4.50: Comparing the average maximum angle to prevent visibility through
perforated screens between male and female subjects with the highest recorded angle.
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When testing case-1 with a 70% perforation screen, the highest recorded angle of

12◦ is reported by two female subjects with children, while with a 90% perforation

screen, the highest recorded angle of 17◦ is reported by two male subjects with

children.When testing case-2 with 70%, the highest recorded angle 30◦ is reported

by two female subjects with children, and one male without children. While with a

90% perforation, the highest recorded angle of 42◦ is reported by one male subject

with children. When testing case-3 with 70% the highest recorded angle of 39◦ is

reported by one male with children and two female subjects, only one of whom has

children. While with a 90% screen, the highest recorded angle of 52◦ is reported

by one male subject with children and one female with no children. It also appears

that there is no effect on the results whether subjects have children or not.

It can also be noticed that two subjects report the highest angles for two dif-

ferent cases: subject no. 16 reports the highest angle in case-1 and case-2 using the

70% screen; subject no. 28 reports the highest angle in case-1 using a 90% screen

and in case-3 using a 70% screen. This simply means that these two subjects might

have visual acuity higher than normal; their visual acuity Snellen fraction could be

6/4.8 whereas the visual acuity of a normal human eye is 6/6. Including subjects

with higher visual acuity is beneficial to the experiment as it is based on worst-case

scenarios, and some individuals in the real world might have higher visual acuity

than normal.

Regarding the conservative background of the test subjects, three of the total

28 subjects do not have any conservative background (from a Middle East origin

or a Muslim country), and the author includes them to check whether their results

would be different from subjects with a conservative background. Their results do

not show any difference than the average results. However, neither one of the highest

recorded angles is a response of a subject with no conservative background; that can

be explained by the low number of interviewees, as they are three out of 28 subjects

which gives a lower chance.
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The author also looks at the effect of the age of subjects on the results. Table

4.51a displays the age groups of subjects and the number of subjects in each group.

Subjects are spread in four groups: 18-24 years; 25-29 years; 30-34 years; and 35-39

years. Table 4.51b displays the average recorded angles to prevent visibility through

perforated screens for each group compared to the maximum recorded angles by

subjects. It appears from the tables that the age of subjects has not affected the

results; in some cases the average angle is higher in the youngest group (screen 70%

in case-1 and case-3) and sometimes the average angle recorded by the oldest group

is higher (screen 90% in case-1 and case-2). The average angle recorded by the group

of 25-29 years is also sometimes the highest (screen 70% in case-2). The reason for

that might be that all subjects have normal vision and similar visual acuity as all

subjects had a visual acuity test prior to participating in the experiment and results

of subjects with less than normal visual acuity are excluded from the results as

explained in the methodology in Chapter 3.

Table 4.51: The effect of age of subjects on results.

(a) Age groups and the number of
subjects in each group.

(b) Comparing the average maximum angle between each group and the highest recorded
angle.
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Effect of image selection

Kay pictures are used as the hidden images behind perforated screens. The order

of viewing the Kay pictures is set randomly; the image number is recorded with the

results of each subject of each case to show the effect of image choice. It appears

that image number five is the easiest image to be detected and identified. Image

number five is the Kay picture representing a star (Table 3.14). The star is detected

five times when the highest angles are reported. This can be explained by the fact

that the star is the only symmetrical image out of all Kay pictures, meaning that

the star can be recognised if only half of it is detected, whereas the whole image of

the other pictures need to be recognised.

Results also show that image number two (the vehicle) is detected three times

each when reporting the highest angle, and images number one and six, the boot

and the duck respectively, are detected two times each when the highest angles are

reported. Results indicate that the pictures of the house and the apple are the

hardest to be detected by subjects. These information could be useful for further

investigation regarding development of Kay pictures in the optometry field.

4.5 Phase four: The effect of axial tilting on in-

door daylight

This phase has one experiment that aims to study the effect of upper horizontal

axial tilting on the daylight performance of perforated solar screens. The same

method of daylight simulation in phase one and two is used here, although, in this

experiment no range of variations of are tested. Instead, only the tilt angle that

is successful in providing privacy for occupants in phase three is tested, which is

the angle that allows perforated solar screens to block view in the research context.

Although six tilted angles are recommended by results of the privacy study in phase
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three, according to the tested scenario and the perforation percentage of the tested

screen, only the highest recorded angle from vertical is used in phase four to make

sure that this angle can be used in different cases and different orientations.

4.5.1 Values of of axial tilting

After obtaining results from phase three, the maximum tilt angle providing privacy

is used to build tilted screens. Tilting screens using only the maximum angles

indicated in phase three are tested in this phase using daylight simulation methods

similar to those conducted in phase one and phase two. The same criteria are also

used to adjudicate how well the final screens are able to provide interior daylight

while maintaining visual privacy.

Since the issue of privacy is the key in this research and providing privacy is vital

in the context, there is no range of cases of tilt angles. Only the highest tilt angle that

maintained privacy in phase three is used in this phase. When studying the provision

of privacy in phase three, worst-case scenarios are used to make sure that privacy

would not be breached, and this is also undertaken in this phase and therefore, only

52◦ is used, even though lower angles are successful in some scenarios (Table 4.49).

Tilting screens 52◦ from horizontal would provide privacy in all studied scenarios.

Figure 4.27 displays a section of the classroom showing how a perforated solar screens

would look when tilted 52◦ from the upper horizontal axis. It is expected that tilting

screens in such a way would allow more daylight to penetrate through perforated

screens since the view to the sky is maximised and the obstruction from surrounding

buildings is minimised. However, this would oversupply indoor daylight and could

result in higher Overlit area and lower Daylit area. Therefore, this experiment is

still vital as it would give a better understanding of the Daylit area in the space and

whether or not it is still acceptable according to the criteria used.
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Studied cases

Similar to phase one and phase two, daylight simulation is performed for average

illuminance values in specific times and for the DAv metric using CBDM modelling,

and results are presented in tables and charts. The selected best cases of each

orientation are presented in Table 4.52. Since it is proven that cell size has no effect

on daylighting performance of screens in phase one (Section 4.2.5), it is set to 6cm

for all orientations.

Table 4.52: Screen configurations that achieved best results in each orientation.

Perforation Depth Cell Aspect Daylit
Percentage Ratio Size Ratio Area

South 90% 0.6 6cm 1:1 86.5%
East 80% 0.75 6cm 4:1 60.25%
North 90% 0.15 6cm 12:1 91%
West 90% 0.15 6cm 6:1 87.5%

To study the effect of tilt angle these three cases are compared for each orien-

tation:

• The base case of a window with no screen.

• The case that achieved the highest value of Daylit area (Table 4.52).

• The case when tilting the same screen 52◦ .

4.5.2 Results

Average illuminance levels

Results of simulating average illuminance levels are presented in Table 4.53.

In the south orientation in Table 4.53a, it can be noticed that tilted screens are

successful in increasing average illuminance at 7:00 in Summer into an acceptable

level (> 300lx); however all other illuminance levels are still low (< 300lx) at 7:00
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Table 4.53: The effect of axial tilting on screens on the average illuminance values
(lx) in all orientations (black cells, ≥ 1000lx; grey cells, between 500lx and 999lx;
light grey, between 300lx and 499lx).

7 10 13 7 10 13 7 10 13 7 10 13

base 281 1940 2431 862 1822 1617 621 2975 3158 18 1339 1962

Best case 75 478 620 256 416 317 194 922 1211 4 350 492
Tilted 129 876 1237 344 1050 1318 242 1718 2312 8 624 918

base 164 1082 1314 618 1268 1201 441 1862 2126 10 760 1097

Best case 74 460 588 273 430 323 201 773 957 4 342 471
Tilted 66 429 571 206 733 1055 146 1055 1528 4 312 432

base 95 619 726 400 865 858 281 1174 1343 7 128 624

Best case 49 296 369 201 330 263 147 522 614 3 220 301
Tilted 34 217 287 111 471 736 79 644 969 1 155 213

Zo
n

es

C
as

es
 

Average Illuminance values

Autumn Winter

Hour:

South orientation
Season: Spring Summer

N
ea

r
M

id
Fa

r

(a) South orientation.

7 10 13 7 10 13 7 10 13 7 10 13

base 317 2028 2187 1993 3034 1394 1185 2838 1723 17 1267 1595

Best case 62 346 380 779 1229 218 419 1382 306 3 231 277
Tilted 137 875 964 1097 2292 812 474 2172 864 8 546 663

base 196 1096 1162 2190 2327 1074 1544 2429 1217 9 707 897

Best case 71 368 402 2177 973 240 763 1071 338 3 248 295
Tilted 68 389 447 1147 1574 663 454 1385 586 3 257 311

base 113 604 627 2065 1439 764 1470 1517 816 5 387 504

Best case 56 277 298 1683 669 232 855 735 303 2 188 225
Tilted 33 190 223 676 993 474 344 857 382 0 126 155

Zo
n

es

C
as

es
 

Autumn Winter

East orientation
Season: Spring Summer

Fa
r

Hour:

N
ea

r
M

id

Average Illuminance values

(b) East orientation.

7 10 13 7 10 13 7 10 13 7 10 13

base 262 1651 2064 1402 1915 1451 528 1351 1518 17 1049 1457

Best case 191 1141 1470 1085 1166 671 404 775 840 12 751 997
Tilted 186 1146 1497 834 1883 1779 339 769 884 12 753 1001

base 149 910 1087 901 1239 1062 371 1009 1118 9 573 810

Best case 118 665 835 765 769 485 306 596 633 7 442 582
Tilted 107 629 809 576 1272 1377 234 540 613 7 417 551

base 84 507 583 517 811 750 233 694 765 5 316 456

Best case 66 362 441 438 500 358 193 416 439 4 241 319
Tilted 60 348 443 343 825 962 143 356 402 4 231 305

Zo
n

es

C
as

es
 

North orientation
Season: Spring Summer

Average Illuminance values

Fa
r

Autumn Winter

Hour:

M
id

N
ea

r

(c) North orientation.

7 10 13 7 10 13 7 10 13 7 10 13

base 242 1636 2285 733 1411 1896 442 1307 2570 17 1088 1665

Best case 170 1091 1588 514 745 1053 321 706 1591 12 756 1118
Tilted 157 1034 1523 424 679 2105 260 596 2298 11 713 1050

base 138 908 1195 538 1087 1330 330 1022 1521 9 598 930

Best case 103 629 885 394 579 673 251 560 929 7 441 650
Tilted 87 550 790 282 462 1538 175 402 1408 6 383 561

base 79 513 647 348 756 912 218 716 973 5 333 523

Best case 58 348 473 257 416 466 168 406 588 4 244 359
Tilted 48 302 428 169 302 1039 106 261 890 3 211 307

Zo
n

es

C
as

es
 

Season: Spring Summer Autumn Winter

M
id

Fa
r

Average Illuminance values

Hour:

N
ea

r

West orientation

(d) West orientation.

in all orientations and artificial lighting is still needed in early morning in the south.

Artificial lighting is also needed in the Far zone in spring and winter to increase

illuminance to reach recommended levels.

In the east orientation, illuminance levels were increased in all Near zones and

most of the Mid zones in all seasons when using tilted screens compared with the

case of screens without tilting (Table 4.53b). An increase can also be seen in the

Far zones in summer and autumn at 10:00 and 13:00.

In the north orientation, tilted screens are able to provide higher average illu-

minance levels only in the Near zones; in all other zones, the straight screen results

are higher except in summer at 10:00 and 13:00 in Table 4.53c.

In the west orientation, tilted screens are not as successful as in the other

orientations. Average illuminance values are improved only in few cases: 13:00 in

summer and autumn in all zones (Table 4.53d).

Results show that when comparing screens with the best resulting configura-

281



Section 4.5

tions with the same screens tilted 52◦, the average illuminance values are increased

after tilting screens in near zones of all orientations except the west orientation (Ta-

ble 4.53). The tables also show that even illuminance values in Mid and Far zones

become higher with the use of tilted screens in summer in all times except 7:00, and

this can be also noticed in autumn except in the north orientation. However, similar

to the previous phases, artificial lighting is still needed in early morning in all zones

in spring and winter.

Daylight Availability

Results of simulation DAv in this experiment are presented in Tables 4.54, 4.55,

4.56 & 4.57 and Figures 4.28, 4.29, 4.30 & 4.31.

In the south orientation, the Overlit area is increased dramatically more than

three times compared with the results of non-tilted screens (from 9% to 29%), espe-

cially in the Near zone in Table 4.28; however, the Mid and Far zones are not affected

and the Overlit area there has not increased. Actually the Daylit area is increased

in the Far zone as some Partlylit areas are diminished in the corners. Although the

Overlit area increases with the use of tilted screens, it is still much lower than the

case with no screen where it is as high as 45% in Figure 4.28.

On the other hand, the Partlylit area is minimised to as low as 0.5%, which

is good for the classrooms. More importantly, results show that tilted screens are

successful in achieving a Daylit area of 71% out of total area in the south orientation,

which is considered acceptable since it is more than 50% of the total area according

to the criteria used.
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Table 4.54: The effect of screen axial tilting on the distribution of DAv on the
classroom plan in the south orientation (windows are located on the top side of the
plan).

No screen Best Rotated

Partlylit 0 4.25 0.5

Daylit 55 86.5 71

Overlit 45 9.25 28.5
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Figure 4.28: The effect of screen axial tilting on DAv in the south orientation.

In the east orientation, results show a big increase in Overlit area in the Near

zone, whereas in the Far zone the Overlit area is reduced as presented in Table 4.55.

Although the Daylit area is reduced, it remains in the acceptable level > 50% with

52.5% Daylit area in Figure 4.29.

283



Section 4.5

Table 4.55: The effect of screen axial tilting on the distribution of DAv on the
classroom plan in the east orientation (windows are located on the top side of the
plan).

No screen Best Rotated

Partlylit 0 2 1

Daylit 12 60.25 52.5

Overlit 88 37.75 46.5
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Figure 4.29: The effect of screen axial tilting on DAv in the east orientation.
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In the north orientation, the Partlylit area increases and appears in the Far

zone in Table 4.56, and the Daylit is reduced to 73.25% in Figure 4.30. It is still

however, considered high and acceptable. It can also be noticed that only Overlit

area of as low as 1% appeared in the Near zone.

Table 4.56: The effect of screen axial tilting on the distribution of DAv on the
classroom plan in the north orientation (windows are located on the top side of the
plan).

No screen Best Rotated

Partlylit 0 9 25.75

Daylit 95.75 91 73.25

Overlit 4.25 0 1
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Figure 4.30: The effect of screen axial tilting on DAv in the north orientation.

In the west orientation, the result is similar to the North orientation where the

Daylit area is reduced; the Overlit area and Partly lit areas are increased in the
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Near zone and Far zone respectively, although, the space still has acceptable levels

of Daylit area of more than 55% as shown in Table 4.57 and Figure 4.31.

Table 4.57: The effect of screen axial tilting on the distribution of DAv on the
classroom plan in the west orientation (windows are located on the top side of the
plan).

No screen Best Rotated

Partlylit 0 9.5 37.75

Daylit 88 87.5 55.75

Overlit 12 3 6.5
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Figure 4.31: The effect of screen axial tilting on DAv in the west orientation.

Results of simulating DAv indicate that tilting screens would reduce Daylit area

in all orientations and increase Overlit area in all orientations (Figures 4.28, 4.29,

4.30 and 4.31). Achieved Daylit areas however, are above acceptable levels in all

orientations (> 50%) according to the criteria of DAv. The resulting Daylit areas
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are: 52.5%; 71%; 73.25% and 55.75%, in the east, south, north and west orientations

respectively.

4.6 Summary and discussion of phase four

Results of phase four are summarised in Figure 4.32 that displays the study findings

of the effect of axial tilting of screens on DAv for all main orientations. The figure

clearly shows that tilting perforated solar screens by 52◦ increases Overlit area in

all orientations more than the Overlit areas resulted from the best recommended

configurations without tilting. However, it also shows that tilting perforated solar

screens at the same angle is successful to provide at least 50% of the Daylit area in

the classroom.

North East South West

Overlit 1.00 46.50 28.50 6.50

Daylit 73.25 52.50 71.00 55.75

Partlylit 25.75 1.00 0.50 37.75
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Figure 4.32: Summary of phase four presenting DAv for all orientations when using
tilting screens at 52◦.

Since this tilting angle is able to block the view from outside to inside in all

privacy breaching scenarios, it appears that this result confirms the research hy-

pothesis that using perforated solar screens is able to provide acceptable levels of
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interior daylight for the four main orientations and maintain privacy at the same

time.

To compare the DAv resulting in this phase with the DAv resulting from the

previous phases, Figure 4.33 compares Daylit areas achieved by using the best config-

uration recommended without axial tilting with the Daylit area resulting by tilting

screens 52◦ using the same configurations of other parameters. It also compares

them with the Daylit area achieved when no screen is used to cover windows. The

chart has a bold horizontal line to highlight the threshold of 50% of Daylight area,

which was used as a criterion for achieving acceptable daylight levels in this study.

The chart shows that using perforated screens is successful in achieving accept-

able levels of Daylit areas in all orientations, especially in the east, compared with

the case in which no screen is used on the window, where the Daylit area is as low

as 12% out of the total space area. It also shows that although Daylit areas are

reduced in all orientations when screens are tilted 52◦, Daylit areas remain above

the minimum level of 50% out of the total floor area.
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No screen Best configuration Rotated screen

North 96% 91% 73%

East 12% 60% 53%

South 55% 87% 71%

West 88% 88% 56%

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

Pe
rc

en
ta

ge
 o

f 
D

ay
lit

 a
re

a 
o

u
t 

o
f 

to
ta

l a
re

a 
o

f 
th

e 
sp

ac
e

Comparing  Daylit area  between cases

Figure 4.33: Summary comparing achieved Daylit areas between tilted and un-tilted
screens when using the recommended configuration, and the base case with no screen
for all orientations.

The final recommended configurations of perforated solar screens are presented

in Table 4.58. The table displays the achieved Daylit area according to the CBDM

simulation.

Table 4.58: The final achieved Daylit area for each screen configuration that suc-
ceeded in maintaining visual privacy and provide acceptable levels of Daylight for
each orientation.

Minimum Maximum Maximum Recommended Minimum Achieved

Perforation Depth Cell Aspect Tilt Daylit
Percentage Ratio Size Ratio Angle Area

North 90% 0.15 2cm 12:1 52◦ 73%

East 80% 0.75 2cm 4:1 52◦ 53%

South 90% 0.6 2cm 1:1 52◦ 71%

West 90% 0.15 2cm 6:1 52◦ 56%
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Concluding Discussion
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5.1 Introduction

This research studies the potential of maintaining visual privacy in buildings, while

providing acceptable indoor daylight at the same time. The final results of this

research show that the research hypothesis is confirmed and using perforated solar

screens on windows is able to provide acceptable indoor daylight and maintain visual

privacy in classrooms for all main orientations in an area with a hot arid climate. In

some cases, the daylighting performance is superior to a case of a window without

screens, hence the results are potentially of value to a broader range of building

application where privacy concerns are not necessarily applicable. This chapter

discusses all the main findings of this research, limitations, recommendations and

suggestions for future work.

5.2 Major findings

The major finding in this research is proving using perforated solar screens on win-

dows is able to solve the problem of maintaining privacy, and simultaneously pro-

viding acceptable interior daylighting in girls’ Schools in Saudi Arabia, and this

confirms the hypothesis of this research.

In some cases, using perforated screens with appropriate values for each pa-

rameter improves indoor lighting in comparison to the cases without solar screens.

This is noticed in improving the illuminance distribution and the spatial ratio be-

tween Far and Near zones, and by increasing Daylit area and reducing Overlit area

especially in the east orientation. The research results in recommended values for

each parameter on each orientation (Table 4.58), which achieved one of the research

objectives by providing screen configurations to achieve that.

The research objectives (listed in Chapter 1) have been successfully achieved

as follows:
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• Objective 1: To establish whether using perforated solar screens is able to

achieve acceptable interior daylight levels in girls’ schools.

This objective was met by applying perforated solar screens on windows and

simulating daylight in the space for the occupied hours over one year and

confirming that the resulting Daylit area was obtained for at least half of the

studied space for all main cardinal directions.

• Objective 2: To establish whether using perforated solar screens is able to

maintain privacy for occupants in girls’ schools.

This objective was met by testing the visibility between human subjects and

objects behind perforated screens and confirming that with the appropriate

configuration, a perforated solar screen can block visibility in all possible sce-

narios in girls’ schools and thus maintaining privacy.

• Objective 3: To investigate the parameters of perforated solar screens and

evaluate how they affect both the daylight performance and the level of privacy

for occupants.

This objective was met by identifying the parameters to be studied and in-

vestigating them one at a time, resulting in recommendations regarding the

studied parameters for the cardinal directions.

• Objective 4: To recommend values for each parameter of perforated screens

that are able to maintain privacy and achieve an acceptable level of daylight

at the same time in girls’ schools in Saudi Arabia.

This objective was met by drawing conclusions from the result of all experi-

ments in this research and recommending configurations that provide accept-

able indoor daylight and confirming that tilted screens are able to maintain

privacy.

These configurations are displayed in Table 4.58, and confirm that the achieved

Daylit areas with or without tilting cover more than half of the classroom area in
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all cardinal directions; the achieved Daylit areas are displayed in Figure 4.33.

Although these recommended configuration applied only in the studied context

of girls’ schools in Saudi Arabia, the design guide can be used to recommend these

values for any location and for any set of variables including the occupancy time of

the space. The overall aim of this research (to develop a design guide for identifying

configurations of perforated solar screens that is able to maintain privacy and provide

acceptable levels of indoor daylighting for a building in a specific location with

openings at any known orientation) was met by justifying and clearly presenting

the methodology steps one by one to make the research reproducible and therefore

maximise its value for influencing future research in the subject.

The research results indicate that depth ratio and perforation percentages are

the most effective in increasing the amount of penetrated daylight through perforated

solar screens, whereas, the aspect ratio parameter is able to bring only a minor

difference, and the cell module size has a minimal effect on daylight performance

of screens. Verifying that cell module size of perforated screens has no effect on its

performance is a major finding of this research. It means that cell module size can be

chosen according to the preference of the designer or the function of the building. For

example, when using perforated solar screens in a building where the privacy is an

issue, a designer is able to use the smallest module cell size possible according to the

available material and machinery to build the screens. The daylight performance

of screens would not be affected if the recommended values of depth ratio and

perforation percentage for the required orientation is obtained. Similarly, if the view

to the outside was integral and solar perforated screens are used to improve indoor

daylighting, a designer can choose bigger cell module size and simultaneously keep

controlling the oversupply of daylight by obtaining the recommended configurations

of other parameters. Table 4.58 can be used to do this in schools in Riyadh, Saudi

Arabia, and with the same method used in this research this table can be produced

for any location in the world for the required occupancy schedule as long as a weather

file of that location is available to be used in CBDM simulation and all other CBDM
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variables can be prepared.

Axial tilting of screens is proven to have a major role in providing privacy by

blocking visibility between viewers from outside and the occupants inside a build-

ing. Although tilting screens reduced Daylit areas in all orientations, Daylit areas

remained at the acceptable level of indoor daylighting criteria with the configura-

tions that achieved satisfaction of the privacy criteria.

Moreover, experiments conducted in this thesis have helped to produce two

papers that were published and presented in two well-known conferences. A paper

titled: “Using solar screens in school classrooms in hot arid areas: The effect of

different perforated rates on daylighting levels” was published in the proceedings

of PLEA2016, the 32nd International conference on Passive and Low Energy Archi-

tecture in Los Angeles, California. A second paper titled: “Using solar screens in

school classrooms in hot arid areas: The effect of different aspect ratios on daylight-

ing levels” was published in the proceedings of PLEA2017, the 33rd International

conference on Passive and Low Energy Architecture in Edinburgh. This thesis has

helped contribute to the relevant body of knowledge with these two papers, and fu-

ture publications will be extracted from this study, on the following possible themes:

the effect of depth ratio on the performance of perforated solar screens; the effect of

tilting angle on daylighting levels; the effect of cell size on daylighting levels; test-

ing privacy through openings by testing visibility. The final findings of this thesis

can also be published in a paper talking about maintaining privacy and improving

daylight levels by using perforated solar screens.

5.3 Future suggestions

Another simulation process that could have been used in experiments of daylight

simulation in this research is a parametric approach called Genetic Algorithms GA

(Renner and Ekárt 2003). GA is a particular class of evolutionary algorithms that
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uses techniques inspired to evolve a solution for general or specific problems by

evolutionary biology such as inheritance, selection, mutation and crossover. It has

been proven to be an effective strategy to calculate multiple performance criteria,

address multi-objective design problems and finding close to optimum solutions in

a short period of time. GA application however, requires extensive mathematical

and computer programming knowledge far beyond the domain of most professionals

(González and Fiorito 2015). This problem has been solved recently by introduc-

ing “Galapagos” an evolutionary solver plug-in for Grasshopper (Rutten 2013). the

Galapagos tool is a generic evolutionary solver component that can integrate GA

into a highly intuitive solver using a more user-friendly and easy to use tool. There-

fore, different optimisation problems can be explored without the need for advanced

mathematical and computing skills (González and Fiorito 2015).

Instead of testing values of one parameter at a time, using Galapagos would

allow creating a matrix of all possible combinations and testing all options to find

an optimum configurations according to the set criteria. The total number of cases

would be the outcome of multiplying the number of tested values for each tested

parameter with the number of values for other parameters. Thus, there would be a

simulation run for every case.

For instance, if this approach was used in phase one of this research the total

number of cases in one orientation only would be 9 × 10 × 6 × 10 = 5, 400 cases,

because nine variations of perforation percentages were studied: 90%, 80%, 70%,

60%, 50%, 40%, 30%, 20% and 10%; ten variations of depth ratio would be studied:

0.15, 0.3, 0.45, 0.6, 0.75, 0.9, 1.05, 1.2, 1.35 and 1.5; six variations of aspect ratio:

12:1, 6:1, 4:1, 2:1, 1:1, 1:2, 1:4, 1:6, 1:10 and 1:20; ten variations of cell module size:

12 × 12, 8 × 8, 6 × 6, 4 × 4, 3 × 3 and 2 × 2.

Thus, 5,400 simulation runs for every orientation would give a total of 21,600

simulation runs for the four main orientations, which is an extraordinarily big num-

ber. Using this approach would be nearly impossible with the use of an ordinary
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computer, considering that each run could take about an average of one to three

hours. An option to resolve this limitation was using a supercomputer facility of-

fered by Cardiff University called Raven (Raven Supercomputer 2017). The problem

with that option however, was that Raven supercomputer uses a Linux operating

system instead of Windows, and Grasshopper that controls Galapagos works only

in the Windows operating system until the time this thesis was submitted. If a

supercomputer using a Windows operating system was available to use or a version

of Grasshopper was available to run on a Linux operating system, the author would

have used the GA approach. However, the simulation process used in this research

by testing one parameter at a time is still valid and used before in relative research.

It is adequate to find if the indoor daylight is acceptable or not, and this means

that this simulation process can be used to confirm the research hypothesis and

achieve the research aim and objectives. Using a GA approach is necessary to find

the optimum configuration of screens to provide the best possible indoor daylight

levels, and that was not required by the research aim nor the research hypothesis.

If in the future there was an option to conduct GA in a Supercomputer it

would be worthy to use that in future similar research. This would allow finding

the best configuration of all parameters instead of just finding a successful set of

configurations that achieve acceptable levels of indoor daylight similar to this re-

search. In some research, Galapagos was used to perform GA analysis (Brotas and

Rusovan 2013; González and Fiorito 2015), but here, the number of parameters and

the range of values were much less in comparison with the number of variations in

this research. Moreover, in the above-mentioned studies only one orientation was

studied in order to reduce simulation time, hence, the total number of simulation

runs was a reasonable number and could be done using a high performance personal

computer.

Recently, Wagdy (2015) have introduced a new component for Grasshopper

called SpeedSim using an approach called Parallel Algorithm to reduce total sim-

ulation running time. He used the same approach again in his following papers
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(Wagdy and Fathy 2015, 2016; Wagdy et al. 2016). However, Speedsim, is not

freely available, neither is it widely used yet and it has not yet been validated.

New applications for light simulation are being introduced and developed lately us-

ing RADIANCE engine, usually as a plug-in for Grasshopper, namely, Honey-Bee

(Roudsari and Waelkens 2015) and Ladybug (Roudsari et al. 2013). Both are freely

available and attracting more designers and architectural students but not widely

used yet in scientific research. Honey-Bee is under development to include a Parallel

Algorithm approach which has not been announced officially yet.

Daylight simulation using CBDM is still under development and some DDPMs

are being developed and/or new DDPMs could be introduced in the future. For

instance, two new metrics have been introduced lately by Wagdy et al. (2016) called

Hourly Spatial Daylight Autonomy H-sDA300 and Hourly Spatial Sunlight Exposure

H-SE1000. These metrics combined hourly illuminance readings from each sensor

points with the result of DDPMs metrics of spatial Daylight Autonomy sDA and

Annual Sunlight Exposure respectively. However, they have not been validated yet,

and it is worth testing or comparing them with actual readings in order to validate

them in the future. Despite major advances in this field, much work is still needed

to improve and speed up the light simulation process.

This research looked at the privacy aspect and daylight performance of perfo-

rated solar screens in school classrooms in hot arid area. Further research can be

directed towards the effect of screen parameters on the performance of screens in

thermal gain and energy consumption in the same context. This research has been

previously undertaken for domestic buildings and not for school buildings, and re-

sults would be different for similar reasons as discussed in this research. Moreover,

the method used in this research to produce tools to help designers in selecting the

appropriate configurations for perforated solar screens can be adapted and used in

any other location to produce similar tools as long as a weather data file is available

for that location and an occupancy schedule can be constructed and other CBDM

variables can be prepared.
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5.4 Conclusion

This research has successfully confirmed the research hypothesis that using perfo-

rated solar screens would maintain privacy simultaneously with providing acceptable

indoor daylight in buildings. It has also achieved the research objective identifying

the recommended configuration to achieve an acceptable performance according to

the criteria set to assess daylight while maintaining privacy. The research has set

recommended values to be used for each parameter of the perforated solar screen on

each orientation in school classrooms in the studied context. It also provided tables

as tools to be used by architects and designers to select the appropriate value of

each parameter according to the required illuminance levels; they can also be used

to determine the time at which artificial lighting is needed and in which zone.

Retrofitting existing school buildings in Saudi Arabia by applying perforated

solar screens using the recommended configurations identified in this research would

benefit 2.18 million girl pupils around Saudi Arabia according to the most recent

survey of the Saudi General Authority for Statistics in 2017, occupying about 15,000

public schools. There are 28 Universities in Saudi Arabia that are gender separated;

the same configurations can be also applied to retrofit university buildings used by

female students. The results of this research can be used also to select configurations

for perforated solar screens to use them in boys’ school in Saudi Arabia optimise

indoor daylight even if maintaining privacy is not required, for example by using 90%

perforation without screen axial tilting, which is recommended to maintain privacy.

This would benefit 2.22 million boy pupils occupying about another 15,000 public

school buildings. This indicates that the outcome of this research could impact

and benefit a big part of the population of Saudi Arabia, especially regarding their

health, well-being and their productivity.

The overall aim of the study comprising this thesis is to develop a framework

for studying the parameters of perforated solar screens to test a hypothesis. For

future work, the same framework can be applied to offer more insight on the subject
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or to conduct a study to optimise indoor daylighting using perforated solar screen

for any other location. The required variables to conduct lighting simulation in any

location are listed and discussed in this research, e.g. occupancy schedule and the

appropriate weather file. Findings of this research have disclosed that perforated

screens could enhance indoor lighting in buildings regardless of the usefulness of

providing privacy and without affecting the outside view by using bigger cell module

size while keeping the depth ratio and perforation percentage at the recommended

values. Therefore, the framework developed in this research can be used to improve

daylight performance of perforated screens in any place worldwide, even if privacy

is not an issue.

The privacy experiment conducted in this research is novel and has not been

done before. Previous research only talked theoretically about the benefits of using

perforated solar screens to provide privacy but no one has tested that or/and inves-

tigated how the design parameters of the screen would affect that aspect. The way

human subjects reacted on describing the Kay pictures they have seen has provided

information to the developer of Kay pictures that can help them in the future en-

hancing of the pictures. For example, the star image was the most detected image;

the reason for this could be the fact that the star is the only symmetrical shape

between all pictures. The developers of Kay pictures could use the results of this

research to study if the human eye react differently to symmetrical pictures by com-

paring the results of detecting a group of symmetrical pictures against a group of

non-symmetrical pictures.

Some of the daylight simulation experiments conducted in this research have

not been done before in any context, such as, the effect of cell module size. Some pa-

rameters have been investigated only for the energy-saving aspect, or their daylight

performance was tested in combination with another parameter, namely, the effect

of depth ratio. Some have been investigated using a questionable method to create

the variations of that parameter, namely, the opening aspect ratios. The variations

selected to test the effect of aspect ratio in previous research have not considered
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the window dimension and the final dimension of the tested perforated screen af-

ter applying the aspect ratio under investigation. The author of this research has

questioned the results of using such methods, and developed a procedure to make

all the investigated opening aspect ratios resulting in screen dimension identical to

the dimension of the window under investigation. The only parameter that has

been investigated in an approach similar to that used by the author was the per-

foration percentage. However, the effect of it (and most parameters) were tested

only in the context of living rooms in residential buildings. The author has argued

in this research that results would be different for classrooms as they have different

layout, window to wall ratio, occupancy schedule and different minimum lighting

requirements.

Simulating average illuminance levels in three zones of the space has helped to

produce tables in this research to recommend values of the investigated parameter

according to the time, zone and orientation based on the results of average illumi-

nances in each zone three times a day. These tables are displayed in the research

chapter and copies of them are displayed here as examples.

Table 5.1: Minimum recommended depth ratios (a) and perforation percentages
(b) to achieve the target illuminance (300lx) in all studied cases and zones for
specific times throughout the year. (black cells represent cases that 300lx cannot be
achieved with daylight alone; lighter cells represent higher depth ratios in (a) and
lower perforation percentages.)

(a) Minimum recommended depth ratios to
achieve acceptable illuminance levels.

Season:

Hour: 7 10 13 7 10 13 7 10 13 7 10 13

North 0.14 0.75 0.90 0.75 0.90 0.45 0.15 0.60 0.60 0.14 0.45 0.60

East 0.14 0.75 0.75 1.50 1.50 0.30 1.05 1.50 0.60 0.14 0.45 0.60

South 0.14 0.75 0.90 0.45 0.75 0.60 0.30 1.20 1.50 0.14 0.60 0.75

West 0.00 0.75 0.90 0.30 0.60 0.90 0.00 0.60 1.05 0.00 0.45 0.75

North 0.14 0.75 0.90 0.75 0.90 0.45 0.14 0.60 0.75 0.14 0.30 0.60

East 0.14 0.75 0.75 1.50 1.50 0.60 1.50 1.50 0.60 0.14 0.30 0.60

South 0.14 0.90 1.05 0.30 0.75 0.60 0.14 1.20 1.50 0.14 0.60 0.90

West 0.00 0.75 0.90 0.30 0.60 0.90 0.00 0.60 1.20 0.00 0.45 0.75

North 0.14 0.30 0.45 0.45 0.60 0.30 0.14 0.45 0.45 0.14 0.14 0.14

East 0.14 0.30 0.30 1.50 1.35 0.14 1.50 1.50 0.30 0.00 0.00 0.00

South 0.14 0.45 0.75 0.14 0.60 0.30 0.14 1.20 1.35 0.14 0.14 0.45

West 0.00 0.15 0.60 0.00 0.45 0.60 0.00 0.45 0.90 0.00 0.00 0.30

orientation

Depth ratiosZo
n

es:
N

ear
M

id
Far

Spring Summer Autumn Winter

Minimum Depth ratios to achieve 300 lx illuminance

(b) Minimum recommended perforation per-
centages to achieve acceptable illuminance
levels.
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Using the same method and framework used in this research, similar tables can

be produced for any studied space in any location. These tables are very helpful

and can be used in the future to develop parametric screens that can change their

properties according to the time of the day. The tables can also supply information

to help control light fixtures in the studied space. The resulting illuminance tables

in this research indicate that in some hours of the day, artificial light is only needed

for the Far zone. Using lighting control systems based on the findings displayed in

the tables will be very helpful in reducing consumed energy in artificial lighting.

The findings of this research have revealed recommended configurations for per-

forated solar screens to achieve acceptable levels of indoor daylighting while main-

taining privacy, which confirmed the research hypothesis. However, the research

did not confirm the optimal configurations to provide the best possible level of in-

door daylight. In order find out the optimal configuration, more than 5,000 possible

combinations of the configuration need to be simulated as discussed in Section 5.3.

The future might reveal solutions to conduct a parametric study using a Generic

Algorithm approach in order to achieve this.
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lighting performance of dynamic façades by using new annual climate-based met-

rics”. In: The 32th PLEA Passive and Low Energy Architecture: Cities, Build-
ings, People: Towards Regenerative Environments. Ed. by Pablo La Roche and

Marc Schiler. Vol. 2. 11-13 July. PLEA 2016, pp. 941–947.

Waldram, Percy J (1909). “The measurement of illumination; daylight and artificial:

with special reference to ancient light disputes”. In: The Journal of the Society
of Architects 3, pp. 131–40.

— (1925). “The Natural and Artificial Lighting of Buildings”. In: Journal of The
Royal Institute of British Architects RIBA 32.13, pp. 405–26.

— (1950). A measuring diagram for daylight illumination. London, UK: Batsford

Ltd.

Walsh, John William Tudor (1961). The science of daylight. UK: Macdonald& Co.

Watkins, R, G J Levermore, and J B Parkinson (2013). “The design reference year

– a new approach to testing a building in more extreme weather using UKCP09

324



projections”. In: Building Services Engineering Research and Technology 34.2,

pp. 165–176.

WeatherBank-INC. (2010).WeatherBank,INC. website. url: http://www.weatherbank.
com (visited on 04/15/2016).

Weather-Source (2017). Weather Source website. url: https://weathersource.
com/ (visited on 05/05/2017).

Webb, Ann R. (2006). “Considerations for lighting in the built environment: Non-

visual effects of light”. In: Energy and Buildings 38.7, pp. 721–727.

Westin, Alan F and Oscar M Ruebhausen (1967). Privacy and freedom. Vol. 1. New

York, NY: Atheneum.

Wilcox, Stephen and William Marion (2008). Users manual for TMY3 data sets.
Report.

Wong, Nyuk Hien and Agustinus Djoko Istiadji (2004). “Effect of external shading

devices on daylighting penetration in residential buildings”. In: Lighting Research
& Technology 36.4, pp. 317–330.

World Bank, the (2017). Saudi Arabia Report. url: http://data.worldbank.org/
country/saudi-arabia (visited on 04/16/2017).

Worldmark Encyclopedia of Nations, the (2007). Saudi Arabia. url: http : / /

www . encyclopedia . com / places / asia / arabian - peninsula - political -

geography/saudi-arabia#LOCATION_SIZE_AND_EXTENT (visited on 01/10/2018).

WSA website (2018). url: http://www.cardiff.ac.uk/architecture/about-

us/facilities/environmental-lab/sky-dome/ (visited on 02/05/2018).

www.cct–uk.com (2018). url: http://www.cct-uk.com/fb700.htm (visited on

02/05/2018).

www.integra.jp/en (2007). url: www.integra.jp/en (visited on 05/15/2015).

www.lighting-technologies.com (2017). url: www.lighting-technologies.com (vis-

ited on 05/05/2015).

El–Zafarany, Abbas, Ahmed Sherif, and Rasha Arafa (2013). “Energy Efficiency of

External Perforated Window Solar Screens in Desert Environments: Effect of

Screen Surface Reflectance”. In: AEI 2013 Building Solutions for Architectural
Engineering.

325



Appendix A: Published work.

326























 
 

 
VOLUME II PLEA 2017 PROCEEDINGS – DESING TO THRIVE 3253 

USING SOLAR SCREENS IN SCHOOL CLASSROOMS IN HOT ARID AREAS: 
THE EFFECT OF DIFFERENT ASPECT RATIOS ON DAYLIGHTING LEVELS 
 
Ahmad Kotbi1, Eleni Ampatzi2 and Huw Jenkins3 
 
1 Welsh School of Architecture, Cardiff University, Cardiff, UK, kotbiag@cf.ac.uk; 
2 Welsh School of Architecture, Cardiff University, Cardiff, UK, ampatzia@cf.ac.uk; 
3 Welsh School of Architecture, Cardiff University, Cardiff, UK, jenkinsh@cf.ac.uk 
  
Abstract: Hot arid areas are endowed with an abundance of clear skies. Thus, the solar energy available can 
significantly raise the temperature of interior spaces and also result in an uncomfortable visual environment. 
External perforated solar screens have been used to control solar penetration through windows. Such screens 
can also serve a social function, that of maintaining privacy. This paper focuses on a special case of girls’ schools 
in Saudi Arabia, where the privacy issue is critical due to socio-cultural and religious beliefs. Windows in girls’ 
schools facing public spaces are typically covered by dark opaque film to maintain privacy. This window 
treatment results in overreliance on artificial lighting, and in a corresponding increase in energy use. The 
performance of screens can be affected by many parameters, namely: perforation rate, depth ratio, shape, 
reflectivity of colour, aspect ratio of openings. This paper looks at how different Aspect ratios affect the 
performance of screens by simulating a range of cases of different aspect ratios, using the Daylight Dynamic 
Performance Metrics approach (DDPM). Results recommend using 1:1 aspect ratio for the south orientation 
whereas using different aspect ratios for the North and West orientations provide better daylight levels in the 
studied context. 
 
Keywords: Daylight, Perforated Solar Screens, Schools, windows, Daylight Dynamic Performance Metrics. 

Introduction 

Areas with hot arid desert climate are characterised by an abundance of clear skies. 
Thus, the available solar radiation can significantly increase the temperature of interior 
spaces and result in uncomfortable visual environments due to discomfort glare and poor 
uniformity ratios (Julian, 2006). Fixed external solar screens can control solar penetration in 
spaces whilst improve the visual and thermal comfort of the users of such spaces (Harris, 
2006). These screens follow the general principles of a shading device that has been 
traditionally used in hot arid areas, called “Mashrabiya”. The Mashrabiya has always had a 
social function to serve, that of maintaining privacy which is of importance to the Islamic 
cultures (Fathy, 1986). This dual purpose, explains the widespread use of these devices 
around the world wherever Muslims exist, from Moorish Spain in the West through North 
Africa and the Middle East to India in the East (Alitany, 2014). The same principle is used in 
contemporary architecture to shade facades. Using such perforated solar screens is also 
proven to reduce energy consumption (Sabry et al, 2014). 

The issue of providing privacy for women is significant in Saudi Arabia as the country 
follows an Islamic regulation, which dictates that women should be covered in the attendance 
of unrelated men. Following the same regulation, women have to wear “Abaya”, a dark robe 

mailto:kotbiag@cf.ac.uk
mailto:ampatzia@cf.ac.uk
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which they can only take off when inside their houses or in buildings occupied only by women, 
such as girls’ schools. To maintain privacy in girls’ schools, it is common for windows to be 
completely covered by black opaque coatings or non-transparent curtains. Figure 1 shows an 
example of current situation from a site visit by the main author (Kotbi and Ampatzi 2015).  

 

 
It is well known that such treatments could affect the occupants’ wellbeing and 

productivity, especially students in schools (Erwin, Heschong, 2002), due to the lack of access 
to external views and adequate natural light (Webb, 2006). These window treatments require 
exclusive use of artificial lighting, and as a result, girls’ schools in Saudi Arabia became 
significant energy consumers, considering also the numbers of schools and the fact that they 
all operate during peak hours (Abanomi, Jones, 2005). Considering the characteristics and 
function of perforated solar screens, it is likely that they are an effective alternative solution 
to the window treatments currently in place in girls’ schools in Saudi Arabia. This research 
focuses on adopting such screens as a retrofit strategy for existing buildings used as schools, 
therefore, other solutions that could be effectively integrated in the design process were not 
considered, such as organising teaching spaces around internal courtyards. 

The performance of perforated solar screen can be controlled by different parameters, 
previous studies have summarized the key parameters affecting the performance of 
perforated solar screens to: perforation rate, depth ratio, cell shape, colour reflectance, 
aspect ratio of openings, tilt and rotation angles. The authors have already investigated the 
effect of perforation rate on daylighting in the same context (Kotbi and Ampatzi 2016), Sherif 
et al. (2012) also studied the perforation rate in residential living rooms. Aljofi (2005) have 
looked at the effect of the cell shape and colour reflectance of the screen on daylight 
distribution in a general context. The latter study concluded that a light colour and a 
rectangular shape result to improved daylight distribution in comparison to darker materials 
or round openings. In the context of a residential living room, Sherif et al. (2012) have 
examined the effect of depth ratio its effect on energy consumption for cooling, heating and 
lighting , Sabry et al. (2011) have studied the effect of screen rotation angle on daylight . 
Regarding aspect ratios, Sherif et al. (2013) have investigated the effect of opening aspect 
ratios on daylighting and on energy consumption for residential living rooms. However, no 
previous research known to the authors have investigated the effect of aspect ratio on the 
daylight performance in classrooms. 

Figure 1: an example chowing using black opaque film to cover windows 
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Objective 

This paper is a part of ongoing research that examines the parametric design of perforated 
screens for both enhancing interior daylight levels and maintaining privacy in typical girls’ 
classrooms in a hot arid area. The objective of this paper is to examine optimum aspect ratios 
for perforated solar screens to enhance daylighting inside classrooms in hot arid areas for the 
four main orientations (North, South, East and West). This perspective is considered to be 
novel, as no other research focusing on this aspect and context is known to the authors. 

Methodology 

A validated virtual simulation approach is used for this experiment. A 3D base-case classroom 
was modelled, representing a typical classroom with five windows. This typology is based on 
a physical survey conducted previously by the authors for 11 classrooms (Kotbi and Ampatzi 
2015). In this study, nine perforated solar screens each with different aspect ratio are 
modelled. In a previous study the optimum perforation rate for solar screens for the same 
context has been studied (Kotbi and Ampatzi 2016), hence the recommended perforation 
rate for each orientation is used here. The depth ratio used for each orientation is set 
according to an optimisation exercise conducted as part of the overall research (unpublished 
at the time of writing). Other parameters were fixed to control the result. All fixed parameters 
are listed in Table 1. 

The aspect ratio is defined as the ratio between the horizontal width (H) and vertical 
length (V) of the cell H:V. Screens with four aspect ratios with horizontal direction (2:1, 4:1, 
6:1, 12:1) and four with vertical direction 1:2, 1:4, 1:10, 1:20 are examined and compared 
with a 1:1 square cell. A 6 cm module cell size was used as the basis for creating screens with 
different aspect ratios. Figure 2 shows examples of different cases. 
 

Table 1: Parameters of simulated solar screens 

Module size for cells 6 x 6cm Depth Ratio 0.15 North, West; 0.6 South; 0.75 East 

Colour reflectance 70% Perforation rate 90% North, West, South ;   80% East  

 

 
Figure 2: Examples of screens with different aspect ratios 

 
These cases are tested for the four main orientations using the Dynamic Daylight 

Performance Metrics (DDPMs). These metrics evaluate daylighting performance based on a 
time series of illuminance levels within a space. The time series cover the occupancy schedule 
in a calendar year, and based on annual solar radiation data included in the weather data file 
used in the simulation (Reinhart et al, 2006). The DDPM includes many metrics such as 
Daylight Autonomy (DA), useful Daylight Illuminance (UDI) and Daylight Availability (DAv). The 
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DA represents the percentage of occupied hours of the year when at least the minimum 
required illuminance is achieved; following from that, the space is divided as either ‘Daylit’ 
and ‘Partly lit’ area. Daylit is characterised as the area that has achieved the required 
illuminance level for at least half of the occupancy hours, while Partly lit area is the area that 
did not achieve that illuminance level (Reinhart, Walkenhorst, 2001). The UDI uses the lower 
and upper thresholds of 100lx and 2000lx accordingly to determine illuminance within a 
useful range, UDI also represents area with oversupply of daylight (more than 2000lx) (Nabil, 
Mardaljevic, 2006). The problem with the DA is that it does not account for the area with 
oversupply of daylight in the results, which is usually accompanied with visual and thermal 
discomfort especially in such climate. “DAv” however, combines both “DA” and “UDI”. When 
using Daylight Availability  metric, the space is divided into three categories: ‘Daylit’ area, 
‘Partly lit’ area and  ‘Overlit’ area, which is the area receiving more than ten times the required 
illuminance for at least 5% of the occupancy hours (Reinhart, Wienold, 2011). The 5% criterion 
was selected according to British Standards (BSI, 2007). 

Architectural parameters 

The dimensions of the base case classroom are 6.90m x 4.50m Figure 3. The dimensions of 
each of the windows are 0.72m x 1.2m Figure 4. The assumed indoor parameters and 
reflectance values are presented in Table2. Most schools in Riyadh are surrounded by four 
streets at least 20m wide and all classrooms are not in a ground floor, hence external 
obstructions are ignored in these simulations. 

 

   
Table 2: Parameters of simulated classroom 

Space parameters  Windows parameters 
Dimensions  4.50m X 6.9m X 3.0m WWR 21% 
Working level +0.75m No. of Windows 5 
Surface Reflectance Dimensions 0.72m x 1.2m 
Interior walls 50% Sill height 1.15m 
Exterior walls 35% Glass Transmission 88% 
Ceiling 80% Solar Screens parameters 
Floor 20% Cell size 6cm x 6cm 
Furniture 50% Perforation Rates N&W&S: 90%, E: 80% 
White board 90% Depth ratios N&W: 0.15, E: 0.75, S: 0.6 
Solar screens 70% Screen reflectance 70% 

 

 
 

Figure 4: section of the simulated classroom Figure 3: plan of the simulated classroom 
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Simulation process 

To conduct the virtual simulation three software tools were used. The software “Rhinoceros”, 
which is a 3D modelling tool, was used to build geometries of the modelled classroom and 
perforated screens with different configurations. “DIVA” is a plug-in for ‘Rhinoceros’ (Jakubiec, 
Reinhart, 2011) and is used as an interface for the simulation engines “Radiance” and 
“Daysim”. Both software engines are broadly used for backward-tracing daylighting analysis 
and have been previously validated by comparing simulation results with physical 
measurements (Reinhart, Breton, 2009). “Grasshopper”, a generic algorithm editor that 
works as a parametric modelling extension for Rhinoceros (Rutten, McNeel, 2012), was used 
to produce the variation of solar screens according to the required parameters. “Grasshopper” 
was also used with “DIVA” to control the simulation runs and export the results. 

The location is Riyadh (24.7°N, 46.8°E). The weather data file for Riyadh was obtained 
from the U.S Department of Energy (DOE, 2015). Weather files represent a Typical 
Meteorological Year “TMY” and are generated using recorded data including global solar 
radiation from around 23 years (Hall et al, 1978). The sky condition setup in this study was 
“clear sky with sun” as this is a typical sky condition in this climate (Al-Abbadi et al, 2002). 

Simulation parameters used for Radiance simulation engine are presented in Table 3. 
The “ambient bounces” represents the number of times the light is allowed to hit and bounce 
from any plane in the simulated scene, and the recommended value is at least 6 to account 
for complicated configuration such as perforated screens (IES, 2012). The “ambient divisions” 
parameter determines the number of sample rays sent out from a surface point. It is 
recommended to be set at as high as 1000 to avoid high brightness variation (Reinhart, 
Wienold, 2011). An ambient sampling parameter greater than zero determines the number 
of extra rays that are sent in sample areas with a high brightness gradient. The combination 
of “ambient accuracy” ”, “ambient resolution” and the maximum scene dimension gives a 
measure of how fine the luminance distribution is distributed, according to this formula: 
[(Maximum scene dimension × ambient accuracy) / ambient resolution] (Larson, Shakespeare, 
2004). Hence, setting the “ambient accuracy” at 0.1 and “ambient resolution” at 300 with a 
maximum scene dimension of 100m means that the smallest cell in simulated perforated 
screens can be as small as 3cm because (100m × 0.1)/300 = 0.03m. 
 

Table 3: Utilized Radiance Simulation Parameters 

Ambient bounces Ambient divisions Ambient sampling Ambient 
resolution  

Ambient accuracy 

6 1000 20 300 0.1 
 

A grid of measuring sensors is used as a reference plane to plot the metrics’   data. The 
reference plane is recommended to be on the highest plane where regular task is performed 
in the space (IES, 2012). In the case of a classroom, the reference plane is set on pupils desks 
at 0.75m height Figure 4. There are in total 345 measuring points on the reference plane, 
spread evenly on a 0.3mx0.3m grid, this grid is the minimum recommended grid to improve 
accuracy (IES, 2012). 

To simulate DAv, we need to set a required illuminance threshold and provide an 
occupancy schedule. The standard adequate illuminance for a reading and/or writing task is 
500lx (Phillips, 2000), however, it is problematic to depend on daylight solely to achieve this 
level without causing discomfort glare (Mardaljevic et al, 2009). Therefore, the required 
illuminance threshold was set to 300lx since the aim was to reduce the use of artificial light 
as much as possible (Heschong et al, 2012). The occupancy schedule is created using a typical 
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school year in Saudi Arabia, which has 180 days in 36 weeks, with a total of 1080 hours, the 
school year starts on mid-September until mid-June in two semesters, each term has one half 
term break. The school day starts at 6:30 and ends at 13:30 to avoid the hot afternoon hours 
as much as possible. 

Results 

Each of the 345 measuring points is represented by a coloured square on the classroom plan 
to show daylight availability distribution. The colour of each square indicates the percentage 
of time achieving 300lx out of total occupancy time according to a colour scale ranges from 
Blue 0% to Red 100%. Squares in magenta colour represent Overlit conditions. Table 4 
compares DAv distribution for the best and worst case for each orientation. The percentage 
of Daylit area of the total classroom area is then calculated for each case in each orientation. 
The graph in Figure 5 displays Daylit areas for all cases. Cases achieved more than 50% daylit 
area is considered adequate to achieve acceptable daylight performance (Sherif et al, 2012). 
 

Table 4: Comparison between daylight availability distribution of best and worst case for each orientation 

Legend   North East South West 

 Best 
Case 
 

    
H:V 12:1 4:1 1:1 6:1 
Daylit area 91% 60% 86% 88% 

Worst 
Case 
 

    
H:V 1:1 1:20 1:10 1:1 

 Daylit area 82% 41% 73% 82% 

 
Results in Figure 5 show that using screens with horizontal direction cells could provide 

more daylit area in the studied context for all main orientations except South orientation, and 
screens with vertical direction provide also more daylit area than screens with square cells 
for the North and West orientations. In the South Orientation the optimum aspect ratio is 1:1 
with square cells, using other aspect ratio for Southern orientation could reduce the daylight 
performance of the solar screen. 

Discussion and Conclusion 

To provide more daylit area, results of this study recommend using different aspect ratio than 
1:1 in the North and West facades, and using 1:1 aspect ratio in the South. For the East 
orientation, results recommend using only screens with horizontal direction cells. Most cases 
of aspect ratios in all main orientations achieved adequate level of daylighting performance 
providing daylit area of more than 50% of total space. Only the screens with vertical direction 
in the East orientation failed to achieve adequate daylit areas as shown in Figure 5, in these 
cases, overlit areas occupied about half of the total area of the classroom Table 4. It must be 
noticed that the result of West façade reflects the occupation schedule used in this context 
as the school day finishes early. Which differs from studies of residential spaces where 
occupation schedule extend until sunset.  
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Figure 5: percentage of Daylit area for all cases 

 
Results of previous studies by the authors recommended using 90% perforation rate in 

North, West and South facades, 80% in the East facades. It also recommended depth ratio of 
0.15 in North and West Facades, 0.6 in West facades, 0.75 in East Façade. Results of this 
experiment proved that using the recommended results by the authors in previous studies 
could achieve adequate daylight performance when using any aspect ratio, except for East 
façade where screens with vertical direction did not achieve adequate daylit levels. Hence, 
architects could use different aspect ratios according to the required daylit area provided 
using the chart in Figure 5. 
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Risk Assessment WSA 

1. General Information 

Department ARCHI Building Bute Building Room number 0.41 (Artificial sky) 

Assessor Ahmad Kotbi Date of Assessment 21/11/2017 Assessment number  

 

2.  Brief Description of procedure/activity including location and duration 

The experiment will take place inside the artificial sky in room number (0.41) in the basement of Bute Building. 20 subjects will be recruited. 3-
5 subjects will participate in each session covering a day of the experiment. The experiments will take 4-6 days in total. The researcher will 
have one assistant for each session. The experiment is planned to take place in a week starting from 11November 2017. 
A box will be attached to a tilted table. It will have the ability to be tilted and will have LED lamps installed in it. An image will be placed inside 
the box. One side of the box will be covered by a perforated screen that can also be tilted from 0 to 90 degree. 
Three screens and six images will be used in the experiments.  
Participants will be asked whether the image behind the screen is recognizable while the assistant tilts the screen very slowly. The researcher 
will then record the tilting angle of the screen. A mirror will be fixed at the end of the dome and used to compensate for distance shortages 
when testing long distances as the dome is not wide enough.  
Participants will be subjected to a quick visual acuity test first so that anyone with visual acuity results below normal vision standards will be 
excluded from the rest of the experiment. 

 

3.  Assessment 

What are the 
hazards 

Who might be 
harmed 

Existing 
controls 

Likelihood 
of risk 

Current risk 
level 

What further action is necessary? 
Inc. by whom and when 

Future 
risk 
level 

Medical emergency Participants and 
Researcher 

 First Aid kit is 
provided in the 
building 

Low Low Inform the participants about the 
location of the first aid kit. 

 

Travel NA NA NA NA NA  
Fieldwork NA NA NA NA NA  



Fire Participants and 
Researcher 

Following the 
local procedure 
in case of fire 
alarm. 

Low Low The researcher would show 
participants the floor plans and fire 
exit doors at the beginning of each 
session. 

 

Noise 
Manual handling 

Building users Closing doors Low Low The artificial sky is already 
isolated. The researcher will make 
sure that the door is closed. 

 

Stress Participants and 
Researcher 

 Low Low Researcher will assure 
participants that they can 
withdraw from experiment at any 
time without giving any reason if 
not comfortable. 

 

Slips/trips/falls Participants and 
Researcher 

Signs are used 
to inform for 
hazards as 
necessary 

Low Low Researcher and his assistant will 
make sure there are no slip/trip 
hazards during the experiment, 
secure any wires and use signs if 
required.  

 

Head injury  entering 

the dome 

Researcher, 
assistant and 
participants 

Entrance is 
padded and has 
a sign to watch 
heads when 
enrering. 

Medium Low Researcher will inform 
participants to take care ant watch 
their head when entering the 
dome 

 

Electrical Researcher and 
his assistant 

Only tested 
equipment used 
in University 
buildings. 

Low Low Only LED lamps powered by 
batteries will be used and tested 
inside the built box. The electrical 
equipment are already tested. 

 

Display screen  NA NA NA NA NA  

Lone working NA NA NA NA NA  



Machinery/equipment Researcher No one is 
allowed to 
operate the sky-
dome but a staff 
member. 

Low Low A staff member will be always 
present during the experiment and 
will be operating the skydome. 

 

Breaking mirror Researcher and 
his assistant 
and participants 

The mirror will 
be installed one 
time and will not 
be touched til 
the end of 
experiment. 

Low Low Researcher will take care when 
installing the mirror at the end of 
the dome with the help of his 
assistant. No participants will go 
near the mirror at any time. 

 

Recruiting subjects 

not known to the 

school, holding an 

event in the school.  

Building users Due regard 
given to the 
‘Prevent duty’ 
policy 

Low Low List of names of participants will 
be submitted for all participants 
before entering the building, proof 
id will be checked to match the 
names. Sing in and out times will 
be registered for participants. 
However names will not relate to 
the questionnaire sheets as they 
are anonymous.  

 

Constructing the 

structure 

The researcher It will be under 
control 
supervised by 
Dan, who is 
experienced 
and responsible 
for the 
workshop in 
bute building 

Low Low Installing the LED lamps will be 
supervised by Huw Jenkins. He is 
experienced and responsible for 
the artificial sky dome and most 
lighting equipment for students.  

 

Environmental impact NA NA NA NA NA  

 1 Risk assessment guidance notes version 4/March 2017/reviewed annually 
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This sector specific guidance for 
higher education institutions in 
England and Wales subject to the 
Prevent duty is additional to, and 
is to be read alongside, the general 
guidance contained in the Revised 
Prevent Duty Guidance issued on 
16th July 2015.

Higher education

1. Section 26(1) of the Counter-Terrorism and 
Security Act 2015 (“the Act”) imposes a duty on 
“specified authorities”, when exercising their 
functions, to have due regard to the need to 
prevent people from being drawn into terrorism. 
Certain higher education bodies (“Relevant 
Higher Education Bodies”, or “RHEBs”) are 
subject to the section 26 duty. RHEBs’ 
commitment to freedom of speech and the 
rationality underpinning the advancement of 
knowledge means that they represent one of 
our most important arenas for challenging 
extremist views and ideologies. But young 
people continue to make up a 
disproportionately high number of those 
arrested in this country for terrorist-related 
offences and of those who are travelling to join 
terrorist organisations in Syria and Iraq. RHEBs 
must be vigilant and aware of the risks this 
poses.

2. Some students may arrive at RHEBs already 
committed to terrorism; others may become 
radicalised whilst attending a RHEB due to 
activity on campus; others may be radicalised 
whilst they are at a RHEB but because of 
activities which mainly take place off campus.

Higher education specified authorities

3. The higher education institutions specified in 
Schedule 6 to the Act fall into two categories:

• the governing body of qualifying institutions 
within the meaning given by section 11 of the 
Higher Education Act 2004.

• private higher education institutions that are 
not in receipt of public funding from the 
Higher Education Funding Council for England 
(HEFCE) or the Higher Education Funding 
Council Wales (HEFCW) but have similar 
characteristics to those that are. This includes 
governing bodies or proprietors of institutions 
not otherwise listed that have at least 250 
students, excluding students on distance 
learning courses, undertaking courses of a 
description mentioned in Schedule 6 to the 
Education Reform Act 1988 (higher education 
courses).

4. Most of these institutions already have a clear 
understanding of their Prevent related 
responsibilities. Institutions already demonstrate 
some good practice in these areas. We do not 
envisage the new duty creating large new 
burdens on institutions and intend it to be 
implemented in a proportionate and risk-based 
way.

5. Compliance with the Prevent duty requires 
that properly thought through procedures and 
policies are in place. Having procedures and 
policies in place which match the general 
expectations set out in this guidance will mean 
that institutions are well placed to comply with 
the Prevent duty. Compliance will only be 
achieved if these procedures and policies are 
properly followed and applied. This guidance 
does not prescribe what appropriate decisions 
would be - this will be up to institutions to 
determine, having considered all the factors of 
the case.

6. We would expect RHEBs to be delivering in 
the following areas.

External Speakers and Events 

7. In order to comply with the duty all RHEBs 
should have policies and procedures in place for 
the management of events on campus and use 
of all RHEB premises. The policies should apply 
to all staff, students and visitors and clearly set 
out what is required for any event to proceed.
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8. The RHEB clearly needs to balance its legal 
duties in terms of both ensuring freedom of 
speech and academic freedom, and also 
protecting student and staff welfare. Although it 
predates this legislation, Universities UK 
produced guidance in 2013 to support 
institutions to make decisions about hosting 
events and have the proper safeguards in place:            
http://www.universitiesuk.ac.uk/highereducation/
Pages/
Externalspeakersinhighereducationinstitutions.
aspx

9. The Charity Commission also produced 
guidance on this matter in 2013: https://www.
gov.uk/government/publications/charities-and-
terrorism and https://www.gov.uk/government/
uploads/system/uploads/attachment_data/
file/351342/CT-5.pdf

10. Encouragement of terrorism and inviting 
support for a proscribed terrorist organisation 
are both criminal offences. RHEBs should not 
provide a platform for these offences to be 
committed. 

11. Furthermore, when deciding whether or not 
to host a particular speaker, RHEBs should 
consider carefully whether the views being 
expressed, or likely to be expressed, constitute 
extremist views that risk drawing people into 
terrorism or are shared by terrorist groups. In 
these circumstances the event should not be 
allowed to proceed except where RHEBs are 
entirely convinced that such risk can be fully 
mitigated without cancellation of the event. This 
includes ensuring that, where any event is being 
allowed to proceed, speakers with extremist 
views that could draw people into terrorism are 
challenged with opposing views as part of that 
same event, rather than in a separate forum. 
Where RHEBs are in any doubt that the risk 
cannot be fully mitigated they should exercise 
caution and not allow the event to proceed.

12. We would expect RHEBs to put in place a 
system for assessing and rating risks associated 
with any planned events, which provides 
evidence to suggest whether an event should 
proceed, be cancelled or whether action is 

required to mitigate any risk. There should also 
be a mechanism in place for assessing the risks 
associated with any events which are RHEB-
affiliated, funded or branded but which take 
place off-campus and for taking swift and 
appropriate action as outlined in paragraph 11.

13. Additionally, institutions should pay regard to 
their existing responsibilities in relation to gender 
segregation, as outlined in the guidance 
produced in 2014 by the Equality and Human 
Rights Commission: http://www.
equalityhumanrights.com/sites/default/files/
publication_pdf/Guidance%20for%20
universities%20and%20students%20unions%20
17-07-14.pdf

14. RHEBs should also demonstrate that staff 
involved in the physical security of the 
institution’s estate have an awareness of the 
Prevent duty. In many instances, this could be 
achieved through engagement with the 
Association of University Chief Security Officers 
(AUCSO). Where appropriate and legal to do 
so, an institution should also have procedures in 
place for the sharing of information about 
speakers with other institutions and partners.

15. But managing the risk of radicalisation in 
RHEBs is not simply about managing external 
speakers. Radicalised students can also act as a 
focal point for further radicalisation through 
personal contact with fellow students and 
through their social media activity. Where 
radicalisation happens off campus, the student 
concerned may well share his or her issues with 
other students. Changes in behaviour and 
outlook may be visible to university staff. Much 
of this guidance therefore addresses the need 
for RHEBs to have the necessary staff training, IT 
policies and student welfare programmes to 
recognise these signs and respond appropriately.

Partnership

16. In complying with this duty we would expect 
active engagement from senior management of 
the university (including, where appropriate, vice 
chancellors) with other partners including police 
and BIS regional higher and further education 
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Prevent co-ordinators. We would expect 
institutions to seek to engage and consult 
students on their plans for implementing the 
duty.

17. Given the size and complexity of most 
institutions we would also expect RHEBs to 
make use of internal mechanisms to share 
information about Prevent across the relevant 
faculties of the institution. Having a single point 
of contact for operational delivery of Prevent 
related activity may also be useful.

18. We would expect institutions to have regular 
contact with the relevant Prevent co-ordinator. 
These co-ordinators will help RHEBs comply 
with the duty and can provide advice and 
guidance on risk and on the appropriate 
response. The contact details of these co-
ordinators are available on the Safe Campus 
Communities website: www.
safecampuscommunities.ac.uk. 

Risk assessment

19. RHEBs will be expected to carry out a risk 
assessment for their institution which assesses 
where and how their students might be at risk of 
being drawn into terrorism. This includes not 
just violent extremism but also non-violent 
extremism, which can create an atmosphere 
conducive to terrorism and can popularise views 
which terrorists exploit. Help and support will 
be available to do this.

20. We would expect the risk assessment to 
look at institutional policies regarding the 
campus and student welfare, including equality 
and diversity and the safety and welfare of 
students and staff. We would also expect the 
risk assessment to assess the physical 
management of the university estate including 
policies and procedures for events held by staff, 
students or visitors and relationships with 
external bodies and community groups who 
may use premises, or work in partnership with 
the institution.

Action Plan

21. With the support of co-ordinators, and 
others as necessary, any institution that identifies 
a risk should develop a Prevent action plan to 
set out the actions they will take to mitigate this 
risk.

Staff Training

22. Compliance with the duty will also require 
the institution to demonstrate that it is willing to 
undertake Prevent awareness training and other 
training that could help the relevant staff prevent 
people from being drawn into terrorism and 
challenge extremist ideas which risk drawing 
people into terrorism. We would expect 
appropriate members of staff to have an 
understanding of the factors that make people 
support terrorist ideologies or engage in 
terrorist-related activity. Such staff should have 
sufficient training to be able to recognise 
vulnerability to being drawn into terrorism, and 
be aware of what action to take in response. 
This will include an understanding of when to 
make referrals to the Channel programme and 
where to get additional advice and support.

23. We would expect the institution to have 
robust procedures both internally and externally 
for sharing information about vulnerable 
individuals (where appropriate to do so). This 
should include appropriate internal mechanisms 
and external information sharing agreements 
where possible.

24. BIS offers free training for higher and further 
education staff through its network of regional 
higher and further education Prevent co-
ordinators. This covers safeguarding and 
identifying vulnerability to being drawn into 
terrorism and can be tailored to suit each 
institution or group of individuals.

Welfare and pastoral care/chaplaincy support

25. RHEBs have a clear role to play in the 
welfare of their students and we would expect 
there to be sufficient chaplaincy and pastoral 
support available for all students.



26. As part of this, we would expect the 
institution to have clear and widely available 
policies for the use of prayer rooms and other 
faith-related facilities. These policies should 
outline arrangements for managing prayer and 
faith facilities (for example an oversight 
committee) and for dealing with any issues 
arising from the use of the facilities.

IT policies

27. We would expect RHEBs to have policies 
relating to the use of their IT equipment. Whilst 
all institutions will have policies around general 
usage, covering what is and is not permissible, 
we would expect these policies to contain 
specific reference to the statutory duty. Many 
educational institutions already use filtering as a 
means of restricting access to harmful content, 
and should consider the use of filters as part of 
their overall strategy to prevent people from 
being drawn into terrorism.

28. To enable the university to identify and 
address issues where online materials are 
accessed for non-research purposes, we would 
expect to see clear policies and procedures for 
students and staff working on sensitive or 
extremism-related research. Universities UK has 
provided guidance to help RHEBs manage this, 
which available at http://www.universitiesuk.
ac.uk/highereducation/Pages/
OversightOfSecuritySensitiveResearchMaterial.
aspx 

Student unions and societies

29. Institutions should have regard to the duty in 
the context of their relationship and interactions 
with student unions and societies. They will need 
to have clear policies setting out the activities 
that are or are not allowed to take place on 
campus and any online activity directly related to 
the university. The policies should set out what 
is expected from the student unions and 
societies in relation to Prevent including making 
clear the need to challenge extremist ideas 
which risk drawing people into terrorism. We 
would expect student unions and societies to 
work closely with their institution and co-

operate with the institutions’ policies.

30. Student unions, as charitable bodies, are 
registered with the Charity Commission and 
subject to charity laws and regulations, including 
those that relate to preventing terrorism. 
Student Unions should also consider whether 
their staff and elected officers would benefit 
from Prevent awareness training or other 
relevant training provided by the Charity 
Commission, regional Prevent co-ordinators or 
others.

Monitoring and enforcement

31. The Secretary of State will appoint an 
appropriate body to assess the bodies’ 
compliance with the Prevent duty. A separate 
monitoring framework will be published setting 
out the details of how this body will undertake 
monitoring of the duty.
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7/4/2018 Mail – KotbiAG@cardiff.ac.uk

https://outlook.office.com/owa/?realm=cardiff.ac.uk&path=/mail/search 1/2

Re: Using Kay pictures in a study

Dear Hazel,
 
 
Sorry for my late response, I was conduc�ng the experiment and I wrote it up in my chapters so I could send it
to you to show you some details of what I am doing.
 
I used Kay pictures instead of Le�ers because I did not want subjects to use their imagina�on in guessing the
le�er that they see even if they saw part of it. I made sure that subjects have not seen any of the KAY pictured
before, and also not having an optometry background as they might be familiar with KAY pictures. 
 
I am placing pictures with size 6/24 and place them at 6m away. My argument that a subject with a normal
vision can easily iden�fy a KAY picture size 6/24 from 6m away, and if  the subject could not iden�fy the
picture then the screen was the reason and it succeeded in lowering visibility and thus provide privacy.
 
Please find a�ached two chapters that KAY pictures were men�oned in the thesis (they were too big to be
sent in one message, I will send one now and the other will follow).   Currently I am just wri�ng my thesis.
when I use KAY pictures in papers for publishing, I will send a copy to you.
 
Please do not hesitate to contact me for any more informa�on.
 
Best Regards,
Ahmad
 

From: Kay Pictures <contact@kaypictures.co.uk> 
Sent: 21 May 2018 12:53:39 
To: Ahmad Kotbi 
Subject: Re: Using Kay pictures in a study
 
Dear Ahmad,
 
Thanks for your email. Your study sounds very interesting. 
 
We are intrigued why you decided to use pictures rather than letter vision test to indicate the window visibility level? Also, what is your
visual acuity criteria for deciding if the window has sufficient privacy?
 
We are happy in principle for you to use images of our test in your thesis and any publications, but we would like to see a copy of the
experiment samples you use prior to publication.
 
Please can you email this to us, and we will respond very quickly. I can’t foresee any issue.
 
Best wishes

Ahmad Kotbi

Sun 10/06/2018 02:45

Sent Items

To:Kay Pictures <contact@kaypictures.co.uk>;

 1 attachments (5 MB)

chapter3.pdf;



7/4/2018 Mail – KotbiAG@cardiff.ac.uk

https://outlook.office.com/owa/?realm=cardiff.ac.uk&path=/mail/search 2/2

Hazel Kay 
 
-----
Kay Pictures Ltd
Unit 39 (2nd Floor), Silk Mill Business Park
Brook Street
Tring
HP23 5EF
Tel: + 44 (0) 1442 823507
Fax: + 44 (0) 8701 236191
Email: contact@kaypictures.co.uk
Web: http://www.kaypictures.co.uk
Web: http://www.kayfunpatch.com
Twitter: http://twitter.com/kaypictures
Twitter: http://twitter.com/kayfunpatch
 
 
 
 
On 18 May 2018, at 17:00, Ahmad Kotbi <KotbiAG@cardiff.ac.uk> wrote: 
 

Dear Kay pictures representa�ve,
 
 
I am a PhD candidate in Architecture in the Welsh school of Architecture in Cardiff University.  My
project is about windows  in buildings and  maintaining privacy.
 
I am planning to conduct an experiment regarding tes�ng privacy levels through windows
in buildings. I have bought a set of crowded Kay pictures from your website, I am planning to use
them to test human subjects whether they can recognize the pictures when looking through
different types of windows to test which window succeeded to maintain privacy by preven�ng
subjects from recognizing the kay picture behind it.  
I would like please to ask for your permission to use them in my experiment and present samples
of them in my thesis and maybe published papers (with credits to Kaypictures). 
 
Please do not hesitate to ask for any more informa�on.
 
 
Best Regards,
Ahmad
 

mailto:contact@kaypictures.co.uk
http://www.kaypictures.co.uk/
http://www.kayfunpatch.com/
http://twitter.com/kaypictures
http://twitter.com/kayfunpatch
mailto:KotbiAG@cardiff.ac.uk


7/4/2018 Mail – KotbiAG@cardiff.ac.uk

https://outlook.office.com/owa/?realm=cardiff.ac.uk&path=/mail/search 1/2

Re: Using Kay pictures in a study

Dear Ahmad,
 
Thank you for the additional information. I was very interested to learn about the problem itself and the way you plan to investigate the
effectiveness of any solutions. 
We spent some time discussing how the windows in the school might be obscured and what level of opacity would be considered
sufficient.
I hope my late reply hasn’t impacted on your experiments. As I mentioned in my first email, we have no problem with you using the Kay
Picture Test optotypes in the way you have described and in publishing samples of your experiments that show the optotypes.
 
I hope you will send your conclusions in due course, as we are keen to know more.
 
Best wishes
Hazel
 
 
 
-----
Kay Pictures Ltd
Unit 39 (2nd Floor), Silk Mill Business Park
Brook Street
Tring
HP23 5EF
Tel: + 44 (0) 1442 823507
Fax: + 44 (0) 8701 236191
Email: contact@kaypictures.co.uk
Web: http://www.kaypictures.co.uk
Web: http://www.kayfunpatch.com
Twitter: http://twitter.com/kaypictures
Twitter: http://twitter.com/kayfunpatch
 
 
 
 
On 10 Jun 2018, at 02:50, Ahmad Kotbi <KotbiAG@cardiff.ac.uk> wrote: 
 

Dear Hazel,
 
Following my previous email.  Please find a�ached the second chapter 
 
Best Regards,
Ahmad

From: Kay Pictures <contact@kaypictures.co.uk> 
Sent: 21 May 2018 12:53:39 
To: Ahmad Kotbi 
Subject: Re: Using Kay pictures in a study
 
Dear Ahmad,
 
Thanks for your email. Your study sounds very interesting. 

Kay Pictures <contact@kaypictures.co.uk>

Sat 23/06/2018 08:52

To:Ahmad Kotbi <KotbiAG@cardiff.ac.uk>;

mailto:contact@kaypictures.co.uk
http://www.kaypictures.co.uk/
http://www.kayfunpatch.com/
http://twitter.com/kaypictures
http://twitter.com/kayfunpatch
mailto:KotbiAG@cardiff.ac.uk
mailto:contact@kaypictures.co.uk


7/4/2018 Mail – KotbiAG@cardiff.ac.uk

https://outlook.office.com/owa/?realm=cardiff.ac.uk&path=/mail/search 2/2

 
We are intrigued why you decided to use pictures rather than letter vision test to indicate the window visibility level? Also,
what is your visual acuity criteria for deciding if the window has sufficient privacy?
 
We are happy in principle for you to use images of our test in your thesis and any publications, but we would like to see a
copy of the experiment samples you use prior to publication.
 
Please can you email this to us, and we will respond very quickly. I can’t foresee any issue.
 
Best wishes
Hazel Kay 
 
-----
Kay Pictures Ltd
Unit 39 (2nd Floor), Silk Mill Business Park
Brook Street
Tring
HP23 5EF
Tel: + 44 (0) 1442 823507
Fax: + 44 (0) 8701 236191
Email: contact@kaypictures.co.uk
Web: http://www.kaypictures.co.uk
Web: http://www.kayfunpatch.com
Twitter: http://twitter.com/kaypictures
Twitter: http://twitter.com/kayfunpatch
 
 
 
 
On 18 May 2018, at 17:00, Ahmad Kotbi <KotbiAG@cardiff.ac.uk> wrote: 
 

Dear Kay pictures representa�ve,
 
 
I am a PhD candidate in Architecture in the Welsh school of Architecture in Cardiff
University.  My project is about windows  in buildings and  maintaining privacy.
 
I am planning to conduct an experiment regarding tes�ng privacy levels through
windows in buildings. I have bought a set of crowded Kay pictures from your website,
I am planning to use them to test human subjects whether they can recognize the
pictures when looking through different types of windows to test which window
succeeded to maintain privacy by preven�ng subjects from recognizing the kay
picture behind it.  
I would like please to ask for your permission to use them in my experiment and
present samples of them in my thesis and maybe published papers (with credits to
Kaypictures). 
 
Please do not hesitate to ask for any more informa�on.
 
 
Best Regards,
Ahmad
 

<Chapter10.pdf>

mailto:contact@kaypictures.co.uk
http://www.kaypictures.co.uk/
http://www.kayfunpatch.com/
http://twitter.com/kaypictures
http://twitter.com/kayfunpatch
mailto:KotbiAG@cardiff.ac.uk
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License: CreativeCommons - Attribution-NonCommercial-NoDerivs 3.0 Unported 
THE WORK (AS DEFINED BELOW) IS PROVIDED UNDER THE TERMS OF THIS CREATIVE COMMONS 
PUBLIC LICENSE ("CCPL" OR "LICENSE"). THE WORK IS PROTECTED BY COPYRIGHT AND/OR OTHER 
APPLICABLE LAW. ANY USE OF THE WORK OTHER THAN AS AUTHORIZED UNDER THIS LICENSE OR 
COPYRIGHT LAW IS PROHIBITED. 
BY EXERCISING ANY RIGHTS TO THE WORK PROVIDED HERE, YOU ACCEPT AND AGREE TO BE BOUND 
BY THE TERMS OF THIS LICENSE. TO THE EXTENT THIS LICENSE MAY BE CONSIDERED TO BE A 
CONTRACT, THE LICENSOR GRANTS YOU THE RIGHTS CONTAINED HERE IN CONSIDERATION OF YOUR 
ACCEPTANCE OF SUCH TERMS AND CONDITIONS. 

1. Definitions 
o "Adaptation" means a work based upon the Work, or upon the Work and other pre-existing 

works, such as a translation, adaptation, derivative work, arrangement of music or other 
alterations of a literary or artistic work, or phonogram or performance and includes 
cinematographic adaptations or any other form in which the Work may be recast, 
transformed, or adapted including in any form recognizably derived from the original, except 
that a work that constitutes a Collection will not be considered an Adaptation for the 
purpose of this License. For the avoidance of doubt, where the Work is a musical work, 
performance or phonogram, the synchronization of the Work in timed-relation with a moving 
image ("synching") will be considered an Adaptation for the purpose of this License. 

o "Collection" means a collection of literary or artistic works, such as encyclopedias and 
anthologies, or performances, phonograms or broadcasts, or other works or subject matter 
other than works listed in Section 1(f) below, which, by reason of the selection and 
arrangement of their contents, constitute intellectual creations, in which the Work is 
included in its entirety in unmodified form along with one or more other contributions, each 
constituting separate and independent works in themselves, which together are assembled 
into a collective whole. A work that constitutes a Collection will not be considered an 
Adaptation (as defined above) for the purposes of this License. 

o "Distribute" means to make available to the public the original and copies of the Work 
through sale or other transfer of ownership. 

o "Licensor" means the individual, individuals, entity or entities that offer(s) the Work under 
the terms of this License. 

o "Original Author" means, in the case of a literary or artistic work, the individual, individuals, 
entity or entities who created the Work or if no individual or entity can be identified, the 
publisher; and in addition (i) in the case of a performance the actors, singers, musicians, 
dancers, and other persons who act, sing, deliver, declaim, play in, interpret or otherwise 
perform literary or artistic works or expressions of folklore; (ii) in the case of a phonogram 
the producer being the person or legal entity who first fixes the sounds of a performance or 
other sounds; and, (iii) in the case of broadcasts, the organization that transmits the 
broadcast. 



o "Work" means the literary and/or artistic work offered under the terms of this License 
including without limitation any production in the literary, scientific and artistic domain, 
whatever may be the mode or form of its expression including digital form, such as a book, 
pamphlet and other writing; a lecture, address, sermon or other work of the same nature; a 
dramatic or dramatico-musical work; a choreographic work or entertainment in dumb show; 
a musical composition with or without words; a cinematographic work to which are 
assimilated works expressed by a process analogous to cinematography; a work of drawing, 
painting, architecture, sculpture, engraving or lithography; a photographic work to which are 
assimilated works expressed by a process analogous to photography; a work of applied art; 
an illustration, map, plan, sketch or three-dimensional work relative to geography, 
topography, architecture or science; a performance; a broadcast; a phonogram; a 
compilation of data to the extent it is protected as a copyrightable work; or a work 
performed by a variety or circus performer to the extent it is not otherwise considered a 
literary or artistic work. 

o "You" means an individual or entity exercising rights under this License who has not 
previously violated the terms of this License with respect to the Work, or who has received 
express permission from the Licensor to exercise rights under this License despite a previous 
violation. 

o "Publicly Perform" means to perform public recitations of the Work and to communicate to 
the public those public recitations, by any means or process, including by wire or wireless 
means or public digital performances; to make available to the public Works in such a way 
that members of the public may access these Works from a place and at a place individually 
chosen by them; to perform the Work to the public by any means or process and the 
communication to the public of the performances of the Work, including by public digital 
performance; to broadcast and rebroadcast the Work by any means including signs, sounds or 
images. 

o "Reproduce" means to make copies of the Work by any means including without limitation by 
sound or visual recordings and the right of fixation and reproducing fixations of the Work, 
including storage of a protected performance or phonogram in digital form or other 
electronic medium. 

2. Fair Dealing Rights. Nothing in this License is intended to reduce, limit, or restrict any uses free 
from copyright or rights arising from limitations or exceptions that are provided for in 
connection with the copyright protection under copyright law or other applicable laws. 

3. License Grant. Subject to the terms and conditions of this License, Licensor hereby grants You a 
worldwide, royalty-free, non-exclusive, perpetual (for the duration of the applicable copyright) 
license to exercise the rights in the Work as stated below: 

o to Reproduce the Work, to incorporate the Work into one or more Collections, and to 
Reproduce the Work as incorporated in the Collections; and, 

o to Distribute and Publicly Perform the Work including as incorporated in Collections. 
The above rights may be exercised in all media and formats whether now known or hereafter 
devised. The above rights include the right to make such modifications as are technically 
necessary to exercise the rights in other media and formats, but otherwise you have no rights to 
make Adaptations. Subject to 8(f), all rights not expressly granted by Licensor are hereby 
reserved, including but not limited to the rights set forth in Section 4(d). 

4. Restrictions. The license granted in Section 3 above is expressly made subject to and limited by 
the following restrictions: 

o You may Distribute or Publicly Perform the Work only under the terms of this License. You 
must include a copy of, or the Uniform Resource Identifier (URI) for, this License with every 
copy of the Work You Distribute or Publicly Perform. You may not offer or impose any terms 
on the Work that restrict the terms of this License or the ability of the recipient of the Work 
to exercise the rights granted to that recipient under the terms of the License. You may not 
sublicense the Work. You must keep intact all notices that refer to this License and to the 
disclaimer of warranties with every copy of the Work You Distribute or Publicly Perform. 
When You Distribute or Publicly Perform the Work, You may not impose any effective 
technological measures on the Work that restrict the ability of a recipient of the Work from 
You to exercise the rights granted to that recipient under the terms of the License. This 
Section 4(a) applies to the Work as incorporated in a Collection, but this does not require the 
Collection apart from the Work itself to be made subject to the terms of this License. If You 
create a Collection, upon notice from any Licensor You must, to the extent practicable, 
remove from the Collection any credit as required by Section 4(c), as requested. 



o You may not exercise any of the rights granted to You in Section 3 above in any manner that 
is primarily intended for or directed toward commercial advantage or private monetary 
compensation. The exchange of the Work for other copyrighted works by means of digital 
file-sharing or otherwise shall not be considered to be intended for or directed toward 
commercial advantage or private monetary compensation, provided there is no payment of 
any monetary compensation in connection with the exchange of copyrighted works. 

o If You Distribute, or Publicly Perform the Work or Collections, You must, unless a request has 
been made pursuant to Section 4(a), keep intact all copyright notices for the Work and 
provide, reasonable to the medium or means You are utilizing: (i) the name of the Original 
Author (or pseudonym, if applicable) if supplied, and/or if the Original Author and/or 
Licensor designate another party or parties (e.g., a sponsor institute, publishing entity, 
journal) for attribution ("Attribution Parties") in Licensor’s copyright notice, terms of service 
or by other reasonable means, the name of such party or parties; (ii) the title of the Work if 
supplied; (iii) to the extent reasonably practicable, the URI, if any, that Licensor specifies to 
be associated with the Work, unless such URI does not refer to the copyright notice or 
licensing information for the Work. The credit required by this Section 4(c) may be 
implemented in any reasonable manner; provided, however, that in the case of a Collection, 
at a minimum such credit will appear, if a credit for all contributing authors of Collection 
appears, then as part of these credits and in a manner at least as prominent as the credits 
for the other contributing authors. For the avoidance of doubt, You may only use the credit 
required by this Section for the purpose of attribution in the manner set out above and, by 
exercising Your rights under this License, You may not implicitly or explicitly assert or imply 
any connection with, sponsorship or endorsement by the Original Author, Licensor and/or 
Attribution Parties, as appropriate, of You or Your use of the Work, without the separate, 
express prior written permission of the Original Author, Licensor and/or Attribution Parties. 

o For the avoidance of doubt: 
i. Non-waivable Compulsory License Schemes. In those jurisdictions in which the right to 

collect royalties through any statutory or compulsory licensing scheme cannot be waived, 
the Licensor reserves the exclusive right to collect such royalties for any exercise by You 
of the rights granted under this License; 

ii. Waivable Compulsory License Schemes. In those jurisdictions in which the right to collect 
royalties through any statutory or compulsory licensing scheme can be waived, the 
Licensor reserves the exclusive right to collect such royalties for any exercise by You of 
the rights granted under this License if Your exercise of such rights is for a purpose or use 
which is otherwise than noncommercial as permitted under Section 4(b) and otherwise 
waives the right to collect royalties through any statutory or compulsory licensing 
scheme; and, 

iii. Voluntary License Schemes. The Licensor reserves the right to collect royalties, whether 
individually or, in the event that the Licensor is a member of a collecting society that 
administers voluntary licensing schemes, via that society, from any exercise by You of the 
rights granted under this License that is for a purpose or use which is otherwise than 
noncommercial as permitted under Section 4(b). 

o Except as otherwise agreed in writing by the Licensor or as may be otherwise permitted by 
applicable law, if You Reproduce, Distribute or Publicly Perform the Work either by itself or 
as part of any Collections, You must not distort, mutilate, modify or take other derogatory 
action in relation to the Work which would be prejudicial to the Original Author’s honor or 
reputation. 

5. Representations, Warranties and Disclaimer 
UNLESS OTHERWISE MUTUALLY AGREED BY THE PARTIES IN WRITING, LICENSOR OFFERS THE 
WORK AS-IS AND MAKES NO REPRESENTATIONS OR WARRANTIES OF ANY KIND CONCERNING THE 
WORK, EXPRESS, IMPLIED, STATUTORY OR OTHERWISE, INCLUDING, WITHOUT LIMITATION, 
WARRANTIES OF TITLE, MERCHANTIBILITY, FITNESS FOR A PARTICULAR PURPOSE, 
NONINFRINGEMENT, OR THE ABSENCE OF LATENT OR OTHER DEFECTS, ACCURACY, OR THE 
PRESENCE OF ABSENCE OF ERRORS, WHETHER OR NOT DISCOVERABLE. SOME JURISDICTIONS DO 
NOT ALLOW THE EXCLUSION OF IMPLIED WARRANTIES, SO SUCH EXCLUSION MAY NOT APPLY TO 
YOU. 

6. Limitation on Liability. EXCEPT TO THE EXTENT REQUIRED BY APPLICABLE LAW, IN NO EVENT 
WILL LICENSOR BE LIABLE TO YOU ON ANY LEGAL THEORY FOR ANY SPECIAL, INCIDENTAL, 
CONSEQUENTIAL, PUNITIVE OR EXEMPLARY DAMAGES ARISING OUT OF THIS LICENSE OR THE USE 
OF THE WORK, EVEN IF LICENSOR HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. 



7. Termination 
o This License and the rights granted hereunder will terminate automatically upon any breach 

by You of the terms of this License. Individuals or entities who have received Collections 
from You under this License, however, will not have their licenses terminated provided such 
individuals or entities remain in full compliance with those licenses. Sections 1, 2, 5, 6, 7, 
and 8 will survive any termination of this License. 

o Subject to the above terms and conditions, the license granted here is perpetual (for the 
duration of the applicable copyright in the Work). Notwithstanding the above, Licensor 
reserves the right to release the Work under different license terms or to stop distributing 
the Work at any time; provided, however that any such election will not serve to withdraw 
this License (or any other license that has been, or is required to be, granted under the 
terms of this License), and this License will continue in full force and effect unless 
terminated as stated above. 

8. Miscellaneous 
o Each time You Distribute or Publicly Perform the Work or a Collection, the Licensor offers to 

the recipient a license to the Work on the same terms and conditions as the license granted 
to You under this License. 

o If any provision of this License is invalid or unenforceable under applicable law, it shall not 
affect the validity or enforceability of the remainder of the terms of this License, and 
without further action by the parties to this agreement, such provision shall be reformed to 
the minimum extent necessary to make such provision valid and enforceable. 

o No term or provision of this License shall be deemed waived and no breach consented to 
unless such waiver or consent shall be in writing and signed by the party to be charged with 
such waiver or consent. 

o This License constitutes the entire agreement between the parties with respect to the Work 
licensed here. There are no understandings, agreements or representations with respect to 
the Work not specified here. Licensor shall not be bound by any additional provisions that 
may appear in any communication from You. This License may not be modified without the 
mutual written agreement of the Licensor and You. 

o The rights granted under, and the subject matter referenced, in this License were drafted 
utilizing the terminology of the Berne Convention for the Protection of Literary and Artistic 
Works (as amended on September 28, 1979), the Rome Convention of 1961, the WIPO 
Copyright Treaty of 1996, the WIPO Performances and Phonograms Treaty of 1996 and the 
Universal Copyright Convention (as revised on July 24, 1971). These rights and subject 
matter take effect in the relevant jurisdiction in which the License terms are sought to be 
enforced according to the corresponding provisions of the implementation of those treaty 
provisions in the applicable national law. If the standard suite of rights granted under 
applicable copyright law includes additional rights not granted under this License, such 
additional rights are deemed to be included in the License; this License is not intended to 
restrict the license of any rights under applicable law. 

 



 

Use of Images 

The NEI Photos and Images Catalog is provided as a source of free visuals. Permission is granted to 

use these items for educational, news media or research purposes, provided the source for each 

image is credited. The NEI Photos and Images catalog may not be used to promote or endorse 

commercial products or services. Use by non-profit organizations in connection with fundraising or 

product sales is considered commercial use. 

 

Permission to use NEI website graphics found any place other than the NEI Photos and Images 

catalog is granted on a case-by-case basis. Some are public domain, some are created by NEI 

contractors, some are copyrighted and some are used by NEI with specific permission granted by the 

owner. Therefore, the logos, photos and illustrations found on the NEI website should not be reused 

without permission. 

 

For information about the copyright holders of a given photo or illustration on the NEI website; how 

the owners can be contacted; and what, if any, use those owners allow of their material; please 

contact the NEI Website Manager (link sends e-mail) and provide the URL, file name, and intended 

use. 

 

Granting the right to use a graphic from the website does not explicitly or implicitly convey NEI’s 

endorsement of the site where it is used. 
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Presenting results of daylight simulation

The results of experiments related to daylight simulation are represented in charts and tables. The results of average illuminance experiments for each studied parameter are represented in tables, one
table for each orientation. Each table is listing a matrix of average illuminance values covering the following:

• Average illuminance values for each zone of the three zones: (Near, Mid and Far), named according to the distance from the wall with openings.

• Average illuminance values for each specific time (7:00, 10:00 and 13:00) of summer and winter solstices and the autumn and spring equinoxes.

• Average illuminance values for each case of the studies cases of that parameter (e.g. perforation percentage has 9 cases: 90%, 80%, 70%, 60%, 50%, 40%, 30%, 20% and 10%)

The cells of the average illuminance values table are highlighted to show the results easily. Black cells represent results that have illuminance levels more than 1000lx, grey cells represents results that
have illuminance between 500lx and 999lx, finally, light grey cells represents results that have illuminance between 300lx and 499lx. These ranges aimed to ease comparisons between different timings
and zones. Results parameters that showed significant different between each variation, have helped also to produce tables to indicate recommended values for the tested parameter.

The results of Daylight Availability ”DAv” experiments for each studied parameter are represented in charts and tables. The simulation results give each sensor point on the grid (of the 345 sensor
points) a value of DAv from 0–100%, this percentage is calculated using this equation:

DAv = Occupied,time,achieving,the,target,illuminance,(300lx)
Total,occupied,time × 100

Each sensor point then would have a value of DAv, then it is represented on the plan of the classroom as a grid of squares, one square for each sensor points in order to show the distribution of
DAv on the plan. Each square is coloured according to its DAv value using a coloured scale that ranges from Blue (0%) to Red (100%). Squares with magenta colour indicate the ’Overlit’ areas, which
have received received at least 3000lx (10 times the target illuminance threshold) for at least 5% of the occupancy time. Figure: 1 is an example of a grid of DAv to explain how the grid is resulted
out of the values of each sensor point and the colour scale. When studying each parameter, a table for each orientation illustrates a DAv grid for each studied case. In order to simplify comparisons
between results of each orientation, all grids in all tables are superimposed on the classroom plans where windows are always on the upper side of the grid regardless of the studied façade orientation
in that table.

Figure 1: An example of the analysis grid resulted from the simulation for Daylight Availability.

After that, the total area of Overlit squares is calculated, and total area of squares that failed to achieve at least 50% DAv is calculated and considered as ’Partly lit area’, and total area of squares
that achieve 50% or more DAv without being categorized as ’Overlit area’ is calculated and considered as ’Daylit area’, in other words Daylit area is all the remain areas that were not categorized as
neither Overlit or Partlylit areas because the total has to be 100% (Table: 1).

Table 1: Representing DAv resulted areas in a graph.

Area Description
Overlit Receiving 3000lx or more for at least 5% of occupied time
Partly lit Receiving 300lx or less for less than 50% of occupied time
Daylit All remain areas

These data is then illustrated in bar charts. Four charts for every parameter, one for each one of the four main orientations. In every chart, the studied cases of that parameter on that orientation
is compared, the case providing the biggest ’Daylit area’ would give the best value for that parameter. All of daylight simulation experiments in this research were presented using the same methods
discussed above.
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