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PREFACE

In a world grappling with deteriorating natural environments and acute energy shortages, the
substantial energy consumption attributed to buildings presents a formidable challenge. Thus, setting
goals to reduce building energy usage and mitigate environmental impacts is crucial. However,
achieving these objectives must not compromise the comfort of building occupants. Efficiently
harnessing natural light not only reduces energy dependency but also enhances the quality of building
usage. Building performance simulation and advanced computational methods in the early design
stages empower us to set precise performance objectives and explore viable strategies to minimize
environmental degradation. Despite the complexity of real-world scenarios and the potential
differences between simulated and observed results, these simulations are instrumental in
understanding the interplay between design parameters and building performance. Focusing on
indoor natural lighting environments and specific building types, this thesis uncovers opportunities for
performance optimization and efficiency improvements in the early design phases, considering
environmental and structural aspects. This research, augmenting contemporary studies on similar
themes, identifies significant areas requiring further exploration and is poised to enrich the design field

and aid stakeholders in making informed architectural decisions.
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ABSTRACT

In a world grappling with deteriorating natural environments and acute energy shortages, the
substantial energy consumption attributed to buildings presents a formidable challenge. Thus, setting
goals to reduce building energy usage and mitigate environmental impacts is crucial. However,
achieving these objectives must not compromise the comfort of building occupants. Efficiently
harnessing natural light not only reduces energy dependency but also enhances the quality of building
usage. Building performance simulation and advanced computational methods in the early design
stages empower us to set precise performance objectives and explore viable strategies to minimize
environmental degradation. Despite the complexity of real-world scenarios and the potential
differences between simulated and observed results, these simulations are instrumental in
understanding the interplay between design parameters and building performance. Focusing on
indoor natural lighting environments and specific building types, this thesis uncovers opportunities for
performance optimization and efficiency improvements in the early design phases, considering
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Chapter 1. Introduction



1.1. General background

Integrating natural light as part of a comprehensive and controlled lighting strategy is
essential for sustainable and eco-friendly architectural design. Skylight can be a significant
source of daylight for deep-plan buildings and provide additional environmental
advantages such as solar gain, reduced energy loss, and natural ventilation [1].
Furthermore, one of the most cost-effective strategies to lower energy consumption in
non-residential buildings is to substitute electric lighting, which accounts for about a third

of commercial building energy use, with natural daylight [2].

Therefore, incorporating natural light into museum buildings is a critical feature of
sustainable architecture, with most environmental building certifications awarding credits
for adequate daylighting levels. However, designing skylight to achieve optimal natural
light distribution within a building can be complex due to the various parameters affecting
light distribution. White Arkitekter recognizes this challenge as an opportunity to expand

their knowledge base and has proposed the study associated with this thesis.

By offering architects guiding principles for museum daylight design from the outset of a
project, substantial time and money can be saved, significantly enhancing the potential for
an optimized solution. This allows for greater focus on detailed aspects, leading to higher
quality results. Although many daylight simulation programs are available to designers,
they can be cumbersome and difficult to use in the early design stages. However,
parametric design has made this optimization process more accessible to experienced

designers.

The objective of this thesis is to delve into the relationship between daylight and museum
design and to develop guidelines that will be readily accessible to architects and engineers.
These guidelines will assist in designing effective atria from the beginning of a project,
thereby improving the quality of architectural design practices concerning daylight access.
Critical questions about museum design will be addressed through parametric studies of
3D models using Grasshopper for Rhinoceros and both static and dynamic daylight

simulations with Honeybee for Grasshopper.



1.2. Daylight and electric light

The use of natural light in architecture has gained significant attention in the context of
global energy conservation efforts. Harnessing daylight not only aligns with sustainable
building practices but also offers extensive benefits to human well-being and building
performance. This section explores the importance of incorporating natural light in

building designs, emphasizing the dual benefits it brings to both occupants and structures.

Daylighting in architecture is increasingly advocated not only for its aesthetic and
perceptual qualities but also for its pivotal role in reducing reliance on artificial lighting,
which is a major consumer of electrical energy. Buildings designed to maximize natural
light use less energy for lighting during daylight hours, which can significantly reduce
overall energy consumption. Additionally, daylight is dynamic in intensity and quality
throughout the day and year, which can enhance the visual comfort of indoor

environments and contribute to the thermal comfort during various seasons.

Daylight is both carbon-free and cost-effective, playing a significant role in energy
conservation when properly utilized. In museums, the strategic use of daylight can
significantly reduce the need for electric lighting, which can comprise up to 20% of a
museum's total energy consumption. However, uncontrolled daylight can pose challenges,
such as overheating spaces or over-illuminating artworks. Therefore, museum projects
must develop and implement both active and passive lighting solutions to manage light,
heat, and UV radiation effectively. Table 1.2.1 illustrates the advantages and disadvantages

of daylight and electric light.

Table 1.2.1 Comparison of daylight and electric light

Daylight Electric Light

Benefits Benefits
e Improved visitor experience » Enhanced flexibility in lighting scenarios
e Carbon-free and cost-free « Ability to tune lighting according to

visitor and curator preference



e Link to the outside world and sky
conditions

 Improved staff well-being

e Variation in lighting condition and
ambiance of galleries

 Changing color temperature during the
course of the day

e Correct light color and color rendering

Drawbacks

« Potential to overheat the gallery space

« Potential to over-light gallery

» Dynamic lighting scenario does not fit

exhibit

« Tailored lighting specific to application

e Tunable color temperature and
illuminance level

» Presence-based control systems reduce
illumination exposure to artwork

« Lighting only during operating hours

 Retrievable pre-programmed lighting

scenes

Drawbacks
« Potentially high maintenance/life cycle
costs
« Potentially high energy costs if not using
high-efficiency luminaire systems
« Potentially monotone and tiring lighting

scenarios

1.3. Advantages of daylight

The primary objective of daylighting is clearly outlined in the daylighting chapter of the

LEED certification. It specifies that "the intent of the daylighting chapter is to connect

building occupants with the outdoors, reinforce circadian rhythms, and reduce the use of

electrical lighting by introducing daylight into the space" [3,4]. To fully grasp the

significance of effective daylighting within a building, it is essential to consider its

relationship to sustainability. The benefits of incorporating daylight into buildings can be

explained through three interconnected aspects of sustainability: environmental, social,

and economic. These aspects are discussed in the following sections to elucidate the

advantages of daylighting.

1.3.1. Social benifits



Natural light provides a spectrum that closely resembles daylight, which is optimal for
human vision. It reduces the risk of eye strain and headaches associated with poor
artificial lighting. The dynamic quality of natural light, with changes in intensity and angle
throughout the day, helps maintain the human circadian rhythm, promoting better sleep
patterns and overall health. Natural light enhances the colors and textures of materials
used in interiors, making spaces appear larger and more welco ming. It can transform the

ambiance of a room, influencing the aesthetics and the perceived value of the space.

Incorporating daylight into deep-plan buildings helps occupants gain a sense of
orientation, time, weather, and the outside world [5]. Natural light is known to positively
influence human health, productivity, and our biological clock. This internal clock, which
manages our sleep-wake cycles (or circadian rhythms), is regulated by the brain’s
production of melatonin, which is synthesized in the dark. Studies reveal that exposure to
bright light (> 1500 lux) through the eyes inhibits melatonin production by the pineal
gland in the brain. Elevated melatonin levels induce drowsiness, while lower levels
promote alertness, thus playing a crucial role in maintaining our circadian rhythms. Dr.
Alfred J. Lewy's research indicated that light therapy could benefit patients experiencing

winter depression by affecting their melatonin levels.

Access to natural light has been linked to higher productivity in workplace studies.
Employees in environments with ample daylight report higher levels of energy and less
fatigue. In educational settings, natural light correlates with improved student
performance and concentration, likely due to better mood and alertness facilitated by
exposure to daylight. In a literature review by Edwards and Torcellini (2002), several
studies were presented showing that office workers in spaces with natural light or
window views had increased productivity. Their review also noted that natural light
enhances attention and alertness during the post-lunch dip and can boost alertness for
monotonous tasks. They also mentioned quicker recovery times for hospital patients and
reduced stress levels for doctors and nurses. Additionally, Edwards and Torcellini
highlighted numerous studies on the academic benefits of daylighting, such as improved
test scores, accelerated learning rates by 20-26%, better attendance by 1.6-1.9%, and
improved behavior A literature review of the effects of natural light on building occupants

[6-8].



1.3.2. Environmental benifits

Buildings utilizing natural light reduce their reliance on artificial lighting, which can
significantly decrease energy costs. Properly designed windows and skylights can
illuminate spaces more efficiently than artificial lights, particularly during peak daylight
hours, leading to lower electricity consumption and enhanced environmental
sustainability. Integrating natural light effectively reduces a building’s carbon footprint by

decreasing energy consumption.

An essential element of environmentally conscious design is the reduction of artificial
lighting by incorporating daylight into buildings. To understand the scale of artificial
lighting usage today, one can examine its electricity consumption. According to the
International Energy Agency, artificial lighting accounts for nearly 20% of global
electricity use, comparable to the annual electricity production of nuclear power
worldwide [9]. Beyond the significant energy consumption, artificial lighting systems
generate substantial waste. In an article discussing the environmental impact of artificial
lighting, PAramo (2008) identifies three types of waste: material waste (bulbs and lighting
systems), energy consumption (heat, UV, and electromagnetic radiation), and light
pollution [10]. The heat generated by artificial lighting increases the cooling load on a
building's mechanical cooling system. Reducing the use of artificial lighting can decrease
building cooling loads by 10-20% [11]. Implementing daylighting strategies not only
reduces a building's energy consumption but also lowers carbon dioxide emissions,

thereby mitigating the greenhouse effect.

Sustainable design practices that incorporate optimal use of daylight not only save energy
but also reduce harmful environmental impacts. This approach aligns with global

sustainability goals, promoting healthier and more eco-friendly living environments.

1.3.3. Economic benifits

Integrating natural daylight into a building significantly reduces the need for electrical

lighting, thereby lowering energy consumption. With fewer artificial lights generating less

heat, the cooling load on the mechanical system decreases, leading to overall lower energy



expenses. According to the US National Institute of Building Sciences, optimal daylighting
strategies can cut a building's total energy costs by up to one third [11]. In addition to
lower energy bills, smaller artificial lighting systems mean reduced material usage and

lower maintenance costs.

A study by the British Council for Offices (BCO) on how office design impacts building
performance revealed that employee salaries constitute about 85% of an office building's
operational costs over a 25-year period. Compared to this, other costs are negligible.
Therefore, enhancing office worker productivity has a much more significant financial
impact than any savings on other factors. The study also highlights that well-designed
lighting and properly daylit environments can boost office worker productivity by 3-20%,

underscoring the financial benefits of good daylighting [12].

1.4. Advantages of computer simulation and MOO

The integration of computational tools in architectural design has revolutionized the way

architects approach daylight analysis and optimization.
1.4.1. Early Stage Simulation

Computational simulations enable architects to visualize and analyze the impact of natural
light early in the design process. By simulating various lighting scenarios, architects can
adjust the design to achieve optimal daylight penetration and distribution before the
construction phase begins. This proactive approach helps in identifying potential issues
such as glare, excessive heat gain, or inadequate lighting, which can be costly to rectify
after the building is constructed. The ability to iterate designs rapidly in response to
simulated outcomes ensures that the final architectural plan is both aesthetically pleasing
and functionally superior, minimizing the need for expensive post-construction

modifications.

1.4.2. Cost and Time Efficiency



The use of computational models dramatically reduces the time and expense associated
with physical model construction. Traditional methods require physical materials, space
for model setup, and considerable labor for building and modifying the physical models.
Computational modeling, on the other hand, allows for quick adjustments to the design
with just a few clicks, significantly cutting down the iteration time. This not only speeds up
the design process but also reduces the resources spent on materials and manpower.
Moreover, the ability to explore more design alternatives in a shorter time frame enhances
the designer's creativity and ability to respond to client feedback or changing

requirements effectively.

1.4.3. Accuracy and Comprehensive Analysis

Computational tools provide precise and detailed analyses of how natural light interacts
with a building throughout the day and across different seasons. These tools use
sophisticated algorithms to model light behavior accurately, including reflections,
refractions, and shadows cast by various architectural elements. This level of detail allows
designers to understand not only how light enters and moves through a space but also its
thermal effects and energy implications. Such comprehensive analysis is essential for
creating energy-efficient buildings that adhere to sustainability standards and provide
comfortable living or working environments. Furthermore, these simulations can predict
the lighting conditions in every corner of a building, ensuring that all spaces are

adequately lit and energy-efficient.

Multi-objective optimization (MOQ) in architectural design allows for the simultaneous
consideration of various factors such as light quality, energy efficiency, and aesthetic

values.

Multi-objective optimization allows architects to simultaneously consider multiple design
objectives, such as aesthetic appeal, structural integrity, energy efficiency, and cost-
effectiveness. By integrating various goals into the design process, MOO helps ensure that
no single aspect dominates at the expense of others, leading to a more balanced and
holistic architectural solution. For example, in a building project, MOO can help balance

the trade-offs between maximizing natural light, minimizing heat gain, and maintaining



visual comfort for occupants. This is particularly beneficial in complex projects where

differing objectives might otherwise lead to conflicting design decisions.

MOO is crucial for designing buildings that are not only functional and beautiful but also
environmentally sustainable. By optimizing for factors such as solar gain, thermal
insulation, and daylight use, MOO contributes to reducing a building's carbon footprint
and operational costs. For instance, optimizing the placement and sizing of windows using
MOO can maximize natural lighting and enhance thermal comfort while minimizing energy
use for heating and cooling. This approach aligns with global standards for sustainable
design, such as LEED or BREEAM, and helps architects achieve high performance in both

environmental and energy metrics.

MOO provides architects with the tools to assess multiple design scenarios under various
constraints and priorities. This capability is invaluable for adapting designs to specific
client needs or site conditions. For example, an architect can use MOO to evaluate different
facade designs based on their performance in different climates or urban settings.
Scenario testing with MOO enables designers to anticipate potential challenges and
evaluate the impact of different design decisions, such as choosing materials or
configurations that optimize energy use while also considering factors like local climate
conditions and building orientation. The use of MOO fosters innovation in architectural
design by encouraging exploration of non-traditional solutions that meet complex
requirements. It pushes designers to think outside the conventional frameworks and
explore new combinations of materials, technologies, and form factors that might not be

considered using a single-objective optimization approach.
1.5. Problem statement and research question

Despite advances in computational simulation for architectural design, there are notable
gaps in research. Specifically, while the current models and tools have improved, they still
struggle with real-time dynamic assessments and comprehensive integration into
traditional design processes. These simulations are becoming more critical as daylighting

and energy conservation become key components of sustainable design projects.



However, the development of methods that seamlessly incorporate these simulations into

standard architectural practices remains a challenge.

Natural light displays highly dynamic characteristics that vary with the time of day,
season, and geographic location, introducing significant challenges in its simulation and
application in architecture. The ability to accurately forecast natural light behavior is
critical because it influences a wide range of design decisions, from window placement
and orientation to the choice of materials and the design of the building's facade.
Architects need to predict how different light levels and qualities will impact the space
throughout the day and year to optimize both the energy efficiency and occupant comfort.
This requires sophisticated simulation tools that can model the intricate interactions of
light with the built environment, accounting for factors such as reflection, absorption, and

scattering.

Integrating advanced computational simulations effectively into the traditional
architectural design process poses several challenges. Many existing practices rely on
more intuitive and less quantitative methods of design, making the shift to data-driven,
simulation-based approaches difficult. Given the aforementioned challenges and research

gaps, this research seeks to answer the following question:

-How can architectural design processes be adapted to better accommodate the dynamic
and complex behaviors of natural light, ensuring effective integration of computational

simulation tools into traditional design workflows?

This question aims to explore methodologies that could bridge the gap between traditional
architectural practices and modern computational techniques, enhancing both the

practicality and accuracy of natural light simulations in architectural design.

Addressing the complexities of natural light behavior and its integration into architectural
practices is crucial for advancing the field of architectural design. By focusing on these
challenges, this research intends to provide actionable insights that can help streamline
the integration process, promote sustainable design, and ultimately lead to environments

that are both aesthetically pleasing and functionally superior.
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1.6. Aims and objectives

Building upon the challenges identified in the use of natural light simulation and its
integration into architectural design, this research aims to advance the use of
computational tools in architecture. It seeks to develop models and strategies that

enhance the accuracy and application of these tools in daily architectural practice.

1.6.1. Optimize Design Accuracy

The goal here is to enhance the precision of computational tools used in simulating natural
light, ensuring that the data these tools generate is reliable and detailed. This accuracy is
vital for architects when making design decisions that affect both the aesthetics and
functionality of a building. Improved simulation tools can predict how light interacts with
different materials and architectural features, impacting everything from energy
consumption due to heating and lighting needs to how users perceive and interact with
the space. By accurately modeling different lighting scenarios throughout the day and
year, these tools help in creating spaces that are not only energy-efficient but also

comfortable and visually appealing to the occupants.
1.6.2. Promote Sustainable Design Practices

This objective focuses on leveraging enhanced simulation tools to design buildings that
make optimal use of natural light, thereby reducing the need for artificial lighting and
decreasing overall energy consumption. By doing so, buildings become more sustainable
and environmentally friendly. Effective use of simulations can guide the placement of
windows, skylights, and other architectural elements to maximize daylight while
minimizing heat loss and gain, aligning with sustainable building standards. Encouraging
the adoption of these practices promotes not only environmental responsibility but also
long-term economic benefits for building owners and occupants through reduced energy

costs.
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By achieving these objectives, the project aims to provide architects with advanced tools
that enable the creation of buildings that are better adapted to their natural environments,

enhancing both sustainability and occupant well-being.
1.7. Novelty and contributions

In this field of study, despite the substantial efforts by researchers and practitioners on
integrating parametric and multi-objective optimization approaches to address
environmental aspects in design [13-16], the exploration extends beyond merely finding
optimal solutions. This method encompasses a layered investigation that combines
pinpointing trends, roles of design parameters, and the impact of critical parameters on
design objectives. However, reports on an all-encompassing optimization approach from
inception to ranking design solutions remain relatively scarce. This thesis leverages the
generative and parametric methodologies to examine the relationships between design
parameters and objectives, aiming to elucidate environmental and structural phenomena,
and to identify superior design solutions through a form-finding process that includes
assessing trends and roles of parameters. Furthermore, this dissertation introduces a
unique design optimization goal applicable across various scales of design. Beyond the
primary innovation and contributions of providing a detailed optimization method, which
introduces a novel way to execute form-finding, each case study delineates its particular
importance. Specifically, every principal experiment introduces fresh insights to the study

areas as outlined in Table 1.7.1.

Table 1.7.1. Research novelty and contribution.

Scope and section Novelty Contribution
Main The bigger idea of We propose several platforms to
combining a parametric investigate the relationship
and MOO using specific between design parameters and
regional context and design objectives, while
material used. simultaneously optimizing the
design objective (target building
performance). This contrasts with
the traditional design process,
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which is relatively ineffective at
identifying problem-specific

information.

Chapter 5

This study introduces a
novel approach to
optimizing natural light
distribution in museum
spaces using genetic
algorithms. The primary
innovation lies in the
application of genetic
algorithms to the
geometric configuration
of sawtooth skylights,
which has not been
extensively explored in
previous research. The
integration of advanced
computational tools such
as Octopus and Ladybug
for year-round sunlight
simulations further adds
to the originality, as these
tools are leveraged to
precisely define shading
system parameters and
settings, ensuring a high
level of accuracy and
effectiveness in the

optimization process.

Enhanced Daylight Management:
The study provides a robust method
for optimizing skylight
configurations to achieve better
natural light distribution while
minimizing glare and protecting
exhibits, which is crucial for
museum environments.

Innovative Methodology: By
utilizing genetic algorithms
combined with iterative
simulations, the research offers a
forward-thinking approach that can
be applied to other architectural
design challenges involving complex
lighting scenarios.

Practical Applications: The findings
are directly applicable to real-world
scenarios, particularly for buildings
oriented at non-polar directions.
The optimized skylight
configurations presented in this
study can be implemented to
improve energy efficiency and
visual comfort in museum spaces.
Tool Integration: The research
showcases the effective use of
Octopus and Ladybug tools in the

optimization process,
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demonstrating their potential in
architectural design and

performance simulation.

Chapter 6

This study introduces a
novel approach to
optimizing natural light
distribution in museum
interiors through the use
of point skylight systems.
The primary innovation
lies in the application of
the Octopus genetic
algorithm plugin and
Ladybug tool for daylight
simulations, which has
not been extensively
explored in previous
research. The study
focuses on optimizing the
skylight system's design
parameters, including
skylight height and
shading panel angles, to
achieve optimal daylight
performance while
meeting medium
sensitivity exhibit

standards from IESNA.

Enhanced Daylight Management:
The study demonstrates how
optimized point skylight systems
can effectively block direct sunlight
and reduce indoor glare, while
maintaining the annual cumulative
illuminance (ACI) below 480,000
lux and increasing the annual
effective Useful Daylight
[lluminance (UDI) to 75%.
Innovative Methodology: By
utilizing advanced computational
tools and genetic algorithms, the
research offers a forward-thinking
approach to evaluating and
optimizing daylight performance in
museum interiors.

Practical Applications: The findings
provide practical design guidelines,
showing that specific skylight
dimensions and shading panel
angles can significantly enhance
indoor lighting conditions. These
guidelines can be directly applied to
museum design projects to improve
energy efficiency and exhibit
preservation.

Case Study Validation: Using Renzo
Piano's High Museum Expansion as

a case study, the research validates
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its methods and findings, providing
a real-world application and
demonstrating the feasibility of the

proposed optimization approach.

1.8. Thesis structure

The thesis divided into three main parts. First is the introduction consisting of Chapters 1

and 2, methodology in Chapter 3, and body of the thesis that consists of Chapters 4, 5, and

6, and lastly the discussion and conclusion that is in Chapter 7 and 8. More specifically, this

thesis consists of 8 chapters presented in Table 1.8.1.

Table 1.8.1. Thesis structure

Chapter 1. Introduction

This chapter discusses the research background, offering
a broader perspective. Additionally, it outlines the
problem statement, scope, and objectives of the research,

as well as the originality and contributions of this study.

Chapter 2. Literature

review

This chapter lists and explains the literature that forms
the conceptual foundation of this study. It presents the
most recent and relevant research on parametric multi-
objective optimization and building performance
simulation. Additionally, the chapter includes a summary
of the methodologies employed in this thesis. It covers
the overall workflow, parametric platform,
environmental simulation, and optimization methods.
Each subsection introduces its topic and concludes with a
comprehensive and contextually relevant explanation of

the methods used.

Chapter 3. Methodology

This chapter provides an overview of the methodologies
used in this dissertation. It discusses the overall
workflow, parametric platform, environmental
simulation, and optimization processes. Each section

introduces its topic and concludes with a detailed and
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contextually relevant explanation of the methods

employed.

Chapter 4. Preliminary
study

This chapter outlines the prerequisite knowledge
necessary before formally commencing the research,
which includes an understanding of the variability and
types of natural sky light, as well as detailed
requirements of natural lighting for various architectural
types. This foundational knowledge is critical for framing
the research questions and methodology in the study of

natural light optimization in buildings.

Chapter 5. Optimizing
Natural Lighting Effects in
Non-Polar Oriented
Museums: A Genetic
Algorithm Approach for
Sawtooth Skylight Design

This study explores the use of genetic algorithms to
optimize sawtooth skylights in museums, enhancing
natural light distribution while minimizing glare and
meeting exhibit protection standards. Using tools like
Octopus and Ladybug, the research conducts year-round
simulations and iterative assessments to find the best
skylight configurations, particularly for buildings

oriented at 45 degrees northeast.

Chapter 6. Parametric
Design and Multi-Objective
Optimization of Daylight
Performance in Gallery
Skylight Systems: A Case
Study on the High Museum

Expansion

This study uses Renzo Piano's High Museum Expansion
to explore the optimization of point skylight systems for
natural lighting in museums. Utilizing computer
modeling, Ladybug for simulations, and the Octopus
genetic algorithm, it improves visual comfort and
protects exhibits. Findings show that skylights with
specific dimensions and angles enhance lighting
conditions, maintaining annual cumulative illuminance
below 480,000 lux and increasing useful daylight

illuminance to 75%.

Chapter 7. Discussion

This chapter provides a synopsis of the scenarios
discussed in the previous chapter. It will outline the
contributions and standings of each case study within

their respective research domains. Additionally, the
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limitations of this research and recommendations for

future studies will also be discussed.

Chapter 8. Conclusion This chapter summarizes the scenarios discussed in the
preceding chapter. It describes the contributions and
status of each case study within their respective fields of
research. Furthermore, the limitations of this study and
subsequent recommendations are addressed.
Additionally, this chapter encapsulates the
comprehensive parametric and multi-objective
optimization platform applied to a specific case, along

with each conclusion and analysis.

Figure 1.1 explains the logic of this thesis. The main idea is to implement computational
methods at the early stages of architectural design to assess whether this approach can
lead to potential optimization and efficiency. The study will explore computational
methods in two different cases, targeting visual comfort and light intensity. The
conclusions of the chapters will answer the questions and reveal deeper investigations
such as trends between parameters and objectives, and the most influential parameters
driving design objectives in each case. The final conclusion will determine if the proposed
methods can achieve optimization and identify trends and roles of dynamic variables or
design parameters across all experiments. Additionally, the reliability of the proposed
method will be explored, and the final conclusions will be compared with the research

questions and hypotheses discussed in Chapter 1.
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Figure 1.1 The scheme and the logic behind the thesis
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Chapter 2. Literature review
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2.1. Daylight in standards and certifications

The American LEED [4] rating system and the British BREEAM [17] rating system are
distinct environmental certification frameworks that offer diverse criteria for creating
environmentally responsible buildings. One of these criteria ensures that the daylighting
requirements are fulfilled within the occupied areas of a building. Furthermore, there are
numerous standards available to assist designers in incorporating daylight into their

designs.
2.1.1. LEED v4

The latest version of LEED sets criteria for assessing the quantity and quality of daylight
using computer simulations. Good daylighting criteria can be met through one of three
options outlined in the certification. The first option involves conducting annual computer
simulations to demonstrate that certain levels of spatial daylight autonomy (sDA) and
annual sunlight exposure (ASE) are achieved in specific areas. The second option requires
designers to use computer models to show that illuminance levels range from 300 to 3000
lux at 9 a.m. and 3 p.m. on a clear-sky equinox day in designated areas. The third option
specifies that illuminance levels must be between 300 and 3000 lux during any hour from
9 a.m. to 3 p.m. at the appropriate work plane height in specified areas. For this option,

two measurements are required as detailed in the certification [4].
2.1.2. BREEAM

In BREEAM, meeting just one criterion is insufficient; instead, a combination of two
criteria must be met. The certification outlines methods for measuring the daylight factor,
average daylight illuminance, uniformity, sky view from desk height, and room depth
criterion. For instance, a zone is considered adequately daylit if 80% of the floor area
receives an average daylight illuminance of 200 lux for 2650 hours annually or meets an
average daylight factor according to specific values based on different latitudes. In
addition to one of these criteria, a specific uniformity ratio must be achieved, or a specific

point daylight factor must be met based on different latitudes. Alternatively, daylighting
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points can also be achieved by ensuring a view of the sky from desk height and meeting

the room depth criterion, which is defined as

where

e d=room depth,

e w=room width,

e HW = window head height from floor level,

e RB =average reflectance of surfaces in the rear half of the room.
Finally, the standard mandates that designers evaluate the necessity of glare control using
shading systems. It also provides a framework for achieving exemplary level criteria to
earn innovation credits, along with a timeline detailing the evidence required to

demonstrate compliance with these criteria [17].

LEED and BREEAM both employ more complex methods through dynamic daylight
evaluation. In the literature reviewed, the most common daylight metric is the daylight
factor, likely due to its simple calculation method and the fact that everyday computers
have only recently become powerful enough to handle the intensive calculations required

for dynamic daylight simulations.

2.2. Research on Indoor Daylighting and Skylight

Systems

In recent years, the application of natural daylight in architectural design, particularly in
museums and libraries, has gained significant attention due to its numerous benefits. The
primary aim of utilizing natural light in these buildings is to enhance energy efficiency,
improve the visual comfort of occupants, and ensure the preservation of artifacts. As
global concerns about sustainability and energy consumption continue to rise, integrating
natural daylight into building design has become an essential strategy for reducing

reliance on artificial lighting and minimizing environmental impact.
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Museums and libraries, as institutions that serve both educational and cultural purposes,
face unique challenges in balancing adequate lighting for display and preservation needs.
Museums require careful management of light to protect sensitive artifacts from
photodegradation, while libraries must provide sufficient illumination for reading and
research activities. Furthermore, both types of buildings benefit from the psychological
and physiological advantages that natural light offers to visitors and staff, such as

increased well-being, productivity, and satisfaction.

This literature review aims to explore the latest research and developments in the field of
indoor natural daylighting and skylight systems in museums and libraries. By examining a
comprehensive range of studies, this review seeks to identify effective strategies for
optimizing natural light usage, evaluate the impacts on energy efficiency and occupant
comfort, and highlight the technological advancements in daylighting systems. The
motivation for conducting this literature review is to provide a solid foundation for future
research and practical applications in architectural design. By understanding the benefits
and challenges associated with natural daylight in museums and libraries, architects,
engineers, and facility managers can make informed decisions that enhance the

sustainability and functionality of these important cultural and educational spaces.

2.2.1. Indoor Lighting in Museums

Varandani et al. [18]conducted a study to explore the use of skylights and other passive
design strategies to optimize daylighting in museums and art galleries. They utilized
parametric simulation techniques to analyze the impact of various design strategies on
daylight performance. Their findings indicated that optimized skylight designs could
significantly improve energy efficiency while minimizing potential damage to artifacts.
This study highlighted the importance of adjusting skylight position, size, and shading
devices to ensure adequate and evenly distributed daylight. The significance of their work
lies in providing sustainable lighting solutions that protect exhibits while enhancing

energy efficiency.
Ignacio Acosta et al. [19] utilized Lightscape 3.2 software to simulate various rooms with

three different skylight shapes. After conducting trials, the researchers concluded that, for

this type of skylight with a height/width ratio of 4/3, the curved shape resulted in an
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approximately 3.5% increase in average daylight factors compared to the rectangular
shape. Conversely, the sawtooth shape led to a decrease of approximately 3.5% in average

daylight factors under overcast sky conditions in a room.

Behar et al. [20] focused on restoring natural light in art museums. They investigated how
modern technologies and design methods, such as laser-cut panels, could be used to
restore and optimize the performance of natural light while adhering to current
preservation standards. Their study found that it is possible to maintain the artistic and
functional quality of the original design while meeting contemporary conservation
requirements. The significance of this research lies in its dual focus on maintaining

historical integrity and improving current museum lighting conditions.

EmmanuelOyebade's [21] research at the Nigerian National War Museum examined
sustainable daylighting techniques to enhance internal visibility. The study assessed
existing daylighting technologies' shortcomings and proposed the use of automated
louvered skylights. The results showed that these systems could sustainably improve
internal visibility by adjusting according to external lighting conditions. This research is
significant for its practical application in enhancing museum lighting quality and energy

efficiency.

Sharif-Askari and Abu-Hijleh [22] conducted a comprehensive review of environmental
conditions in museums. Their research focused on evaluating the indoor environmental
parameters such as temperature, relative humidity, lighting, and air quality, and their
impact on artifact preservation and energy consumption. The study reviewed existing
literature and case studies to identify the best practices and technologies for maintaining
optimal conditions in museums. They found that integrating advanced environmental
control systems and energy-efficient lighting can significantly enhance the preservation of
artifacts while reducing energy usage. The significance of their work lies in providing a
holistic approach to museum environmental management, emphasizing the balance

between artifact protection and sustainability.
Kesner's analysis of museum lighting environments identified significant issues in

managing daylight to protect artifacts while meeting visitor expectations. The study found

that existing lighting conditions often fail to meet the needs of both decision-makers and
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visitors, particularly in daylit galleries. Kesner highlighted the necessity of informed

decision-making based on documented evidence to improve museum lighting design [23].

2.2.2. Toplighting systems by different researchers globally

Windows are openings in a building envelope that permit light and air to enter indoor
spaces. These spaces can be categorized into two primary types: openings in the sidewalls
of a building and apertures in the roof, commonly referred to as rooflights. The terms used
by building professionals for these classifications are side-lighting and toplighting,

respectively.

This study emphasizes the importance of toplighting systems, highlighting their potential
benefits. Toplighting allows designers greater flexibility in source placement, facilitating
more uniform sky illumination and enhancing privacy and security [24]. However, these
systems face limitations, including structural design challenges, electrical and mechanical
system integration, fire safety considerations, and their application in tall buildings due to

their capacity to illuminate only the upper floors [24].
The Lighting Guide LG10 publication (1999) [25,26], titled ‘Daylighting and Window
Design,” identifies several categories of rooflights. It highlights shed roof, monitor, and

sawtooth as the most common toplighting systems as shown in Figure 2.1.

Toplighting systems can feature horizontal, vertical, tilted, or domed glazing, according to

Phillips[5], Kroelinger[24], and Ruck and Aschehoug [27].
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Figure 2.1 Most common types of toplighting systems published by lighting guide LG10.

CIBSE LG.10

Figure 2.2 and Figure 2.3 summarizes multiple studies on different aspects and types from
various locations worldwide, particularly in areas with high levels of solar radiation. The
surveys aim to highlight critical design concepts specific to different regions and indicate
the characteristics of these global system designs. A toplight system can be uniformly
spread over a wide area and is highly effective in sustainable design. Table 2.2.1 outlines

the specific tasks and localized conclusions for each system.

Overall, the aforementioned studies suggest that toplight systems are practical and can
complement electric lighting across various climatic conditions. These systems bring the
dynamic quality of the outdoor environment indoors. The interplay between sunlight and
cloud movements creates a more stimulating atmosphere than constant indoor lighting.
The dramatic, ever-changing light levels produced by these systems evoke a positive
response from people and enhance the perception of color, texture, and shape. Despite
these advantages, daylighting designers must consider several critical factors when
designing toplighting systems. These factors include visual and thermal comfort, heat loss
and gain, seasonal and daily variations in daylight availability, and integration with

electric lighting systems, roofing structures, and HVAC design [28].
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Figure 2.2 Location of surveys implemented according to the Global irradiance [29]: (1) Lee et al. [30]; (2) Cabus and Pereira [31]; (3) Kristl
and Krainer [32]; (4) McHugh et al. [33]; (5) Beltran [34]; (6) Darula et al. [35]; (7) Chel et al. [36]; (8) Kim and Chung [37]; (9) Yunus et al.
[38]; (10) Acosta et al. [39]; (11) Yildirim et al. [40]; (12) Ghobad et al. [41]; (13) Laouadi et al. [42].
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Figure 2.3 Toplighting systems by different researchers globally [26]

Table 2.2.1 Summary of Figure 2.3 [26]

Authors | Types Designs Conclusions
Leeetal. | Skylight The skylight design The design improves light
[30] comprises three systems: redirection and achieves
skylight opening and light balance throughout a deep
well, a reflector array, and a | perimeter space by employing
lower diffusing panel geometry and a special
Location: California, prismatic film to reflect direct
USA/North America—Hot sunlight throughout the year
and usually dry climate
Cabus Skylight, The study compared three The study concluded that
and monitor, toplighting methods. opening systems are able to
Pereira and Sunlight and skylight, along | capture and redistribute some
[31] sawtooth with shading devices, were | direct sunlight and can
roof employed to create various | produce well-lit spaces with
models. minimum heat gain. Internal
surface reflectance was found
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Location: Brazil/South

to be important for work-plane

America —Tropical hot and | illuminance
humid climate

Kristl and | Light wells | Three simple light wells (8 | The findings revealed that the

Krainer m height) were designed optimum use of natural

[32] according to three types: daylight is achieved by using
individual, semi-individual | semi-individual light wells with
(where the light well is wide upper and narrow lower
divided into two individual | parts, into which the reflecting
light wells by a vertical wall is placed. In this method,
reflecting wall), and the topmost floors are lit
combined (where all the mostly by direct light, whereas
apartments are illuminated | the ground and first floors are
by a common light well). illuminated by both direct and
Location: reflected light from the
Slovenia/EuropeHumid inclined mirrored wall
subtropical with continental
climate

McHugh | Splayed This study considered two The design allows daylight to

etal. [33] | skylight parts of light wells: splay spread as broadly as possible

wells and throat. whilst reducing glare from

Location: California overly bright surfaces
USA/North America—Hot
and dry climate

Beltran Skylights This study examined the The findings indicated that

[34] daylight performance of skylights with reflectors

traditional and innovative
toplighting systems:
skylights with diffusing
glazing, sawtooths,
clerestories, roof monitors,
skylights with splayed

wells, and reflectors and

provide the best overall
daylight and thermal
performance among all the
systems. Skylights with
reflectors provide uniform
light all throughout the space

(500 lux). Roof monitors
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diffusers beneath the
aperture. All these designs
involve high-performance
glazing.

Location: Lima, Peru—

Tropical climate

introduce the most uniform
and highest illuminance levels.
Toplighting systems with
sufficient solar control and
proper use of reflective
surfaces can deliver good
daylight illumination and

conserve energy.

Darula et | Tubular Original tubular light guides | The study found that the

al. [35] light with a transparent luminous effectiveness of
hemispherical cupola tubular light guides in tropical
positioned on a roof gather | regions is high because of long
all sunlight and skylight sunshine durations and
obtainable at ground level dominant high solar altitudes.
throughout a year. However, in areas with a
Location: temperate climate, these two
Australia/Australia—Desert | features are poor, particularly
climate during cold seasons.

Chel etal. | Skylight This study examined a The proposed prototype

[36] mathematical system for an | defines the daylight factor and
existing skylight combined | indoor illuminance of a
with a dome-shaped indoor | building with a skylight, which
mud house to evaluate the almost meet those in the
daylight factor grounded on | investigational findings at
the alterations in the various vertical levels of the
prototype presented by work plane.
CIBSE.
Location: Delhi,
India/AsiaHumid —
subtropical climate

Kimand | Skylight: Twenty scaled prototypes Monitor toplight models were

Chung pyramid, were constructed in this confirmed to be highly

[37] monitor research to estimate the effective in cutting off direct
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and

daylighting performance. A

sunlight. Sawtooth guarantees

sawtooth | reflectance value of 70 % stable daylighting

was applied for the light performance. These models
well and ceiling, 50 % for were designated as attractive
the walls, and 30 % for the | replacements for the current
floors. skylight system.
Location: Seoul, South
Korea/Asia—Humid
subtropical and humid
continental climate.

Yunus et | Skylights This study examined the The inclined roof exhibits

al. [38] effects of roof forms and various patterns of daylight
internal structural reduction levels. For high
obstructions on daylight angles, complicated roof
levels in atria. Four types profiles, and east- and west-
were tested in the analysis: | facing surfaces, the daylight
structured flat roof, level decreases to more than
structured pyramidal half of that in an unobstructed
gridded roof, structured atrium. A west-facing atrium
north- and south-facing receives more light at all floor
sawtooth roof, and levels. During the brightest
structured north-east- time of the day, daylight
sloping glazed pitched roof. | reduction by the structured
Location: Malaysia— sawtooth roof is lower than
Tropical hot and humid that by the others.
climate

Acosta et | Light- Different types of light- The study found that for this

al. [39] scoop scoop skylights were tested | type of skylight, a height/width

skylights in different room sizes. A ratio of approximately 4:3 is

light-scoop skylight that is 6
m long and with variable

heights of 3, 4.5, and 6 m

the best model to ensure
maximum daylight levels in a
space under overcast sky

conditions.
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was placed in the center of
the roof.

Location: Madrid,
Spain/Europe —

Mediterranean climate

Yildirim | Roof Five roof skylight systems The results revealed that light
etal.[40] | skylight were considered. These five | should be restricted to avoid
systems are single-layer one-way glare. When sunlight is limited,

roof skylight system, single- | light should be admitted at a
layer double-way roof higher rate. The double-
skylight system, sunshade layered roof system, which
with double layers, no delivers uniform and
sunshade with double sustainable lighting in all
layers, and moving- conditions, demonstrates the
sunshade double-layered best performance compared
roof system. with the other four roof
Location: Ankara, skylight systems.
Turkey/Asia — Continental
climate

Ghobad Light well | This paper focused on four | The study showed that a

etal. [41] light wells and ceiling splayed ceiling integrated with

geometries. The glazing
area, expressed as the
skylight to floor area ratio
(SFR),was 5, 6, 7, and 8 %.
The transmissivity of the
glazing was 40 and 54 %.
Location: Boston, MA/North
America—Continental

climate

a duct in the structural volume
reduces building costs, allows
the roof to be lowered, and
decreases unwanted thermal
gains.

The quantity of useful
illuminance on the task surface
is improved, the variations in
illuminance on the task surface
are reduced, and the potential

light is boosted.
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Laouadi Tubular The study assumed that The study concluded that the
et al. [42] | daylighting | tubular daylighting devices | devices include three various
devices transmit sunbeam light, units (upper, middle, lower),
skylight, and surrounding with elbows joining them at the
reflected diffuse light. The roof and ceiling levels. The
transmitted and absorbed device collectors may take a
luminous fluxes rely on conical or hemispheric shape
device geometry structure or a combination of both.
and diffuse light intensities. | Collector glazing may comprise
Location: Ontario, Canada diffusing elements, reflectors,
— Humid continental prisms, or multi-panes
distributed along the glazing
surface. The ceiling diffusers
may be hemispheric or planar
and could have multiple
prismatic or diffusing.
2.3. Computational approach in design

2.3.1. Generative and Parametric Architecture

Parametric design has revolutionized architectural practice, allowing architects to explore

a wide range of design possibilities through computational methods. Parametric design is

a process based on algorithmic thinking that enables the expression of design intent

through the relationships between elements. By defining these relationships, parameters

can be manipulated to alter the outcome, enabling a dynamic and flexible approach to

design. This method leverages software to handle complex computations and generate

numerous design iterations quickly, facilitating optimization and innovation.

The roots of parametric design can be traced back to the early 20th century with the

advent of digital computing and computer-aided design (CAD). Computer-Aided Design

(CAD) made its debut in the architectural field in the early 1970s. The phrases "From

Simple to Complex" and "From Form to Code" aptly describe the evolution of modern
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architecture. The advent of computers has ushered in a paradigm shift from traditional to
parametric design. This advancement has revolutionized the workflow for static graphic
primitives into a highly controlled process. In the digital era, it is essential to apply a
standard approach to design. To achieve the high standards expected in design and to
address performance and efficiency concerns, harnessing the immense potential of digital

systems is essential.

However, it wasn't until the 1980s and 1990s that parametric design began to gain
traction, largely due to advancements in software capabilities and the increasing power of

personal computers.

Key milestones in the development of parametric design include early digital design
explorations in the 1960s and 1970s using mainframe computers and early CAD systems.
The 1980s and 1990s saw the advancement of software, with the development of
sophisticated tools like AutoCAD and later Rhino, enabling more complex and precise
modeling. From the 2000s to the present, the introduction of scripting and visual
programming languages, such as Grasshopper for Rhino, has made parametric design

more accessible and powerful.

Coined as "parametricism" by Patrik Schumacher, a partner at Zaha Hadid, this
architectural style rebels against traditional design processes, focusing on free-form
architectural concepts. According to Schumacher, "Parametric problems can only be
resolved with advanced parametric technology"[43]. The parametric method [44-47]
offers a multitude of design alternatives that are unattainable with traditional methods.
Beyond creating alternative designs based on specific rules, parametric design can also
solve complex design challenges that would be too time-consuming for an architect to
handle alone. This style is characterized by irregular shapes, curves, lines, and geometry. It
is defined by four main characteristics: combining complexity and variety, rejecting the
uniformity of utilitarianism, prioritizing shared aspects of urbanism, interior design,
architectural marvels, and even fashion, and emphasizing the interdependence and
flexibility of all design elements. Additionally, there is a preference for algorithmic,

computer-aided design [48].
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Parametric design involves creating building parts and technical components based on
computational methods, unlike conventional design processes that shape these elements
physically. In this approach, the relationship between design intent and design response is
governed by criteria and regulations. The term "parametric"” refers to the input variables
or parameters fed into the algorithms. In Woodbury's 2006 article "Parametric Modelling
as a Design Representation in Architecture: A Process Account,” a propagation-based
system is described. Here, algorithms produce unknown final shapes based on previous
parametric inputs through a dataflow model and constraint scheme, where final
constraints are determined and algorithms define the foundations (structures, material
use, etc.) to meet these constraints. This process is referred to as "form-finding,” where the
design object is "found" within a propagation-based system [49]. Most parametric designs
are displayed in 3D interactive views, with graph nodes representing instances of the
nodes associated with the current configuration of the graph's independent variables. The
display algorithm depends on the node type: point nodes are displayed as points, line

nodes as lines, etc. [50].

Computer-Aided Manufacturing (CAM) has also emerged alongside the advancements in
computerization. This marks a significant improvement in production techniques, focusing
on bridging the gap in architectural details. CAM facilitates the control and modification of
interactions between the virtual design process and actual manufacturing. Data generated
during the virtual design phase can be used as primary input for the manufacturing
process. In other words, the management of globally integrated processes in architecture
has become more precise and detailed. Parametric tools allow for the creation of complex
forms and structures that would be challenging or impossible with traditional methods.
These include organic shapes, intricate facades, and innovative structural systems. By
manipulating parameters, architects can optimize designs for various performance
criteria, such as energy efficiency, structural integrity, and material usage. Parametric
design allows for easy customization of building components to fit specific site conditions,
client requirements, and aesthetic preferences. Using parametric models enhances
communication and collaboration among different disciplines involved in the design and

construction process, such as engineers, fabricators, and contractors.

Complex computations can be managed with a high degree of flexibility thanks to the

control provided by parameters, potentially leading to unexpected or unpredictable
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outcomes. Additionally, this flexibility opens up possibilities for generating a vast number
of design variations, enhancing the freedom in shape creation [51]. The main difference
between classical design and generative algorithm design lies in the initial phase of the
design process. Figure 2.4 [52] illustrates the comparison between the classical design
process and parametric or generative algorithm design processes. Classical design
typically has fixed design variables that can be manually explored within the designer's
visual imagination. The process starts with a concept and is iteratively examined to
improve efficiency. If the initial review results do not meet the desired design goals,
further evaluations are conducted. If the second design iteration also fails to meet the
criteria, the process is repeated. This cycle continues until the objectives are achieved and

the desired performance is obtained.

In contrast, generative algorithm procedures use a top-down approach. Unlike traditional
design, which places the goals at the end of the process, generative algorithms set the
goals at the beginning. Once the objectives are defined, the next step is to establish
dynamic design variables as parameters. The entire system functions like a series of
calculators with various functions or source code. This source code is used to determine

the design variables that lead to the optimal design solution.

Parametric design represents a significant shift in architectural practice, offering
unprecedented control and creativity. Its ability to handle complex geometries and
optimize various aspects of building performance makes it an indispensable tool in
modern architecture. As computational tools continue to evolve, the potential applications
and benefits of parametric design are likely to expand, further transforming the landscape

of architectural design.
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Figure 2.4 Classical design and Genetic Algorithm design processes [52]

2.3.2. Evolutionary computation and MOO

The evolutionary design method and evolutionary optimization draw inspiration from
nature, natural processes, and the creativity observed in biological artifacts, all resulting
from the highly creative process known as evolution. In computational terms, these
processes emulate evolution to integrate creative processes into design thinking and
computation, fostering innovative new design methods. Evolutionary computation
combines principles from evolutionary biology and computer science [53]. In this genetic
system, the concept of "survival of the fittest" enables the reproduction and growth of
successive generations, thereby preserving genetic information. For example, in our
bodies, gene chromosomes that survived and evolved over long periods encode basic life
information, which is replicated in algorithms. This type of search process requires
defining intentions or objectives, with the algorithm assisting in finding the optimal

design.

On the other hand, multi-objective optimization involves using multiple phenotypes or
parameters and multiple genomes or objectives in the search process. This framework
comprises parametric model-based form generation, numerical assessment, simulation-

based performance evaluation, and multi-objective optimization (MOO). These three
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elements iterate to generate and evaluate numerous design options. Several designers and
researchers use similar methods to support integrated design [54]. In this process,
parametric modeling facilitates the association of building elements and the generation of
multiple design options while maintaining predefined geometric relationships.
Simulations evaluate various facets of these design alternatives. Among the design options
included in the optimization process, those with superior performance are identified

based on specific evaluation criteria related to the design specifications [55].

The optimization processes and systems used in this research apply the Pareto front
principle. The Pareto front, widely accepted and also known as the Pareto frontier or
Pareto set, comprises all efficient options generated from multi-objective optimization.
This enables observers to focus on efficient options and make trade-offs within this set,

rather than examining the entire range of every parameter [56].
2.4. Research on parametric and MOO shading, geometry

Many researchers have been integrating shading and glazing strategies, utilizing
parametric computational approaches, and employing Genetic Algorithm (GA)
optimization to enhance efficiency and optimization for daylight and visual comfort. Some

of these studies have also addressed energy consumption efficiency.

Khidmat et al. [57] employed a parametric and multi-objective optimization approach to
investigate the daylight performance of expanded-metal shading in Kitakyushu, Japan.
Through computational simulations and optimization analysis, they concluded that the
proposed framework successfully met the daylight requirements of LEED v4.1. The
framework achieved a 100% reduction in Annual Sunlight Exposure (ASE) and
approximately a 50% improvement in Useful Daylight [lluminance (UDI) compared to the

baseline model.
Zahra Shirzadnia et al. [58] successfully improved the daylight performance of an old

boiler building in a historical factory in Mazandaran, Iran, by employing parametric

modeling and optimization algorithms. They achieved a significant reduction of 63.43% in

39



the DA (Daylight Autonomy) metric. Their research provides comprehensive design

guidelines for the adaptive reuse of heritage buildings in a humid subtropical climate.

Yi et al. [59] proposed a method that integrates multiple performance criteria into Multi-
Objective Optimization (MOO). The aim was to maximize daylighting, maximize structural
strength, minimize system weight, and reduce overall material cost. This approach allows
for optimized solutions that satisfy requirements across multiple building performance

areas, rather than being limited to a specific domain.

Eltaweel et al. [15,60,61] explored advanced louver slats and Venetian blinds to predict
natural daylight intensity distribution in a simulated office room in Cairo and New Cairo,
Egypt, aiming for a steady daylight illuminance range of 300 lux to 500 lux at 90%. The
research found that the proposed parametric control system for the slats and blinds could
optimize daylight performance effectively. Fang et al. [62] assessed the daylight and
energy performance of a simulated office space in Miami, Atlanta, and Chicago using a
parametric framework. By iterating building depth, roof ridge position, skylight
dimensions, window dimensions, and louver lengths, the study optimized for UDI and EU],

demonstrating that skylight dimensions were particularly significant.

Gerber et al. [63] introduced a multi-agent system (MAS) in architectural design to help
designers explore a wide range of informed solutions by combining generative algorithms
and user light preferences. This research concluded that MAS could produce unique design
configurations that perform better environmentally than standard fagade shading.
Grobman et al. [64] compared static and Kkinetic shading strategies for daylight
performance in a Mediterranean climate, showing that dynamic strategies improved the
Adjusted Useful Daylight [lluminance (AUDI) by 51%, achieving optimal daylight values of
250 lux.

Bakmohammadi et al. [65] introduced a parametric and optimization platform to
determine the best classroom layout and glazing strategy for the climate conditions in
Tehran, Iran. Using Grasshopper as the main parametric platform, and Ladybug and
Honeybee as environmental analysis engines for daylight and energy simulation, the study

iterated parameters such as window-to-wall ratio, glazing number, wall angle, and
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building rotation. This research identified the best layout solution and demonstrated a

potential reduction of 47.92 kWh/m? in energy consumption.

Kim and Clayton [16,66] introduced parametric behavior maps (PBMs) to evaluate the
energy performance of climate-adaptive building envelopes (CABEs), enabling designers
to conduct building energy and daylight simulations and analyses. Applying origami-like
shading in a small office in Houston, Texas, the study found that both dynamic and static
shading methods contributed to optimal CABE performance. The proposed system
supported architects and designers in the decision-making process through well-informed

dynamic scenarios.

Cachat et al. [67-69] combined computational simulation, optimization, and field
measurements to investigate the impact of PV integrated shading devices on daylighting
and energy strategies for Norway's Nordic climate. The research found that smaller
shading devices performed better and suggested the potential for reducing energy
consumption by up to 47.92 kWh/m?. Elbeltagi et al. [70] used a parametric approach to
visualize and predict energy consumption for a simulated residential building in Cairo,
Egypt. The study concluded that this visualization could significantly aid designers in

analyzing energy consumption data and provide more accurate energy predictions.

41
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3.1. Software

Figure 3.1 illustrates the software used in this study and their respective purposes. The
primary work is conducted on Rhino, with foundational modeling completed using the
Grasshopper platform within Rhino. Ladybug and Honeybee are then employed for solar
and energy analysis. The Octopus plugin is used to perform multiple simulations and
genetic iterations. Data generated in Rhino is exported to Excel via the Colibri plugin.
Subsequently, the data is transferred from Excel to Origin and IBM SPSS for visualization

and analysis.

3.1.1. Rhinoceros 3D

Rhinoceros, commonly known as Rhino, is a 3D computer graphics and computer-aided
design (CAD) software developed by Robert McNeel & Associates. Rhino excels in creating
complex and precise models due to its NURBS-based modeling system, which allows for
the creation of accurate and detailed surfaces. Rhino is a commercial software, but it offers
a free trial version. It is widely used in architecture, industrial design, and marine design

due to its versatility and powerful modeling capabilities.

3.1.2. Grasshopper for Rhino

Grasshopper is a visual programming language and environment that operates within
Rhino. Developed by Robert McNeel & Associates, it enables users to create complex
parametric designs through an intuitive graphical interface. Grasshopper is included with
Rhino and provides powerful tools for algorithmic and generative design, making it
indispensable for architects and designers. It allows for the manipulation of geometric
data and the creation of intricate design patterns and structures, facilitating a high degree

of creativity and customization.

3.1.3. Ladybug & Honeybee
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Ladybug Tools, including Ladybug and Honeybee, are free and open-source applications
that support environmental design and sustainability in architecture. Developed by Chris
Mackey and Mostapha Sadeghipour Roudsari, these tools integrate with Rhino and
Grasshopper to offer comprehensive climate analysis, daylighting, and energy modeling
capabilities. Ladybug is used for climate analysis and visualization, while Honeybee
connects with simulation engines like EnergyPlus and Radiance for detailed energy and
daylighting simulations. Together, they help architects and engineers make informed

decisions about building performance and environmental impact.

3.1.4. Octopus

Octopus is a plugin for Grasshopper designed to facilitate multi-objective optimization
using evolutionary algorithms. Developed by Robert Vierlinger, Octopus allows for the
optimization of complex design problems based on multiple criteria. It is an open-source
tool that helps designers explore a wide range of design solutions, balancing various
performance aspects such as energy efficiency, structural integrity, and visual comfort.
Octopus is particularly useful for iterative design processes where multiple objectives

must be considered simultaneously.

3.1.5. Colibri

Colibri is part of the TT Toolbox developed by Thornton Tomasetti. It works within the
Grasshopper environment to streamline the generation and evaluation of multiple design
iterations. Colibri is free to use and aids in managing large sets of design options, making it
easier to compare and optimize design solutions. It is particularly useful in parametric
studies and design explorations where numerous variations need to be analyzed and

evaluated efficiently.

3.1.6. Excel

Microsoft Excel is a spreadsheet software developed by Microsoft. It is a part of the
Microsoft Office suite and is available both as a standalone product and as part of Office

subscriptions. Excel is widely used for data analysis, financial modeling, and statistical
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analysis. It offers a wide range of functionalities, including pivot tables, graphing tools, and
the use of formulas and functions to perform complex calculations. Excel supports VBA
(Visual Basic for Applications) scripting, allowing users to automate repetitive tasks and
create custom functions. While Excel is a commercial software, it is available on a
subscription basis through Microsoft 365, and there are also free versions with limited

functionality available online.

3.1.7. Origin

Origin is a proprietary data analysis and graphing software developed by OriginLab
Corporation. It is widely used in scientific research, engineering, and data analysis fields
for its robust tools for data visualization and analysis. Origin allows users to create
publication-quality graphs and perform complex statistical analyses. It is commercial
software, known for its user-friendly interface and powerful analytical capabilities,

making it a popular choice among researchers and engineers.

3.1.8. IBM SPSS

IBM SPSS (Statistical Package for the Social Sciences) is a comprehensive software package
used for statistical analysis. Originally developed by SPSS Inc. and later acquired by IBM,
SPSS offers extensive tools for data management, statistical analysis, and reporting. It is
commercial software widely used in social sciences, business, and health sciences for its
ease of use and powerful statistical functions. SPSS is essential for conducting
sophisticated data analyses and generating detailed reports, making it a staple in many

research and business environments.
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3.2. Parametric definition arrangement

This chapter explains the general overview of the methodology used in this thesis, which
will be implemented in more detail in the dedicated chapters according to each specific
case. Based on the pragmatism research philosophy, where knowledge is constantly
questioned and interpreted rather than fixed, this process is classified as a computer
simulation research methodology, specifically using parametric [50] and generative
algorithm [44] deductive or quantitative approaches. This is due to the fact that the
experiment involves a large number of calculations and design configurations that are only
possible in the virtual world rather than in real measurements because of the high cost

and time consumption.

The process begins with the ideation phase, which aims to respond to the issues raised in a
specific context and answer the research question. The first phase is ideation, where the
problem is formulated. In this phase, the information and background behind each
experiment are collected. The ideation phase aims to respond to the research goals and
answer the questions in the first step of the scenario. The ideation process leads to the
production of the experimental scheme or experimental design. The ideation process
concludes with the decision on what type of simulation to arrange and which parameters

and design goals to use.

Following the ideation process, the next phase is the process of defining the design
parameters and performance objectives of each research idea. Each process starts by
precisely defining the design parameters and design goals along with their metrics. After
the parameters and objectives are decided, the next step is arranging the parametric
geometry modeling. In this phase, the layout and dynamic parameters are first established

on the parametric platform.
3.2.1. Environmental simulations

A weather file contains detailed climate data for a specific location, including temperature,

humidity, solar radiation, wind speed, and direction. These files are essential for accurate
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environmental simulations in building design, particularly for daylight and energy
analysis. By using weather files, architects and engineers can simulate how a building will
perform under realistic climatic conditions throughout the year. Weather files provide the
necessary climate data to conduct accurate simulations for daylighting, energy
consumption, and thermal comfort. These simulations help in predicting building
performance, optimizing design for energy efficiency, and ensuring occupant comfort.
Without weather files, simulations would lack the context of real-world environmental

conditions, leading to inaccurate results.

EnergyPlus Weather (EPW) files are standardized weather files used with the EnergyPlus
simulation engine. Developed by the U.S. Department of Energy, these files contain hourly
weather data for various global locations. EPW files are widely used in building
performance simulations due to their comprehensive data and compatibility with various
simulation tools. To use an EPW file, it is typically imported into the simulation software,

where it provides the necessary climatic inputs for analysis.

When conducting environmental simulations, the selected weather file is imported into
the simulation software, such as Rhino with Grasshopper, Ladybug, and Honeybee. The
software then uses this data to simulate daylight, energy usage, and thermal conditions
throughout the year. This process helps in optimizing the building design by evaluating
different scenarios and making data-driven decisions to improve energy efficiency and

occupant comfort.

3.2.2. Computational exploration and optimization

From Figure 3.1, it can be seen that in phase 5, automation generates single design
solutions for each parameter change, along with embedded parameter combinations and
design objective values. Each single value produced by each experiment generally
becomes a data point or individual in the optimization process in phase 6. In phase 6,
iterations use two different systems: exploration and genetic optimization. The first is a
genetic algorithm for multi-objective optimization (MOO) using Octopus, and the second is
design exploration using Colibri. In phases 6 and 7, statistical analysis and manual

observation are conducted to identify the best solutions from the filtering process. The
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final results produced in the last phase will be compared with the research objectives and

research questions.

3.3. Data collection and analysis method

3.3.1. Observation of the best design solutions

The environmental and structural simulation parameters and data inputs are processed
on a parametric platform, producing a series of rough numerical data. Each experiment
generates a series of numbers, recorded during the optimization and exploration
processes into Excel or comma-separated values files. Initial visualizations in the software
yield various plots. Data from Octopus appears in 3D population fields, while exploration
data may form parallel coordinate plots. These rough data files are further processed,
visualized, and analyzed manually and statistically to examine parameter relationships

and the roles of each parameter.

To find the best design solution through iterative processes, observations are conducted in
multiple ways. The first method involves manual observation during optimization and
exploration. For multi-objective optimization results, Octopus’s reinstate solution function
is used, while Colibri allows manual observation by highlighting desired objective value

wires.
3.3.2. Solution ranking by fitness function

After observing the data, rank the Pareto front solutions using the fitness function with
MOO and Colibri. A "fitness function" is a function used in genetic algorithms and other
evolutionary algorithms to evaluate and measure the quality of individual solutions, as
applied in previous studies [14,71,72], calculated in Excel and implemented in Chapters 5

and 6.

In optimization problems, the fitness function calculates a fitness value for each candidate

solution, reflecting how well it meets the problem's requirements. Based on the fitness
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values, the algorithm decides which individuals can be carried over to the next generation,

and it selects, crosses, and mutates them to gradually approach the optimal solution.

Key features of a fitness function include:

e Evaluation Criteria: The fitness function defines the criteria for evaluating
individual solutions, which can be a single objective function or multiple objective
functions.

e Numerical Representation: Fitness values are usually represented numerically; the
higher (or lower, depending on the optimization goal) the value, the better the
quality of the solution.

e Selection Basis: Genetic algorithms select superior individuals based on fitness
values for reproduction and eliminate inferior ones.

e Evolutionary Drive: Through multiple generations of iteration, the fitness function

drives the population to gradually evolve towards the optimal solution.

In different optimization problems, the specific form and calculation method of the fitness
function vary, depending on the nature of the problem and the optimization goals. Each
case's formulation is tailored to its specific data, parameter conditions, and design

objectives.

The main difference between manual observation and fitness function calculation lies in
the ranking process, where desired solutions are objectively presented in series. Manual
observation relies on human visual assessment, while fitness function results are
quantitatively generated, allowing for objective observation and justification through

numerical values.

3.3.3. Sensitivity analysis

To identify the most influential parameter driving the design objectives, sensitivity
analysis is performed. Knowing which parameters have the greatest impact allows

designers to focus on these parameters to achieve more optimized design objectives.
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The sensitivity analysis uses Standardized Regression Coefficients (SRC) to measure t-
tests, examining the role of each parameter on objective values and evaluating variable
relevance. This analysis is conducted using SPSS software, employing the fit-model
command to estimate parameters, with standardized objectives as role variables and

standardized parameters as construct model effects.

Results are presented in tornado plots, displaying SRC values along a horizontal axis to
indicate positive or negative impacts. Each bar represents the influence of a parameter on
the objective. This method provides a deeper understanding of parameter-objective

correlations, allowing for more detailed identification and focus.

3.3.4. Tendency observation

Tendency observation is used to understand the relationship between design parameters
and objectives within the context of multi-objective optimization (MOO). This type of
observation helps designers identify parameter ranges that lead to desired objective
values. It involves manually adjusting a parallel coordinate plot filled with lines connecting

parameter and objective combinations, as seen in previous studies [73-76].

The parallel coordinate plot is generated using Origin. The data, derived from the
optimization process, is distributed based on the maximum and minimum values of each
parameter and objective axis. Manual observation focuses on the density of these lines,
showing the distribution of solutions. By adjusting control points on the vertical axes of
the plots, designers can isolate dense areas, allowing for analysis of tendencies within

these regions.
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Chapter 4. Preliminary Study
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4.1. Some basic concepts of daylight

Daylight can be classified into two categories: direct and indirect. Direct daylight includes
light from the diffuse skylight in the Earth's atmosphere and direct sunlight. Indirect
daylight comes from light reflected off surfaces, such as pavement or walls facing

windows.
4.1.1. Reflectance and transmittance

When light encounters a surface, it can be reflected, transmitted, or absorbed. The
reflectance factor, which ranges from 0 to 1, represents the "ratio of reflected flux to
incident flux" and determines the proportion of light that is reflected. Transmittance
quantifies the fraction of light passing through a surface, while absorbance measures how

much light is absorbed and converted to heat.

All surfaces reflect some amount of light. For instance, a white surface has a reflectance
factor of 0.85, whereas a black surface has a value of 0.5. This factor indicates the amount
of light reflected but does not specify how it is reflected. The surface characteristics
determine the reflection type: smooth, polished surfaces create specular reflections, while
matte surfaces scatter light, resulting in diffuse reflections. Choosing surfaces with high
reflectance and low specular values (to reduce glare) will aid in directing light deep into
the building. Furthermore, the quantity of light in these adjacent areas depends on the

percentage of light transmitted through the glazing [8,77].
4.1.2. Illuminance and luminance

The overall light output from a source is referred to as luminous flux and is measured in
lumens (Im). The strength of the light emitted in a specific direction, known as luminous
intensity, is measured in candela (cd). When this intensity is measured over a surface, it is
called illuminance, which indicates the amount of light energy at a specific point on a

defined surface area and is measured in lux.
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[lluminance represents light traveling through space and is not visible to the naked eye
unless it hits a surface or is viewed directly at the source. The portion of light that is visible
on a surface is termed luminance, defined as "the amount of visible light leaving a point on
a surface in a particular direction," and is measured in cd/m?. Thus, luminance indicates
the perceived brightness by an observer, while illuminance signifies the presence of light

in a given space [8,77,78].

4.1.3. Qualitative and quantitative aspects of daylight

A successful daylighting strategy should prioritize both the quality and quantity of light in
a space [79]. Metrics like illuminance, daylight factor, and various daylight autonomy
hybrids measure daylight quantity, while qualitative metrics define the luminous
environment, shaping how we perceive light in a space. Factors such as color, contrast, and
light temperature, as well as uniformity, significantly impact occupant comfort in daylit

spaces.

Calleja etal.'s (2011) paper [80], "Conditions Required for Visual Comfort," discusses
various aspects of the luminous environment. One key factor is the color of light, which
significantly influences how people experience light in a space. The color and temperature
of light should be maintained at comfortable levels to avoid eye strain for occupants
performing tasks. The paper highlights that the color appearance of illumination depends
on both light color and luminous intensity. A diagram in the paper shows a relationship
between visual comfort and different levels of illumination and color temperature, with
comfortable levels typically above 4000 kelvin (K), known as neutral white, and around

6000 K, known as daylight white.

Light contrast within a room is also crucial, representing the ratio of background light
(ambient light) to foreground light (task light). Good quality contrast is achieved when
ambient light levels are between one-half and two-thirds of task light. Mathematically,
contrast is the difference between maximum and minimum luminance divided by the

lower value [78].

Maintaining light uniformity is equally important. Uniformity is the ratio between

minimum and average illuminance over a horizontal working plane. Good uniformity
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involves reducing high-intensity daylight zones and preventing dark zones, especially at
the back of a room. High-intensity zones, whether on the workplane, floor, walls, or ceiling,
can cause discomfort, known as glare [81]. Glare is defined as a condition where vision
discomfort or reduced ability to see details is caused by an unsuitable distribution or
range of luminance or extreme contrasts. Properly implemented shading devices can
control glare, ensuring they do not create light patches over the workplane that could

irritate occupants.

4.2. Different types of sky

4.2.1. The Impact of Different Weather Conditions on Sky and Indoor

IIluminance

Understanding the different types of sky conditions is crucial for accurate daylight
simulation in architectural design. Sky conditions such as clear (sunny), overcast (cloudy),
and partly cloudy have significant impacts on both indoor lighting and the overall

brightness of the sky.

Clear skies provide direct sunlight, resulting in strong illumination and sharp shadows.
This condition enhances visibility but can cause glare and increase cooling loads due to
higher thermal gains. The brightness is highest near the sun and decreases with distance.
The sky's luminance is anisotropic, meaning it varies with direction. For instance, under a
clear sky, the sun can produce illuminance levels up to 100,000 lux, making it essential to

incorporate shading devices in architectural design to control glare and excessive light.

Overcast conditions diffuse sunlight evenly, providing uniform but lower light levels. This
minimizes glare and shadows, creating a softer, more even illumination which is beneficial
for visual comfort. Brightness is more uniform, with the highest luminance at the zenith
(directly overhead) and decreasing towards the horizon. Typically, under overcast skies,
the illuminance levels are around 5,000 to 20,000 lux. The uniform light distribution is
ideal for spaces requiring consistent lighting without the harsh contrasts produced by

direct sunlight.
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Partly cloudy skies offer a mix of direct sunlight and diffuse light. This creates varying light
intensities and can result in fluctuating indoor illumination levels throughout the day.
Brightness levels fluctuate depending on cloud cover, with varying patterns of luminance
due to the mix of direct and diffused sunlight. On partly cloudy days, illuminance can vary
widely, from 10,000 lux to over 70,000 lux, depending on cloud density and the position of
the sun. This variability can pose challenges for maintaining consistent indoor lighting

conditions, necessitating adaptive lighting solutions.

Accurate simulation of these sky conditions is essential for designing energy-efficient
buildings that optimize natural light use while ensuring occupant comfort. By
understanding how different sky conditions affect light distribution, architects can better
plan window placements, shading devices, and interior layouts to enhance natural lighting,

reduce energy consumption, and improve the overall indoor environment.

4.2.2. Comparison of Sky Brightness Variations

In the realm of architectural design and environmental studies, understanding the

dynamics of natural light is crucial.

Figure 4.1 offers a practical example of how different weather conditions and times of day
can affect the distribution and intensity of natural light. The use of panoramic
photography allows for a comprehensive view of the sky, capturing the subtle variations in

light that occur due to the sun's position and cloud cover.

In the first image, taken during the late afternoon, the brightness gradient is pronounced.
The area around the sun is significantly brighter, while the zenith and eastern horizon are
dimmer. This indicates the angle of the sun and its lower position in the sky as it
approaches sunset. The higher brightness near the sun can lead to increased glare, which
is a critical factor to consider in museum design to protect exhibits and ensure visitor

comfort.
The second image, taken around midday, shows the sun at its highest point, resulting in

the brightest sky near the sun with a gradual decrease in brightness towards the zenith

and horizon. This image highlights the need for effective shading solutions to mitigate the
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intense midday sun, which can cause overheating and excessive illumination inside

buildings.

The third image, captured on an overcast day, presents a more uniform distribution of
light. The cloud cover diffuses the sunlight, reducing the intensity and creating a softer
light environment. This uniformity is beneficial in reducing glare and creating a more
stable lighting condition, which is particularly advantageous in settings like museums and

libraries where consistent lighting is essential for both preservation and usability.

By employing panoramic photography, this study offers a visual and analytical tool to
better understand the behavior of natural light under different conditions. These insights
are invaluable for architects and designers aiming to optimize natural light use in
buildings, enhancing both energy efficiency and occupant comfort. This method allows for
a detailed examination of how light interacts with different architectural elements and

environmental conditions, paving the way for more informed design decisions.
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Weather: Overcast day Location: Kitakyushu Time: 15:48

Figure 4.1 Different types of skies
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4.2.3. CIE Standard Sky

Natural light entering a building comes from three main sources: direct sunlight from the
sun, diffused daylight from the Earth’s atmosphere, and light reflected off the ground or
other surfaces (also referred to as daylight). It is a common misconception that sunlight
and skylight are interchangeable terms, but they are distinct due to their unique physical
properties and varying impacts on skylight roofing systems. These differences manifest in
intensity, diffusion (scatter), and color. When evaluating these types, it is crucial to

consider two factors: luminance and illuminance.

Sky luminance fluctuates based on weather conditions, seasons, and time of day, making it
challenging to standardize. However, the CIE provided a calculated method (International
Recommendations for the Calculation of Natural Daylight, 1970) [82] using a set of curves
to determine the periods during which daylight can meet a building’s lighting needs as
shown in Figure 4.2. This method estimates the percentage of necessary exterior
illumination on a horizontal plane approximately from 07:00 to 17:00 hours at various
latitudes. It should be noted that this method does not account for specific site conditions,
such as shading by hills, trees, buildings, neighboring surfaces, or the building's design

itself. [82]

The Commission Internationale de I'Eclairage (CIE), or the International Commission on
[llumination, is a professional organization dedicated to worldwide cooperation and
information exchange in all fields related to light and lighting, color and vision,
photobiology, and image technology. Established in 1913, the CIE is the globally
recognized authority on light and lighting, known for its scientific contributions and

standards.
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Figure 4.2 CIE calculation method that employs a set of curves to identify the amount of lux
in a time period. [26]

CIE sky models are widely applied in various fields. In daylighting analysis, they evaluate
how natural light enters and illuminates interior spaces. For energy efficiency studies, they
assess the impact of daylighting on building energy consumption. Visual comfort

assessments use these models to understand the effects of lighting conditions on occupant
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comfort and performance. In architectural design, CIE sky models guide the placement and

sizing of windows, skylights, and other daylighting elements to optimize natural light use.

The CIE has successfully developed model skies that serve as valuable tools for anyone
working with daylighting. These models can be broadly categorized into four types: Clear
Sky, Intermediate Sky, Overcast Sky, and Uniform Sky. Figure 4.3 reflects examples of
these four CIE standardized generic sky types. The primary simulations conducted in this
thesis encompassed a diverse array of sky conditions based on the annual weather profile
of the selected location, with the exception of the static simulations, which utilized the CIE
standard overcast sky. To provide an understanding of the variations between different

sky types, a brief overview of the main sky models is presented:

.\. -

o

Clear sky Intermediate sky Overcast sky Uniform sky

Figure 4.3 Examples of the 4 CIE standard general sky types

Clear sky

A clear sky is characterized by 0-30% cloud cover. It typically has higher radiation levels
and brightness compared to other sky types, resulting in more pronounced shadows. The
sky's luminance is highest near the sun, and at the horizon, it is approximately three times
brighter than at the zenith when looking away from the sun. The CIE standard clear sky

has no cloud cover [78,83].

The CIE Clear Sky model represents a completely clear sky with direct sunlight. It is
characterized by high luminance near the sun, which decreases with distance, exhibiting
anisotropic luminance where brightness varies with direction. This model is ideal for

simulating environments with strong direct sunlight and clear conditions.

Intermediate Sky
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This type of sky fluctuates between being mostly cloudy with some clear areas to being
mostly clear with a few clouds, making it challenging to predict. It is characterized by
having 30-70% cloud cover, representing the intermediate condition between overcast

and clear skies [78,83].

The CIE Intermediate Sky model represents partly cloudy conditions. It features a mix of
direct sunlight and diffuse light from clouds, capturing the variability of partly cloudy
skies. This model is useful for simulations where conditions fluctuate between clear and

overcast.

Overcast Sky

A sky with 70-100% cloud cover is considered overcast. Overcast skies typically have
lower luminance and radiation levels, producing weaker shadows and more diffused light
compared to clearer skies. The sky is approximately three times brighter at the zenith than
at the horizon. The CIE standard for an overcast sky indicates a sky fully covered by clouds

[78,83].

The CIE Overcast Sky model represents a completely overcast sky with no direct sunlight.
It has a uniform luminance distribution, with the highest brightness at the zenith
decreasing towards the horizon. The light is diffuse and soft, making this model suitable

for scenarios requiring even, diffuse lighting, minimizing glare and harsh shadows.

Uniform Sky

This standard sky type harks back to the era when calculations were performed manually
or using tables. It is defined by a consistent luminance that remains unchanged regardless
of altitude or azimuth. Commonly referred to as the 16th CIE sky type, it is rarely used

today due to its uniform luminance distribution.

The CIE Uniform Sky model is a theoretical representation of an idealized sky with
completely uniform luminance. It features equal brightness across the entire sky dome.
Although it rarely occurs in nature, this model is useful for specific analytical purposes

where uniform lighting is assumed.
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Generally, the luminance distribution of a clear sky is uneven. The brightness peaks where
the sun is located, but significantly decreases in other areas. In contrast, the luminance of
an overcast sky is more uniform and is less affected by the position of the sun. The sky
distributions shown in Figure 4.4 were created using the RADIANCE synthetic imaging
system. It was assumed that the sun was positioned at an altitude of 602 directly south.
The sky luminance was mapped from the southern (02) to the northern (1802) horizon,
passing through the zenith (909). It is important to note that these graphs should not be
compared directly; for instance, it is incorrect to assume that uniform and overcast skies

always exhibit the same zenith brightness.

relative sky luminance

a 28 48 68 88 186 126 148 166 186
altitude angle

Figure 4.4 sky distributions

CIE sky models are used to simulate various natural sky conditions for accurate
daylighting analysis. The models represent the distribution of luminance across the sky
dome, which is crucial for simulating how daylight interacts with architectural spaces. The
fundamental principle involves mathematically defining the luminance distribution based

on empirical data and theoretical considerations.

Andrew Marsh [84] developed a web program for interactively experimenting with the
latest Perez all-weather sky model. This is essentially a mathematical model used to
calculate the representative spatial distribution of daylight across the sky dome, capable of
functionally simulating a range of different weather conditions. Figure 4.5 [84] shows

examples of the more detailed 16 types of CIE standard general skies.
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CIE sky models use mathematical functions to describe the spatial distribution of sky
luminance. These models are based on empirical observations and theoretical
formulations that capture the variations in brightness and color due to atmospheric
conditions, solar position, and scattering effects. The luminance data are then used in
daylighting simulation software to predict the distribution and intensity of natural light
within a given space, aiding in the design and analysis of architectural environments.
Figure 4.6 [84] shows examples of real-world sky conditions and their simulated daylight

distribution.

Understanding and simulating different sky conditions enable architects to design
buildings that maximize natural light, enhance energy efficiency, and improve occupant
comfort. Accurate daylight simulation informed by these studies leads to better-

performing and more sustainable buildings.

4.2.4. Different types of natural light

In real-world conditions, sunlight and daylight exhibit distinctly different characteristics.
Sunlight is a highly directional point source of light, often referred to as a beam. This
concentrated beam casts sharp shadows and can provide illumination levels ranging from
50,000 to over 100,000 lux. The intensity of sunlight varies based on geographic location
and time of year, being extremely intense at noon in tropical regions or at high altitudes

with thin air, and less intense in the Arctic due to the low angle of the sun.

Conversely, daylight is diffused and scattered in all directions, producing no shadows. It
consists of light from both cloudy and clear blue skies. Interestingly, cloudy skies are often
brighter than clear blue skies, with the brightness depending on cloud thickness and color.
Generally, complete cloud cover results in a very uniform lighting condition, whereas a
clear blue sky is highly variable, being brightest around the sun and darkest 90° away
from the sun’s position [27]. These differences also affect color temperature, with clear
blue skies delivering a cool color temperature of approximately 10,000 °K (9726 °C), and
cloudy skies providing a warmer color temperature of around 7500 °K (7226 °C).
Understanding these properties at specific locations helps in estimating the amount of

illumination available for skylighting [28] (Table 4.2.1).
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Climate conditions have a direct impact on daylight levels, necessitating an understanding

of environmental factors that influence the quality and quantity of daylight to select the

appropriate system. Table 4.2.2 summarizes key issues related to natural light as

highlighted in the studies by Ruck and Aschehoug [27] and Phillips [5].

Table 4.2.1 Daylight characteristics. [28]

Types of Light Illumination Brightness Colour Colour
daylight direction fc cd/m2 temp. description
Sun at Beam 8000-10,000 1,600,000,000 5500K Neutral
midday
Sun at Beam 3000-8000 6,000,000 2000 K Warm
horizon
Clear sky Diffuse 1000-2000 8000 10,000 K Bluish
Cloudy sky  Diffuseand 500-5000 2000 7500 K Cool

Beam

Table 4.2.2 Important issues related to design with natural light.

Factors Description

Change/varity | Daylight change from day to night, changes associated with variations

absolute brightness from sunrise to sunset.

in the weather (from bright sunny days to dark and cloudy or rainy
days) as well as season. Daylight direction on overcast and cloudy
days remains changeable, although the light is more diffused than that

on a clear day. On overcast days, daylight is uniform but varies in

Orientation The orientation of sunlight during a year is changeable. For instance,

period in a year reflects a specific sun path.

in Malaysia, January with its low inclination in the south is different
from April, which is overhead, and June, which has low inclination in

the north. The characteristic of each month is unique because every

Sunlight effect | The effect of sunlight in hot climates varies according to cloud cover

and weather conditions and influences the distribution of solar

radiation as direct or diffuse, which is changeable in a day and a year.
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Colour

Daylight colour varies from morning to evening and with variations in
weather patterns and sky conditions. The sun at midday provides
5500 K neutral colour temperature, whilst the sun at the horizon
provides 2000 K warmth. Vision is improved with good contrast, and

the natural colour of daylight increases contrast.
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Figure 4.5 Examples of the 16 CIE standard general sky types.
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Figure 4.6 Some example real sky conditions and their modelled daylight distributions.
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4.3. Types, Materials, and Display Methods of Exhibits in

Art Galleries

Art galleries exhibit a diversity of artworks that reflect the richness of artistic expressions
and the variability of visual effects. Sculptures and paintings are the most common types
of exhibits, showcasing not only the beauty of the artworks themselves but also the
artistry and science of display techniques. Below, we explore the materials and display
methods of these exhibits in detail. Figure 4.7 [85] shows the layout of sculptures and
paintings in a typical art museum. Table 4.3.1displays the types of museum exhibits,

materials, and display methods.

Figure 4.7 The layout of sculptures and paintings [85]

Table 4.3.1 The types of museum exhibits, materials, and display methods.

Type Material Display method
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Sculpture Ceramics, glass, stone and metals,  Platform (Vertical)
wood, horn, bone, ivory, minerals

Painting linen, cotton, or wood, pigment, Wall (Horizontal)
paper

4.3.1. Display techniques and materials of sculpture.

Sculptures, as a three-dimensional art form, use a variety of materials including stone,
metal, wood, and synthetic materials. Each material offers unique textures and expressive

possibilities.

Stone sculptures are one of the most traditional and classic forms. Common stones like
marble and granite are widely used due to their durability and fine texture. According to
Cone [86], marble is often used for sculptures representing human beauty due to its white
sheen and delicate texture, while granite, known for its hardness and color variety, is used
for monuments and large public artworks. Stone sculptures are typically placed in central
locations or courtyards of art galleries to emphasize their historical significance and

artistic value, allowing viewers to appreciate their details and textures up close.

Metal plays a significant role in modern sculpture. Common metals include copper and
iron. Martin [87] highlighted the role of metals in modern sculpture, noting that copper is
favored for its malleability and resistance to corrosion, allowing for intricate and delicate
art forms, while iron is valued for its strength and industrial aesthetic. Metal sculptures
often have a reflective and refractive quality that draws viewers’ attention. They are
typically displayed in well-lit galleries or outdoor spaces to showcase their material

properties and the artist's creative intent.

Synthetic materials like resin and glass are increasingly used in contemporary sculpture
creation. Resin is favored for its lightweight and moldable properties, making it ideal for
abstract or modernist sculptures. Glass, with its transparency and vibrant colors, is often
used to create stunning light and shadow effects. Hall [88] emphasizes in his study that the
use of these materials adds a modern touch to exhibitions, providing a rich visual

experience with their diverse colors and shapes.
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The display of sculptures typically considers their spatial relationship with the
environment and the interaction between the viewer and the artwork. Large sculptures
are often placed in open spaces, allowing viewers to walk around and appreciate the
three-dimensional aspects of the work. Smaller or more detailed sculptures might be
placed in more intimate settings with specific lighting effects to guide viewers in closely

examining the craftsmanship.

4.3.2. Display techniques and materials of paintings.

As arepresentative form of flat art, paintings are typically exhibited by hanging them on
walls. The diversity of painting materials and techniques determines the variety of display

methods.

0Oil painting is one of the most common forms of painting, primarily using oil paints and
canvases. Common canvases include linen and cotton, with the former being durable and
suitable for large works, while the latter is less expensive and suitable for studies. Due to
its thick texture and depth of color, oil paint can express complex themes and emotions.
Omar et al. [89] studied the impact of lighting on the display effect of oil paintings and
found that suitable lighting can highlight the layering and details of the paintings.
Therefore, oil paintings are usually hung on walls with even lighting and highlighted using

adjustable spotlights to enhance their visual effect.

Watercolor paintings, characterized by their light and transparent nature, are uniquely
suited to expressing soft scenes and delicate emotions. The primary materials for
watercolor paintings are watercolor paper and paints, with the former needing to be
absorbent and resilient. Jeanneret et al. [90] researched the best lighting conditions for
displaying watercolor paintings, suggesting avoiding direct strong light to prevent colors
from becoming flat or losing detail. Typically, even diffused lighting is used to present the

best color effect and depth of the paintings.

Prints and drawings are another important category of paintings, often used to showcase
details and techniques. Prints use carving knives and plates, while drawings employ
pencils, charcoal, and other tools. Clark and Barger [91] noted that when displaying these

works, explanatory labels or digital information points are often used to enhance their
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educational value and viewing experience. To protect these works, the exhibition
environment needs to control temperature and humidity to prevent paper deformation or
pigment fading. The height and spacing of the display also need careful design to ensure

viewing comfort and overall aesthetic appeal.
4.3.3. Exhibition Environment and Protective Measures

In art museums, controlling the exhibition environment is crucial to ensuring the best
display effect of artworks. For both sculptures and paintings, stability of temperature and
humidity, uniformity of lighting, and intensity control are essential considerations. These
measures not only protect the artworks from physical and chemical damage but also
enhance the viewing experience for the audience. Huang, Wei, and Zhu [92] studied the
impact of daylight on exhibition hall display effects and provided practical suggestions on

how to effectively utilize natural light to improve display effects and protection conditions.

In summary, sculptures and paintings, as the main exhibits in art museums, each have
unique materials and display methods. Through thoughtful exhibition design and
environmental control, museums can not only showcase the beauty of the artworks but
also enhance the viewing experience for visitors, ensuring that the artworks are presented

in the best possible environment.
4.4. Types of Light Sources in Museums

Museum exhibit displays are typically classified into four groups: flat displays on vertical
surfaces, display cases, three-dimensional objects, and realistic environments. Each

category presents unique challenges and creative opportunities for lighting designers.
4.4.1. Flat Displays on Vertical Surfaces

Achieving uniform illumination for large vertical displays, such as paintings, prints,
documents, and explanatory labels, is a common challenge in museums. The use of acrylic
or glass to protect artifacts can complicate lighting due to reflections. Specular surfaces

combined with poorly positioned lights can cause glare and obscure the artifacts. Studies,
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such as those by Loe et al. [93], have explored preferences for different lighting
distributions. Generally, lighting should provide uniform illumination across the entire
surface. Positioning luminaires with the beam center axis at a 30° angle from the vertical
can minimize shadows and glare, allowing visitors to closely approach artifacts without

casting shadows.

Wall Wash: Using wall-wash luminaires is an effective method to achieve even
illumination over large vertical surfaces. Many manufacturers provide charts showing the

distribution of light from these luminaires on the wall.

Spotlights: For smaller to medium-sized pictures or label panels mounted on a wall,
spotlights are typically used. The mounting position can be adjusted to avoid shadows
from oversized frames by following specific guidelines, such as those in Figure 4.8.
Increase or decrease "X" as required to avoid shadows from oversize frames on paintings.
Compute the angle of incidence/reflection to avoid glare to viewer. Optical projectors can
frame objects but might create an artificial appearance. Additional soft lighting may be
needed to avoid making paintings look like transparencies. Allowing some spill light
around the area can soften the overall effect. Separate picture labels should be placed in

the spill-light area to avoid frame shadows.
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Figure 4.8 Guidelines for luminaire mounting position for flat displays on vertical surface.

Use the formula as a guide. [94]

4.4.2. Exhibit Cases

Museum exhibit cases serve to allow visitors a close view of rare and delicate artifacts
while protecting them from degradation, vandalism, or theft. These cases typically house
small, fragile, and valuable items and can range from small acrylic cubes for jewels to large
cubes for rare clothing. They may have either corner mullions or clear acrylic or tempered

glass panels glued at the edges.

These cases can feature internal or external lighting, with lamp types ranging from low-
voltage incandescent to fluorescent to high-intensity discharge. Challenges in lighting
display cases include reflections in the glass, shadows from visitors or objects, and heat
buildup. As shown in Figure 4.9 and Figure 4.10, a transparent or translucent barrier

between the light source and the artifact helps mitigate unwanted heat.
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Minimizing Reflections: Reflections are particularly problematic in display cases with
dark interiors. Solutions include positioning cases against black walls, using angled or
specially curved glass to direct reflections away, eliminating glass barriers in favor of
railings or motion sensors, and creating a high luminance ratio between the interior and

exterior of the case.

External Lighting: When lighting is external, the lights should be above the front of the
case and directed straight down to minimize shadows. Diffusing materials can reduce
harsh shadows, though they may cause reflections on the ceiling. Heat buildup can be

managed with dichroic reflector lamps and heat filters.

Internal Lighting: Freestanding or built-in display cases often feature overhead light
attics or light boxes for concealed and customized illumination. Partial light attics suit
cases viewed from one direction and can contain fluorescent or incandescent lamps. Full

light attics are needed for cases viewed from all sides, providing soft, uniform illumination.
Supplementary Lighting: Lighting from the side, back, or bottom enhances the texture

and shape of three-dimensional objects, improving the display of ceramics, glass, and

polished metals.
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Figure 4.9 Guidelines for luminaire mounting position for a display case, with the

luminaire outside the case. [94]
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Figure 4.10 Guidelines for luminaire mounting position for a display case, with the

luminaire inside a full light attic. [94]

4.4.3. Three-Dimensional Objects

No matter the size, a three-dimensional artifact should be illuminated from multiple
angles. Lighting from different directions shapes a sculpture, highlighting some areas and
casting shadows on others to create a sense of depth. Take, for instance, a bronze statue
with a patina in shades of light blue, green, and gray. [lluminating from various angles

enhances these colors with varying emphasis.

Highlights and Shadows: Highlights offer clear visual cues about surfaces, but it's crucial
to ensure they don't become overly bright or monotonously repetitive. Shadows can
effectively indicate surface forms and textures, as long as they aren't too strong to obscure

important details.

Reducing Glare: For objects at eye level or below, lighting from all sides with luminaires

positioned where the beam's center axis is 30° or less from the vertical minimizes viewer
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issues. For small, low objects, steeply angled lighting reduces glare for viewers across from
the display. With taller objects, light may overshoot and cause glare for viewers looking

up. As shown in Figure 4.11 and Figure 4.12, Solutions include:

e Sharply angling lights downward and using a high-reflectance pedestal to soften
shadows.

e Keeping light beams within the object's display area.

e [lluminating from below without distorting appearances.

e Using soft, overall lighting (fill light) for visibility and focusing a narrow beam (key
light) on key parts.

e Lighting the background behind the artifact.

Outdoor sculptures and monuments require similar lighting principles but need different
equipment due to their size, placement, weather, and vandalism risks. Efforts should be

made to minimize light pollution and trespass.
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Figure 4.11 Effects of lighting upon the appearance of a group of four objects: two black
and two white, and two glossy and two matt. [95]
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Figure 4.12 Sculpture lighting [94]

4.4.4. Realistic Environments

Museums often craft realistic environments where the space itself communicates a

message. Examples include period rooms, outdoor scenes, and historical houses. Achieving

lighting that reflects the original purpose of these spaces is ideal, but must be balanced
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with practical considerations. For instance, the Museum of Science and Industry in Chicago
features a simulated "coal mine." Real miners, accustomed to helmet lamps, require
minimal lighting, but replicating such conditions would compromise visitor safety and the

effectiveness of the exhibit's message.

Realistic exhibit spaces often necessitate compromises. Lighting designers can use two
primary techniques to achieve authentic lighting effects: concealed lighting positions and

dual lighting systems.

Concealed Lighting: Concealed lighting positions require clearly defined viewing areas,

highlighted display features, and sufficient illumination for visitor safety.

Dual Lighting: A dual lighting system utilizes control equipment to switch, either
automatically or manually, between realistic lighting and optimal display lighting. The
display lighting should harmonize with the realistic lighting in style and color. To ensure
safety and preservation, electric lighting replaces original flame sources (candles, gas jets,
etc.). Real flames would introduce unwanted soot and water vapor into the exhibit.
Electric lighting that subtly transitions between the glow of a gas jet and sufficient
brightness for easy viewing can be very effective. Recreating realistic lighting requires

thorough research and careful observation by the designer.
4.5. Architectural aspects and daylight

Analyzing the architectural forms and the influence of daylight on lighting in museums and
art galleries is essential to understand their effects on adaptation, orientation, and artifact
preservation. Six key factors determine the final luminance produced by architectural

surfaces and daylight:

e The ratio of operative glazing to floor area.

e Room dimensions, particularly ceiling height and room depth.
e Placement and spacing of available glazing.

e Site location, including longitude, latitude, and direction.

e Obstructions, both external and internal.
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e Reflective characteristics of interior surfaces.

4.5.1. Adaptation, Orientation, and Artifact Preservation

The human visual system can comfortably perceive only a narrow range of brightness at
one time. Generally, the exhibit illuminance should be no more than five times the

surrounding area's illuminance (5:1) [94].

Transitional Spaces: The time required to adapt to changes in retinal illumination
depends on several factors, including the magnitude and direction of change, transition
time, and the visitor's age. Typically, adaptation occurs within 1 second for luminance
changes within a 100:1 range. Larger changes (greater than 1000:1) necessitate
photochemical adaptation. Changes to higher luminance levels occur faster than to lower
levels. Cone photoreceptors adapt within minutes, while transitions involving rod
photoreceptors may take tens of minutes. Older individuals generally require more time to

adapt compared to younger ones [94].

Preservation: North-facing window walls (in the northern hemisphere) should only
transmit visible light, eliminating wavelengths below 400 nm. The room's illuminance
should adhere to the guidelines in Table 4.5.1, potentially resulting in less than five
percent visible and solar energy transmittance. Galleries should have a method to
completely block daylight when closed to the public, ensuring no direct sunlight strikes

sensitive artifacts.

Table 4.5.1 Recommended Total Exposure Limits in Terms of Illuminance Hours per

Year [94]

Types of Materials Maximum Lux-Hours

IIluminance Per Year*

Highly susceptible displayed materials: textiles, 50 lux 50,000 lux
cotton, natural fibers, furs, silk, writing inks, paper
documents, lace, fugitive dyes, watercolors, wool, some

minerals

80



Moderately susceptible displayed materials: textiles 200 lux 480,000 lux
with stable dyes, oil paintings, wood finishes, leather,

some plastics

Least susceptible displayed materials: metal, stone, = Depends on exhibition

glass, ceramic, most minerals situation

Note: All UV radiation (400 nm and below) should be eliminated. The visible spectrum
is defined as extending from 380 nm to 760 nm. Museum conservators treat all
wavelengths shorter than 400 nm as UV; the damage potential is high below this
wavelength and the visual effect is very small.

*These values follow the reciprocity principle, and therefore the maximum

illuminance values can be altered for different annual exposure times.

4.5.2. Sample of Architectural Features

Light Wells: Skylights with light wells can introduce daylight without degrading artifacts.
These wells should be splayed with side walls tilted at 30° to the vertical, finished in matte

white.

Electrically Controlled Glazings: These glazings contain electrically charged particles
that align when voltage is applied, making the glass translucent. Removing the charge
randomizes the particles, turning the glass transparent. This technology has significant

potential for museum applications.
Low-Emissivity Glazings: These glasses and plastics reduce brightness as their
transmittance decreases, reflecting most UV rays responsible for fabric fading. Low-

emissivity windows typically consist of a clear outer pane, a space, and a low-emissivity

coating on the airgap side of the inner pane.

4.5.3. Natural light in museum

Natural light is crucial in the design of various building types, optimizing both their

functionality and the well-being of their occupants. This section explores the specific
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daylight requirements for museums, detailing the necessity, intensity, duration of

exposure, and providing references from existing research to support these standards.

Museums require carefully controlled natural light to prevent damage to exhibits and to
enhance the visitor experience. Light-sensitive artifacts need limited exposure to prevent
degradation, typically no more than 50 lux for the most sensitive materials [94]. However,
controlled daylight can also bring out the true colors and details of exhibits, making them

more appealing.

The integration of natural light into architectural designs is not only a matter of aesthetic
enhancement but a well-researched approach to improving functionality, energy
efficiency, and occupant well-being across various building types. Each setting demands
specific considerations for intensity and duration of light exposure, guided by both

empirical research and established industry standards.

Understanding and studying the illuminance requirements of buildings is crucial for
several reasons. The quality of lighting, often referred to as "good lighting," is determined
by the visual tasks that the human eye needs to perform. Different visual tasks, such as
reading or viewing light-sensitive artworks or sculptures, require varying lighting
qualities. Good lighting is defined by three fundamental quality features, which are
weighted differently depending on the specific space and its lighting needs. Table 4.5.2
illustrates the standard definition of quality characteristics that determine the quality of a

lighting system.

In 1979, the lluminating Engineering Society of North America (IESNA) established nine
illuminance categories, ranging from "A," the lowest recommended illuminance level, to
"[," the highest. Each category provides general descriptions of visual tasks without
specific application context. Table 4.5.3 [94] provides detailed explanations of these

categories.

Table 4.5.2 Standard definition of quality characteristics that determine the quality
of a lighting system

Visual comfort Visual performance Visual ambience
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e (Color rendering e Lightinglevel e Modeling

e Harmonious e (Glare limitation e Light color
brightness e Direction of light
distribution

Firstly, adequate lighting is essential for creating comfortable and functional spaces that
meet the needs of occupants. Proper illuminance ensures that activities such as reading,
working, and viewing exhibits can be performed efficiently and comfortably, reducing eye

strain and enhancing productivity.

Secondly, knowing the illuminance requirements informs the daylight simulation and
design process. By understanding the specific lighting needs of different spaces within a
building, designers can optimize natural light usage, thereby reducing the reliance on
artificial lighting. This optimization not only enhances energy efficiency but also promotes

sustainability by lowering the building's overall energy consumption.

Furthermore, accurate daylight simulations help in predicting how natural light will
interact with the architectural elements of a building. This prediction is vital for achieving
balanced and aesthetically pleasing lighting conditions, which can significantly improve
the visual appeal and comfort of the spaces. Ultimately, comprehending illuminance
requirements allows for the creation of better-designed buildings that offer improved

well-being and productivity for their occupants.

Table 4.5.3 Determination of Illuminance Categories [94]

Orientation and simple visual tasks. Visual performance is largely unimportant.
These tasks are found in public spaces where reading and visual inspection are only
occasionally performed. Higher levels are recommended for tasks where visual

performance is occasionally important.

A e Public spaces 301x (3 fc)

B e Simple orientation for short visits 501x (5 fc)

C e Working spaces where simple visual tasks are 100 Ix (10 fc)
performed
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Common visual tasks. Visual performance is important. These tasks are found in
commercial, industrial and residential applications. Recommended illuminance levels
differ because of the characteristics of the visual task being illuminated. Higher levels

are recommended for visual tasks with critical elements of low contrast or small size.

D e Performance of visual tasks of high contrast and large 300 1x (30 fc)
size
E e Performance of visual tasks of high contrast and small 500 1x (50 fc)

size, or visual tasks of low contrast and large size
F e Performance of visual tasks of low contrast and small 1000 Ix (100 fc)

size

Special visual tasks. Visual performance is of critical importance. These tasks are very
specialized, including those with very small or very low contrast critical elements.

Recommended illuminance levels should be achieved with supplementary task lighting.
Higher recommended levels are often achieved by moving the light source closer to the

task.

G e Performance of visual tasks near threshold 3000 to 10,000 Ix
(300 to 1000 fc)

*To account for both uncertainty in photometric measurements and uncertainty in
space reflections, measured illuminances should be within + 10% of the recommended
value. It should be noted, however, that the final illuminance may deviate from these

recommended values due to other lighting design criteria.

4.5.4. Illuminance requirement of museum

Collections are most vulnerable to light damage while on display. The duration of
exposure and the intensity of light are the two primary factors to consider for their
protection. The Illuminating Engineering Society of North America (IESNA) [94] advises
that artifacts should be adequately visible when displayed. Insufficient lighting that
prevents visibility is pointless as it does not fulfill the purpose of displaying the artifact.
Institutions must determine the acceptable amount of light damage over time, considering
the desired lifespan of the artifacts. It is crucial for institutions to assess and understand

the sensitivity of each artifact or group of artifacts as precisely as possible.
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Radiant heat increases an object's surface temperature, which can lead to discoloration,
cracking, and deterioration. Photochemical reactions alter the object at the molecular
level, resulting in embrittlement. Daylight consists of visible light (400-760 nm),
ultraviolet (UV) radiation (wavelengths shorter than 400 nm), and infrared (IR) radiation
(wavelengths longer than 760 nm). Light-sensitive materials will always be affected by
light exposure, regardless of how minimal the exposure might be. However, the risk of

light damage can be mitigated. Strategies to reduce light damage include:

e Reducing the amount of visible light an object receives - lowering the illuminance
or light intensity

e Reducing the time an object is exposed to visible light - lowering the cumulative
effect

¢ Eliminating all invisible radiation - blocking ultraviolet and infrared radiation

Although daylight intensity varies, the damage caused by light exposure is a combination
of both the intensity of the light and the duration of exposure. Exposure to light (radiant
energy) can cause cumulative and permanent damage to light-sensitive objects. This
energy induces irreversible changes, either through radiant heating or photochemical
reactions. Therefore, it is essential to control the exposure time of museum objects by
minimizing their total annual light exposure. Annual exposure hours are determined based
on the standard museum's annual opening hours. To preserve light-sensitive materials, it
is crucial to identify the light sensitivity of each displayed object. Table 4.5.1 provides
recommendations for maximum illuminance levels for specific materials. Table 4.5.4

shows the relationship between time and fading in materials sensitive to light exposure.

The human eye needs at least 50 lux to properly perceive the shape and color of an object.
Consequently, art conservation experts recommend a maximum illumination level of 50
lux for very delicate materials. For moderately sensitive items, the maximum
recommended level is 200 lux. While materials that are insensitive to light are not affected
by the light intensity, it is advisable to keep the light levels below 300 lux. This is to
prevent difficulties for the human eye in adjusting to significant differences in light levels

between different gallery spaces.
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Table 4.5.4 Time until Fading in Materials Sensitive to Light

Illuminance | Damage Low Medium High
sensitivity sensitivity sensitivity

50 lux Just noticeable 300yr-7,000 | 20yr-700yr 1.5yr-20yr
fade yr
Almost total 10,000 yr - 700 yr - 20,000 50 yr - 600 yr
fade 200,000 yr yr

150 lux Just noticeable 100 yr- 2,000 | 7yr-200yr 6 mo-7yr
fade yr
Almost total 3,000 yr - 200yr-7,000yr | 15yr-200yr
fade 70,000 yr

500 lux Just noticeable 30yr-700yr | 2yr-70yr 6 mo-2yr
fade
Almost total 1,000 yr - 70 yr-2,000 yr 5yr-60yr
fade 20,000 yr

5,000 lux Just noticeable 3yr-70yr 2mo-7yr 5d-2mo

window or fade

study lamp | Almost total 100 yr-2,000 | 7yr-200yr 6 mo-6yr
fade yr

30,000 lux Just noticeable 2mo-10yr 2wk-1yr 1d-2wk

Average fade

dalight Almost total 20yr-300yr | 1yr-30yr Imo-1yr
fade

The annual cumulative daylight illuminance for medium sensitive materials should be kept

above 50,000 lux-hours but should not exceed 480,000 lux-hours. Medium to highly

sensitive objects should be illuminated with minimal light (50 lux) and, due to their faster

rate of damage, their exposure time should be limited. Since daylight exposure is

cumulative, it is crucial to limit the total annual lux-hours and not just focus on the

maximum illuminance. Additionally, glazing should be used to eliminate all ultraviolet

radiation (wavelengths of 400 nm and below).

4.6. SKkylight system
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The shading system plays a pivotal role in the design of natural light harvesting systems.
On one hand, it mitigates direct exposure to high-intensity sunlight during summer, lowers
indoor heatload, and diminishes the reliance on air conditioning systems [96]; on the
other hand, it ensures the provision of soft and uniform natural light, enhancing occupant
comfort [97]. To accommodate varying sky conditions, shading devices exhibit diverse
morphologies, ranging from static or fixed [98] to adjustable or kinetic configurations
[99,100]. Passive shading strategies, devoid of mechanical systems or controllers, demand
significantly less maintenance and offer greater energy savings compared to active

mechanical shading systems [101].

4.6.1. Materials and light

Light and materials are interdependent, with materials directly affecting both the quantity
and quality of light. Two critical properties of materials are color and surface texture.
Reflective materials and glossy surfaces act like mirrors, reflecting light and showing the
reflected images of the light source on their surfaces. Matte surfaces, such as natural stone,
wood, and plaster, scatter light evenly in all directions. Light is characterized by hue,
reflectance value, and intensity. The reflectance value determines the proportion of light
that is absorbed versus reflected. For instance, a white wall reflects about 80% of the
incident light, whereas a dark wall reflects around 10%. Additionally, colored surfaces

impart some of their color to the reflected light.

Skylight configurations can be classified into Light Shelves, Wall Wash Toplighting, Central
Toplighting, Linear Toplighting, Tubular Skylights, among others [102]. Irrespective of the
configuration, two essential aspects must be addressed: light transmission and light
distribution. Light transmission largely depends on the glass composition of the skylight
system, with various types of glass including clear, tinted, low-emissivity, plexiglass, and
other commonly utilized glasses exhibiting different spectral transmittance rates. Light
distribution refers to the manner in which natural light, reflected by opaque materials,
permeates the surrounding environment. Reflective materials and glossy surfaces act as
mirrors, projecting reflected images of the light source onto surfaces, whereas matte
surfaces such as natural stone, wood, and plaster distribute light uniformly in all

directions. In addition to facilitating the ingress of natural light, skylight designs must also
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consider factors such as indoor ultraviolet transmission, solar heat gain, and thermal

transmission, among others [95].

4.6.2. Location of the Daylight Source

In museums, daylighting is generally achieved through two main concepts: lighting
through side windows and lighting through roof openings and skylights. Skylights are
often paired with light-guiding systems and light-scattering, UV-filtering glass ceilings,
which permit only diffused daylight to enter while blocking direct sunlight. Light-guiding
systems, including light-directing devices in the roof area and light-reflecting ceiling
cavities, redirect daylight via multiple reflections into the exhibition space, distributing it

evenly through light-diffusing glass ceilings.

These systems can be categorized into rigid, non-adaptable elements and mobile systems
that dynamically modulate daylight and also serve as thermal sunscreens. Generally, light-
guiding and shading systems are classified based on their function: sun protection (e.g.,
shading by external louvers), glare protection (contrast and direct light beams), light
filtering (adjustment of illuminance), and light scattering (luminance distribution). Lateral
windows in exhibition rooms are practical only if the displayed objects are not shaded by
people or other objects and if indirect light is filtered through the facade. This can be
achieved by arranging high lateral skylights or by orienting the facade to the north,
allowing consistent daylight to enter the exhibition space [103].

4.6.3. Shading design strategies

Shading systems play a critical role in the design of natural light harvesting systems in
buildings. These systems are essential not only for improving energy efficiency but also for
enhancing occupant comfort. There are various types of shading systems, including static
or fixed configurations and adjustable or kinetic designs. Each type has its specific

applications and benefits depending on the building type and its requirements.

Shading systems are vital for several reasons. They significantly reduce the need for

artificial cooling by minimizing solar heat gain, leading to substantial energy savings as
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buildings consume less electricity for air conditioning. According to a study by the
National Renewable Energy Laboratory (NREL), effective shading can reduce a building's
cooling energy use by up to 60% [104]. Additionally, properly designed shading systems
provide a comfortable indoor environment by reducing glare and controlling indoor
temperatures, thereby improving the well-being and productivity of building occupants.
The American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE)
highlights the importance of shading devices in managing daylight to enhance visual

comfort [105].

Shading systems can be broadly categorized into static or fixed shading systems and
adjustable or kinetic shading systems. Static or fixed shading systems, such as overhangs,
louvers, and fins, are permanently installed and designed to block direct sunlight during
peak hours while allowing diffuse daylight to penetrate the building. These systems
require minimal maintenance and are highly durable. Adjustable or kinetic shading
systems, such as retractable awnings, adjustable louvers, and dynamic facades, can be
manually or automatically adjusted to respond to changing sunlight conditions. These
systems provide greater control over the amount of light and heat entering the building,

enhancing energy efficiency and occupant comfort.

Different types of buildings utilize shading systems tailored to their specific needs. In
residential buildings, common shading devices include blinds, curtains, and external
awnings, which help maintain comfortable indoor temperatures and protect interiors from
UV damage. Commercial buildings often employ advanced shading systems like motorized
blinds and dynamic facades, which adjust automatically based on the time of day and
weather conditions to optimize natural light use while maintaining energy efficiency.
Public buildings such as schools, hospitals, and libraries use shading systems to create
comfortable learning and healing environments. For instance, libraries might use light
shelves and fixed louvers to diffuse natural light throughout reading areas, reducing glare
and enhancing visibility. Museums and galleries often require specialized shading systems
to protect light-sensitive exhibits. Passive shading strategies, such as fixed louvers and
overhangs, provide diffuse light and minimize UV exposure, thereby preserving artworks

and artifacts.

4.6.4. Daylighting System Typologies
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Contemporary museums employ passive lighting systems, which, according to the design
of their lighting ceilings, can be broadly categorized into three distinct types: the Surface
system, the Linear system, and the Point system, as elaborated in Table 4.6.1 [106]. In the
Surface system, the gallery's entire ceiling consists of either a Daylight ceiling or a
combination of a Daylight ceiling with a velarium. The Linear system features linear
skylights, which may be positioned horizontally (as roof glass strips) or vertically (in a
sawtooth pattern). Meanwhile, the Point system is characterized by a daylighting
arrangement comprising individual skylights. Although the Linear system is prevalent, it
necessitates a polar orientation of the building to mitigate excessive direct sunlight, and
despite this orientation, it cannot fully prevent the ingress of direct sunlight [107].
Conversely, the Point system, consisting of multiple individual skylights, manages to
circumvent orientation constraints and more effectively limit direct sunlight exposure.
However, additional research into various parameters within skylight clusters is essential
to further investigate the potential of such systems and to advance their practical

implementation in engineering.

Table 4.6.1. Examples on the three types of skylights

Surface system Linear system Point system
e Daylight ceilin
| gh | s e Glazing strip e Single skylights
e Daylight ceilin
8 s e Sawtooth skylight e Skylight cluster

with velarium

Beyeler Foundation Broad Contemporary Art High Museum of Art

Museum Museum Expansion

Daylight-diffusing skylights, such as glass roofs, linear horizontal skylights, and point
skylights, capture a combination of direct sunlight, blue-sky light, and cloud-reflected light.

These skylights modulate the light through translucent materials and louvers. Polar-
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oriented skylights (sawtooth skylights) use a northern orientation and external shading to
prevent direct sunlight from entering the gallery space. The advantage of this setup is that
the light source remains relatively constant throughout the day compared to direct
sunlight. Since these skylights diffuse the sunlight, clear glazing can be used to allow

occupants to observe the sky conditions.
A study conducted by the Collaborative for High Performance Schools [108] demonstrated
the performance of the most common types of toplighting systems; such performance is

shown in Table 4.6.2.

Table 4.6.2 Performance of the most common types of toplighting systems [108]

High
Central &

View Sidelight | Wall Wash Linear Tubular
Design Criteria Patterned

Windows w/ Light | Toplighting Toplighting | Skylights

Toplighting
Shelf
Uniform Light
Distribution OO ./O . .. o o
Low Glare O . . . . ./ O
Reduced Energy
o | |e o0 o °
C
- o o o o o o0
Effectiveness
Safety/Security
Concerns O ./O . . . ..
L
o O o o o o o

Maintenance

@@ Extremely good application @ Good application © Poorapplication ©0 Extremely poor application

(o] Depends on space layout and number and distribution of daylight apertures ®/O Mixed benefits
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Chapter 5. Optimizing Natural Lighting
Effects in Non-Polar Oriented Museums: A
Genetic Algorithm Approach for Sawtooth

Skylight Design
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5.1. Introduction

Natural lighting plays a crucial role in museum design, contributing to the overall
ambiance and enhancing the visitor experience. The importance of natural lighting in
museum design lies in its ability to create a pleasant and inviting exhibition environment.
It provides soft and even distribution of light, making the space brighter, more
comfortable, and accentuating the details and colors of the exhibits. Natural lighting
creates a sense of connection with the artwork and cultural artifacts, enhancing visitors'

emotional engagement.

In museum use, however, natural light can lead to constant changes in light intensity and
direction, which can adversely affect exhibits and artifacts. Intense sunlight can lead to
uneven lighting, reflections and solarization that can damage or fade exhibits. The
ultraviolet radiation contained in natural light can damage exhibits and artwork made of
delicate materials such as watercolors, silk and wool. Therefore, in the design of natural
light in museums, it is necessary to consider the visual comfort of visitors on the one hand,

and the protection of exhibits on the other.

There are several types of toplight system exist for museums, and sawtooth-shaped
toplight (SST) is one of the most widely adapted. The sawtooth-shaped toplight system
was originally adapted in industrial buildings of the late 19th and early 20th centuries.
However, due to its unique ability to control sunlight entering the exhibition space,
architects have recently begun using it in museums. The main benefit of sawtooth-shaped
toplight is the abundance of natural light it provides. By splitting the top of the building
into multiple vertical windows, light can be evenly distributed throughout the interior,
reducing shadows and uneven lighting. Figure 5.1 shows the indoor and outdoor

appearance of an example of a sawtooth-shaped toplight (SST).
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(a) Outdoor appearance of SST (b) Indoor environment of SST

Figure 5.1 Example of Sawtooth-Shaped Toplight (SST)

For polar oriented museums, the light efficacy of sawtooth-shaped toplight can be best
utilized. However, for non-polar oriented museums, the change in orientation of the
building can result in more direct sunlight coming into the room from the east or west
side, which can damage exhibits or create glare. This leads to the design of natural light in

museums being largely limited by the orientation of the building.

In non-polar oriented museums, there are challenges associated with achieving adequate
natural lighting. These museums face limitations in terms of the angle and intensity of
sunlight due to their orientation, such as facing north. As a result, there may be over- or
under-intensity in the exhibition space, which can be detrimental to the exhibits

themselves or affect the visual comfort of the viewer [94].

Overcoming these challenges requires innovative design approaches and techniques.
Designers and engineers can optimize the use of available natural light resources through
thoughtful architectural layouts and skylight designs. The design of shading systems
becomes particularly important, allowing control over the entry and distribution of light
by adjusting the position and angle of shades or curtains to achieve desired lighting effects.
Advanced lighting simulation software and tools like Octopus and Ladybug can assist in
evaluating the impact of different skylight and shading configurations on light distribution,
facilitating optimized designs. Optimization methods such as genetic algorithms can be

applied to optimize the design of serrated skylights for improved natural lighting.
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5.2. Daylight Metrics (Objectives)

According to the data listed by IESNA, there are significant differences in the sensitivity of
different materials to light(Rea & Illuminating Engineering Society of North America,
2000). Because of their susceptibility to damage from natural light, highly sensitive
materials such as silks, watercolors and wools typically require less than 50 lux of natural
light. Moderately sensitive materials such as oil paintings and leather usually require less
than 200 lux of natural light. Less sensitive materials such as metal and stone do not
require as much natural light. Exhibits of moderately sensitive materials were used as the

object of study. Figure 5.2 shows the research workflow of this study.

The selected daylight metrics and criteria were chosen based on recommendations from
leading daylight researchers and the latest advancements in daylight measurement
techniques. To ensure that accurate daylight values and assessments for occupant visual
comfort were achieved, three specific daylight metrics were utilized. These metrics will be

defined and their formulas explained in the following sections.
5.2.1. sUDI

sUDI stands for "Spatial Useful Daylight [lluminance”, which is a metric used to evaluate
the quality of natural daylighting in building interiors. sUDI considers both the level and
duration of daylight, and it is calculated based on a specified illuminance threshold. In the
referenced study, the illuminance threshold was set between 50 lux and 200 lux, and only
the illuminance performance on the surrounding walls was considered. This parameter
serves as one of the optimization objectives in multi-objective optimization (MOO). The
formula for sUDI is as follows (Eq.(1)), where Ayp is the area within the useful illuminance
range (50 to 200 lux) during the specified occupancy time. Al is the total area of the

space considered.

Aup
sUDI =—22L x100 )
total
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5.2.2. sDA

Spatial Daylight Autonomy" (sDA) is a metric designed to assess the quality of natural
daylight within building interiors. Initially introduced by Lisa Heschong in 2012, this index
evaluates both the spatial and temporal aspects of daylight performance, making it a

regional metric that reflects variations in natural light over time and space [109].

It measures the proportion of time within a certain period (typically a year) that the
indoor space receives natural light that meets the desired illuminance levels. In the
referenced study, the illuminance threshold was set at 300 lux or above, and only the
illuminance performance on the floor was considered. This parameter serves as one of the
optimization objectives in multi-objective optimization (MOQ). The formula for sUDI is as
follows (Eq.(2)), where Apa is the area that receives illuminance levels of 300 lux or above

during the specified occupancy time. At is the total area of the space considered.

A
sDA =—PA-x100 @
total

Typically, the minimum threshold for daylight sufficiency is set at 50%, meaning that the
value of x in the formula is replaced with 50. It's important to note that this relationship is
expressed as a percentage. Designers utilize sDA to assess the daylighting performance of
a space. A higher sDA percentage signifies greater daylight availability, which enhances
occupant well-being and can significantly reduce the reliance on artificial lighting

[110,111].
5.2.3. DGP

DGP stands for "Daylight Glare Probability”, which is a metric used to evaluate the
potential issue of glare from natural daylight in the interior of a building [112]. Glare
should be assessed in areas where activities such as reading, writing, or screen viewing
occur, and where it is not feasible to alter the user's position. This ensures that
bothersome or intolerable glare is not experienced by the observer in these spaces. In this

study, the objective is to minimize the annual DGP to the level of imperceptible glare,
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which is defined as being less than or equal to 0.35. This parameter serves as one of the
optimization objectives in multi-objective optimization (MOO). The distribution of glare

values is outlined in Table 5.2.1. The calculation formula for DGP is as follows (Eq.(3)):

) +b (S L )logm(L ) |
b,ref b

DGP:a'( (3)

Where the parameters are defined as follows:
e Lp: Background luminance (cd/m?)
e Lprr: Reference background luminance (cd/m?)
e L Source luminance (cd/m?)
e s Solid angle of the source (sr, steradians)

e ab,c: Empirical constants, typically determined from experimental data

By combining these parameters, the probability of glare for an observer in a given line of

sight can be estimated. Optimizing design to minimize glare can enhance visual comfort.

Table 5.2.1 The range of DGP

Amount of glare Value of DGP
Imperceptible glare DGP > 0.34
Perceptible glare 0.34 <DGP <0.38
Disturbing glare 0.38 < DGP <0.45
Intolerable glare DGP > 0.45
5.2.4. ACI

ACI (Annual Cumulative Illuminance) is a metric used to assess the cumulative exposure to
illuminance levels in a space over a specific time period, typically a year. Itis a crucial
metric in daylight analysis that quantifies the cumulative exposure to natural light across
different seasons and times of the day. According to the Illuminating Engineering Society
of North America (IESNA) [94], the recommended ACI for moderately sensitive materials,
such as oil paintings and leather, ranges between 50,000 and 480,000 lux. It provides

information about the distribution and consistency of illuminance levels throughout the
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year. In this study, ACI is not used as an optimization objective but solely for analyzing the

variation of indoor illuminance intensity.

The formula for calculating ACI involves integrating the hourly illuminance values
throughout the year. The calculation for ACI is given by the following equation (Eq.(4)),
where ‘t’ represents the total number of opening hours in a year for the museum, and ‘Ei’

denotes the illuminance recorded during the ‘i-th’ hour.

t
ACI =) E;
i=1 (4)

5.3.  Simulation tools

Computer simulations employed in this study utilized Rhinoceros, Grasshopper, Ladybug,
Honeybee, and Octopus software. Rhinoceros served as the primary 3D modeling platform,
enhanced by the parametric plugin Grasshopper for detailed modeling tasks. Grasshopper,
integral to Rhinoceros, allowed for the adjustment of various skylight model shape
parameters. The environmental analysis plugins Ladybug and Honeybee, integrated within
Grasshopper, were used for processing and simulating architectural lighting models.
Specifically, Ladybug facilitated the importation of EnergyPlus weather (EPW) data for
analysis and visualization. Additionally, the genetic algorithm plugin Octopus was
employed within Grasshopper to perform iterative processes, identifying the optimal
solution set that balances lifecycle energy consumption and costs. The simulations and
optimizations were conducted on a system equipped with an Intel (R) Core (TM) i9-
10980XE (36 CPUs) 3.00 GHz processor, 128 GB RAM, and an NVIDIA GeForce RTX 3090
with 90 GB integrated RAMDAC GPU, running Windows 10 Pro 64-bit.

5.4. Parametric Modeling

As shown in Figure 5.3, all computer simulation models are based on a room that is 9.6

meters long, 9.6 meters wide, and 5.25 meters high. The baseline-01 model has a room
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orientation in the north-south direction and features a conventional sawtooth skylight
design. The baseline-02 model has the room rotated 45 degrees in the horizontal plane
and utilizes the same skylight design as baseline-01. The reason for the 45-degree angle is
that it is the worst angle for the sawtooth-shaped toplight at which it is most likely to
receive direct sunlight, which can lead to damage to the illuminated exhibit. The Optimized
model has a room with the same orientation as baseline-02 and incorporates an optimized
skylight design. Given that Ladybug and Honeybee do not fully support spline curve and

spline surface, all curved surfaces must be transformed into planar surfaces.

Figure 5.4 illustrates the dynamic characteristics of the input parameters for the skylight
system shape. The skylight shape is divided into four equal sections along the longer edge,
with A1, A2, A3, A4, and A5 representing the angles between these five division points and
the horizontal plane. L1, L2, L3, L4, and L5 represent the lengths that the skylight system
extends from their corresponding angles. Finally, these five lines are lofted together to
form a complete surface as the simulated generated skylight shape. Table 5.4.1 describes

the dynamic range of all the input parameters.

Table 5.4.1 Dynamic-parameter range value

Parameter Min Max Unit Movement

L1 1.2 1.8 m

L2 1.2 1.8 m 7
L3 1.2 1.8 m 7
L4 1.2 1.8 m 7
L5 1.2 1.8 m 7
Al 0 5 degree 6
A2 0 5 degree 6
A3 0 5 degree 6
A4 0 5 degree 6
A5 0 5 degree 6
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5.5. Daylight simulation

5.5.1. Climate and Location

In this study, the simulation model was targeted at Kitakyushu, Fukuoka, Japan, located at
33°52'59.9916" N latitude and 130°52'59.9916" E longitude. Kitakyushu is situated in the
southern part of Japan and experiences a moderate climate with no dry season and hot
summers, classified under the Képpen climate classification as Cfa (Humid Subtropical
Climate). Museum operating hours are set from 8 a.m. to 6 p.m. Tuesday through Sunday.
For this simulation, the EPW file selected represents data from Fukuoka Airport,
approximately 50 km from Kitakyushu. This EPW file, identified as a TMY3 (Typical
Meteorological Year) file, contains meteorological data spanning from 1990 to 2010. The
coordinates for this dataset are 33°35' N latitude and 130°27' E longitude, providing a

close approximation of the climatic conditions at the museum's location.
5.5.2. Run daylighting simulation

The Ladybug plugin is specialized for daylight simulation. sUDI, sDA, and DGP simulations
are utilized in a grid-based analysis to propagate daylight values. According to IESNA [94]
standards, the average adult eye height in a museum is 1550mm, and the typical viewing
distance from the wall is 1050mm. Consequently, the range for sensors on the wall is set

within Omm to 3000mm from the floor.

In the Ladybug Lighting Analysis plugin, light sensors are configured to measure, simulate,
and analyze light conditions in and around buildings. This setup helps evaluate design
decisions, enhance lighting effects, increase indoor comfort, and save energy. In this study,
as illustrated in Figure 5.5, 81 sensors were installed on the floor, and 27 sensors were
placed on each of the four walls at a height range of 0 to 3 meters. The daylight
simulation's operating hours are set from 8 a.m. to 6 p.m,, six days a week. Given the
previously mentioned computer configuration, each simulation run takes approximately

one and a half minutes.
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5.6. Optimization Setting

5.6.1. Material properties
Before applying the established model to Ladybug and Honeybee for daylight simulation, it
is necessary to set the materials for each component of the room. The materials primarily

consider reflection, specularity, and transmission, as shown in Table 5.6.1 and Figure 5.6.

Table 5.6.1 Interior surface material properties

Surface P Specularity Transmittance
Floor 0.379 0
Wall 0.926 0
Shading 0.8 0.9
Glazing 0.5 0 0.5
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Figure 5.6 Interior surface material properties
5.6.2. Genetic algorithm and MOO

The Genetic Algorithm (GA) [113] is a robust computational optimization method that
draws on the principles of natural selection and evolutionary biology. This technique
utilizes computational processes such as replication, crossover, and mutation to iteratively
evolve permutations and combinations of input parameters. The objective is to identify the
most optimal solutions in an efficient manner, minimizing the number of iterations
needed. GA excels at addressing complex optimization problems, particularly in situations
where traditional methods may lack applicability or efficiency. One of the significant
applications of Genetic Algorithms is in Multi-objective Optimization (MOO), which seeks
to identify a spectrum of optimal solutions that balance conflicting objectives. By
strategically adjusting these input parameters, MOO enables the harmonization of various

interrelated design goals.

5.6.3. Daylight simulating setting
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Even though the Honeybee Radiance plug-in detects light from multiple directions to

obtain precise results, the use of diffuse indirect calculations and Monte Carlo sampling

[114] can lead to slight variations in the results for each simulation test, even with

identical genome group input parameters. Consequently, it is crucial to refine the

daylighting simulation setup parameters to minimize result fluctuations. The settings for

the annual daylighting simulation are detailed in Table 5.6.2.

Table 5.6.2 The annual daylight setting.

Parameter Description Value
-ab ambient bounces 5

-ad ambient divisions 15000
-as ambient super-samples 2048
-dc direct certainty 0.5
-dp direct pretest density 256
-dr direct relays 1

-ds source substructuring 0.25
-dt direct thresholding 0.25
-Ir limit reflection 6

-lw limit weight 6.67E-07
-st specular threshold 0.5

5.6.4. Octopus setting

Considering the multi-objective nature of this study, the mating between genomes in

Octopus is highly complex. Therefore, Octopus needs to be configured to provide rapid

feedback through building performance simulations and develop the most suitable design

solutions. The interface settings for Octopus are described in Table 5.6.3.

Table 5.6.3 The Octopus Optimization setting

Parameter Setting
Elitism 0.5
Mutation probability 0.2
Mutation rate 0.9
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Crossover rate 0.8

Population size 100
Maximum generations 200
Record interval 1
Non-dominate ranking HypE Reduction
Mutation strategies HypE Reduction

5.6.5. Target value and fitness function

The aim of this study is to iteratively optimize the design variables (genomes) and
correlate all outputs to potential solutions in a simultaneous discovery process. The
results are then filtered based on the target values classified as the Pareto front. Octopus
optimizes by minimizing each target value; thus, input numbers must be multiplied by
minus one when a maximum value is desired as the optimization target. The primary
objective is to maximize sUDI for all four walls in the room, while the other two objectives

are to maximize sDA for the floor and minimize DGP for all four walls.

The following formula, shown in Eq.(5), is commonly used in research [14] to determine
the fitness function value for each individual result in the Pareto front. Due to the
involvement of multiple objectives, Multi-objective Optimization (MOO) often faces
challenges in yielding a single optimal solution. Therefore, the fitness function can be used
as a method to filter appropriate targets. These results are observed by identifying Pareto

front individuals and grouping the specified regions on each axis.

FF, =(sUDI, -sUDI, )C, —(sDA —sDA, )C, +(DGP. - DGP, )C,
3 100
' sUDI, —sUDI,
C, - 100 (5)
sDA,, —sDA, .
C, - 100
DGPmax _DGBnin
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5.7. Analysis and Interpretation

Sensitivity analysis [115-118], widely adopted in numerous studies [57] concerning the
built environment, was employed to identify the most influential variables. This analysis
examines how changes in both quantitative and qualitative outputs can be attributed to
different input parameters. By using sensitivity analysis, designers gain a deeper
understanding of how each input parameter impacts the output objectives, enabling a
more objective evaluation rather than relying solely on subjective judgments. The
relationships between parameters and objectives are depicted using tornado plots and

parallel coordinate plots.

5.8. Results

5.8.1. Optimization results

The sUDI, sDA, and DGP were measured and examined through daylight simulation and
optimization. The optimization process concluded after 10 generations, resulting in 931
individuals, each characterized by embedded parameter values and objectives. The
iteration results of individuals generated by Octopus are represented in a 3D scatter plot

according to their corresponding objective values.

Figure 5.7 shows a three-axis 3D scatter plot filled with iteration results, depicting
individuals developed in Octopus. These individuals are distributed as sequential points,
positioned based on their objective values. The distribution in the graph illustrates the
trend of optimal iteration movement, where individuals follow the search area of
maximizing sUDI, maximizing sDA, and minimizing DGP. From Figure 5.7, it can be
observed that the majority of the simulated results for sUDI are distributed within the
range of 0% to 60%. The sDA values are distributed within the range of 0% to 100%, with
a significant portion falling between 40% and 100%. Most of the DGP (Daylight Glare
Probability) values are below 5%, while the remaining results with DGP values above 5%
are not considered optimized results since their corresponding sUDI is 0. From this group

of test results, a suitable optimization result is selected.
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Figure 5.7 3D scatter plot based on the MOO

Figure 5.8, based on Figure 5.7, illustrates the relationship between each pair of objectives
from three side views. In Figure 5.8 (a), as sUDI is maximized, sDA shows a decreasing
trend. Figure 5.8 (b) shows that when sUDI is maximized, DGP exhibits a decreasing trend.
In Figure 5.8 (c), as sDA increases, DGP also increases continuously. However, neither

Figure 5.8 (b) nor (c) present a clear linear function relationship.
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5.8.2. Parameters to objectives (sensitivity analysis)

Investigating the impact of variations in different variables within the skylight system on
the objectives is crucial. The aim is to identify key factors that require focused attention
during the design phase to optimize daylight utilization. Figure 5.9 presents a Parallel
Coordinate Plot of parameters versus objectives to illustrate how parameters are
distributed when setting percentages for sUDI, sDA, and DGP. In this analysis, 53 valid
results were selected, meeting the criteria of sUDI greater than 25%, sDA greater than
25%, and DGP less than 5%. These data are considered valid for further analysis. The color
variation along the curves indicates sUDI values, with a lighter yellow shade representing

higher sUDI values and a darker purple shade indicating lower sUDI values.

Regarding input parameters, among these valid results, the lengths L1, L2, L3, L4, and L5
almost covered the range between 1.2 and 1.8 meters. For angles A1, A2, A3, A4, and A5,
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input values within the range of 0 to 30 degrees are more likely to produce valid data.
Notably, valid data is only generated when Al and A5 are set to either 0 degrees or 10

degrees.

Sensitivity analysis was conducted using Linear Regression (LR). The Standardized
Coefficients Beta test was utilized to assess the impact of each parameter on the target
value and to evaluate the correlation among variables. LR uses the Fit Model command to
estimate parameters, identifying each standardized target as a response variable and

defining each standardized parameter as a factor influencing model construction.

Figure 5.10 shows the sensitivity ranking of design variables, highlighting the importance
of each parameter relative to their respective targets. The absolute values of the sensitivity
data indicate a positive relationship between parameters and objectives. The range is
typically from 0 to 1, with values closer to 1 indicating higher sensitivity, meaning that
minor adjustments to this parameter would lead to significant changes in the target value.
According to the chart, for the optimization target sUDI, A5, A1, and A4 occupy the first,
second, and third positions in sensitivity with values of -0.548, -0.271, and 0.202,
respectively. L1, L3, and L5 occupy the last three positions in sensitivity with values of -
0.026, 0.03, and 0.033, respectively. For the optimization target sDA, A5, A4, and A1 rank
first, second, and third in sensitivity with values of 0.597, 0.301, and 0.251, respectively.
L1, L3, and L4 rank last with values of -0.004, -0.008, and -0.021, respectively. For the
optimization target DGP, A2, A1, and A3 rank first, second, and third with values of 0.589,
0.499, and 0.258, respectively. L4, L1, and L5 rank last with values of 0.009, -0.022, and -
0.026, respectively.

Combining Figure 5.9 and Figure 5.10, it is evident that the angles A1, A2, A3, A4, and A5 of
the skylight shading system are more sensitive to various parameters than the lengths L1,
L2, L3, L4, and L5. Among them, A5 and A1 have the greatest impact on sDA and sUDI, with
optimal effects at values of 0 degrees or 10 degrees. As the value of A5 increases, the value
of sDA increases while the value of sUDI decreases. Although A2 does not have as

significant an impact on sUDI and sDA as A5 and A1, it has the greatest impact on DGP.
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Figure 5.9 Parallel co-ordinate plot of the line of parameter values and objective values.
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Figure 5.10 Sensitivity analysis of the design variables.
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5.8.3. Baseline-model simulation

Figure 5.11 shows the simulating results and the shapes of baseline-01, baseline-02, and
Op-01. From Figure 5.11, it is evident that there are significant differences in daylighting
between north-south orientation and non-north-south orientation under the same skylight
shading system. In baseline-01, more daylight accumulates on the south-facing wall of the
building. In baseline-02, more daylight accumulates on the east-facing wall of the building.
In the ACI comparison, the indoor environment in baseline-02 experienced much higher
year-round illumination than baseline-01. Consequently, the region meeting UDI
requirements shifted from the north side in baseline-01 to the northwest side wall in
baseline-02. The sUDI decreased from 32.4% to 24%, while the sDA increased from 49.3%
to 59.2%. This indicates that the building's orientation has a significant impact on daylight
performance under the same daylight environment and the same sawtooth skylight
system, with north-south-oriented museums having better lighting conditions compared
to non-north-south-oriented museums. This phenomenon may be due to the increased
direct sunlight entering the building when its orientation is rotated. However, both
baseline-01 and baseline-02 have a significant drawback in that the indoor illumination is
not uniform, resulting in substantial differences in lighting conditions across different

corners of the same building.

5.8.4. Optimal solutions

Figure 5.9 illustrates the morphology, sUDI, sDA, and DGP for baseline-01, baseline-02,
and Optimized results. By comparing these three models, the patterns of lighting
variations between them are identified and explored. To facilitate identification and
comparison, the range of analytical chart legend values for the three scenarios is
standardized. The ACI legend values range from 400,000 lux to 3,800,000 lux, and the UDI
and DA legend values both range from 0 to 100%. From the figure, it can be seen that the
sUDI and sDA values of the Optimized result are higher than the benchmark-01 and
benchmark-02. Baseline-01 outperforms baseline-02 in sUDI; and underperforms

baseline-02 in sDA.
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Table 5.8.1 and Figure 5.12 show the attributes of the top 10 optimal solutions based on
fitness function values. As shown in the table, the percentage range for the target sUDI
among the top 10 solutions varies from 39.81% in model Op-01 to 33.33% in model Op-
02. Although all ten results are below 50%, they show a significant improvement
compared to baseline-01 and baseline-02. The percentage range for sDA spans from
74.07% in model Op-05 to 61.73% in model Op-07. All ten results are above 50%, marking
a notable improvement over baseline-01 and baseline-02. The DGP percentage ranges
from 0.88% in model Op-05 to 0% in models Op-01, Op-02, Op-03, Op-08, Op-09, and Op-
10. All optimized models show significant improvements in DGP compared to baseline-01

and baseline-02.

Regarding the input parameter range, L1, L2, L4, and L5 did not show any concentrated
distribution trends. However, L3 appeared seven times with a value of 1.8 meters. The
values for A1, A2, A3, A4, and A5 exhibited more distinct distribution trends. A1
consistently had a value of 0 degrees. For A2, values ranged between 0 degrees and 20
degrees, with 20 degrees appearing five times, 10 degrees four times, and 0 degrees once.
A3 values ranged between 0 degrees and 20 degrees, with 0 degrees appearing five times,
10 degrees four times, and 20 degrees once. A4 consistently had a value of 30 degrees. A5
consistently had a value of 0 degrees. This establishes clear guidelines for the angles of A1,
A4, and A5 at 0 degrees, 30 degrees, and 0 degrees, respectively, providing specific

direction for determining the shading panel angles.

115



Shading of baseline-01

Shading of optimized result

g
e,

ACI of baseline-01

ACI of optimized result

UDI of baseline-02

UDI of optimized result

DA of Baseline-01

DA of Baseline-02

DA of optimized result

Figure 5.11 The simulating result of baseline-01, baseline-02 and Op-01 result.
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Table 5.8.1 Comparison of baseline models and optimized result parameters

Input parameters Output objectives

Model L1 L2 L3 L4 L5 Al A2 A3 A4 A5 sUDI sDA DGP

Baseline-01 1.5 1.5 1.5 1.5 1.5 10 10 10 10 10 32.40% 49.30% 1.01%
Baseline-02 1.5 1.5 1.5 1.5 1.5 10 10 10 10 10 24.00% 59.20% 3.27%
Op-01 1.5 1.6 1.8 1.7 1.5 0 20 0 30 0 39.81% 64.20% 0.00%
Op-02 1.4 1.6 1.8 1.7 1.8 0 0 20 30 0 33.33% 70.37% 0.00%
Op-03 1.6 1.6 1.8 1.3 1.3 0 10 10 30 0 34.26% 69.14% 0.00%
Op-04 1.3 1.3 1.8 1.6 1.3 0 20 0 30 0 36.11% 69.14% 0.66%
Op-05 1.3 1.3 1.4 1.6 1.3 0 20 0 30 0 32.41% 74.07% 0.88%
Op-06 1.4 1.7 1.8 1.3 1.5 0 20 0 30 0 37.04% 65.43% 0.15%
Op-07 1.6 1.7 1.8 1.7 1.5 0 20 0 30 0 39.81% 61.73% 0.07%
Op-08 1.8 1.5 1.6 1.5 1.6 0 10 10 30 0 35.19% 66.67% 0.00%
Op-09 1.5 1.6 1.7 1.7 1.5 0 10 10 30 0 36.11% 65.20% 0.00%
Op-10 1.4 1.6 1.8 1.7 1.3 0 10 10 30 0 34.26% 65.97% 0.00%

117



80.00%

74.07%
70.00% 7037%  69.14%  69.14%
. 0,
’ 64.20% 65.43% 66.67% 65054  65.97%
61.73%
0,005 59.20%
. 0
coooy | 1930%
B 0
40.00% 398 . - 39.8
32.4 333 34.2 ) 394 35.1 35.1 34.2
30.00%
24.0
20.00%
10.00%
. 27%
01% B 00% 00% 00% 66% 88% 15% 07% .00% 00% 00%
0.00% - _ - -
Baseline 01 Baseline 02 Op-01 Op-02 Op-03 Op-04 Op-05 Op-06 Op-07 Op-08 Op-09 Op-10

msUDlI msDA EDGP

Figure 5.12 Comparison of sUDI, sDA, DGP.
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5.8.5. Comparison of DGP

Figure 5.13 illustrates the annual distribution of daylight glare probability (DGP) on an
hourly basis for the baseline-01, baseline-02, and Op-01 models scenario. In each chart,
the X-axis represents the months (from January to December), and the Y-axis represents
the hours of the day (from midnight to midnight, 24-hour format). Each chart corresponds
to a different scenario: baseline-01, baseline-02, and Op-01. The different sections and

colors in the chart represent the following information:

e Green: Imperceptible Glare.

e Light Green: Perceptible Glare.
e Yellow: Disturbing Glare.

e Red: Intolerable Glare.

e White: Night, indicating no daylight.

From Figure 5.13 (a), it can be seen that the instances of glare are concentrated between 4
PM and 6 PM from April to August. Figure 5.13 (b) shows that the instances of glare are
concentrated between 2 PM and 4 PM from April to August. As the building orientation
deviates from the north-south direction, the duration of glare and the frequency of
intolerable glare significantly increase. In contrast, Figure 5.13 (c) demonstrates that with

the optimization of the skylight shape, instances of glare are nearly eliminated.

From these three charts, we can derive the following insights and conclusions:

Across all three charts, most time periods are green or light green, indicating that for the
majority of the time, the glare is either imperceptible or perceptible, thus having a minimal
impact on users. Yellow and red areas are mainly concentrated around midday and during

the summer months, suggesting that daylight glare is more severe during these times.
Baseline-01 and Baseline-02 exhibit a noticeable amount of yellow and red areas,

especially around midday in the summer, indicating that glare during these periods can be

disturbing or even intolerable for users. The Op-01 chart shows a significant reduction in
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yellow and red areas, demonstrating that the operational scenario is more effective in

reducing daylight glare compared to the baseline scenarios.

All three charts show that during the winter months (from October to February), there is
almost no yellow or red area, indicating minimal daylight glare. In the summer months
(from April to September), particularly around midday, the glare problem is more

pronounced.

The operational scenario Op-01 is significantly more effective in reducing both disturbing
and intolerable glare compared to the baseline scenarios baseline-01 and baseline-02,
especially during the peak times in summer and around midday. Therefore, Op-01 is a

more suitable solution for mitigating the impact of daylight glare.
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Figure 5.13 Hourly plot of annual DGP of baseline-01, baseline-02 and Op-01.

5.8.6. Baseline-02 and Optimized Result

Under the same orientation, however, there is also a noticeable difference in daylight
performance between baseline-02 and the Optimized result under different skylight
system coverage. Although the higher ACI values are concentrated on the east-facing wall
of the building in both models, the optimized scenario has significantly less year-round
insolation than baseline-02. The UDI in the optimized results is significantly higher than
the baseline -02 because of the significant decrease in the overall indoor ACI. The overall
acceptable sUDI also increases from 24% in baseline-02 to 39.81% in the Optimized result.
The optimization results in a slight increase in DA value from 52.20% in baseline-02 to

61.73%.

5.8.7. Baseline-01 and Optimized Result

These two comparisons have limited reference value because the skylight systems and
orientations are different. After optimization of skylight system, it is speculated from the
ACI perspective that the year-round light near the west wall is brighter than baseline-01
while the year-round light near the south wall is higher. The sUDI improved from 32.40%
in baseline-01 to 39.81% after optimization. sDA improved from 49.30% before to 61.73%

after optimization.

5.9. Discussion and Conclusion
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This study addresses the natural light illumination effect of sawtooth-shaped toplightin a
museum by simulating the daylighting situation and using genetic algorithms for multi-
objective optimization and quickly determining the optimization results by using
Grasshopper, Ladybug, Honeybee, Octopus and other software.

With the same daylighting environment and the same sawtooth skylight system, the
orientation of the building has a significant impact on daylighting performance. The
orientation of the opening of the sawtooth roof light is limited by the structure of the
building itself. The indoor natural illumination of polar oriented museums is better than
that of non-polar oriented buildings under the conventional sawtooth-shaped toplight. The
glass openings in the skylights will be oriented in the same direction as the building. This
results in sunlight entering the room through the openings of the sawtooth-shopped
toplight when the building is oriented in a non-polar orientation. Therefore, a skylight

with a non-polar orientation will reduce the light effect in the room.

The skylight design of the Sawtooth Rooflight significantly reduces glare in the room,
thereby increasing the viewing comfort of the observer. At the same angle, the overall
natural lighting of the interior can be significantly increased by optimizing the shape of the
sunshade such as the wave form. Even for polar oriented museums, better lighting can be
achieved by using similarly shaped skylight sunshades. Further experiments are needed to
determine how to improve and optimize the skylight system and how much of an increase

it can give.

Compared to the traditional approach, by iterating using a genetic algorithm, computer
simulations can rapidly determine the optimal type of lighting to achieve the desired light
harvesting goals, resulting in a significant improvement in interior lighting performance.
The results of this study are expected to inform the design decision-making process based

on design performance in the early stages of design.
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Chapter 6. Parametric Design and Multi-
Objective Optimization of Daylight
Performance in Gallery Skylight Systems:
A Case Study on the High Museum

Expansion
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6.1. Introduction

Museum buildings, serving as essential venues for the preservation, display, and
transmission of cultural heritage, hold significant value in contemporary civilized society.
Proper lighting design is pivotal in better presenting exhibits, enhancing visitor interest,
and ensuring visual comfort. Compared to artificial lighting, natural light not only enriches
the perception and experience of viewers [119], but also reduces the overall energy
consumption and operational costs of buildings [120,121], and accurately reproduces the
true colors and intricate details of objects [122]. However, in the realm of museum design,
addressing the susceptibility of exhibits to ultraviolet and infrared radiation extends
beyond enhancing visitor experience [123,124]. Various institutions and organizations
have consolidated recommendations for crafting an optimal lighting environment suited

to different types of exhibits, taking into account their material sensitivity [94].

In the early design stages, the design of shading systems can be facilitated through
computer modeling, daylighting simulation, and Multi-objective Optimization (MOO).
Many researchers have been utilizing parametric computation simulation and GA
optimization to study the performance of shading devices, aiming to harness the potential
of daylight and achieve high efficiency and optimization in visual comfort. Shirzadnia et al.
[58] focused on the old boiler room of a factory in the Mazandaran historical textile factory
in Iran, employing a novel design optimization approach that integrates manual methods
with the SPEA-2 optimization algorithm to enhance the daylight efficiency of the study
subject. EI-Abd et al. [125] conducted research on a shopping center in Cairo, investigating
different skylight design configurations and implementing multi-criteria optimization to
reduce the area of excessive illumination by more than 50% inside the commercial space.
Cabeza-Lainez et al. [126] optimized the original skylight performance of a school in
Denmark, improving indoor daylight comfort. Laouadi et al. [127] developed a method for
designing atrium skylights in cold climates through computer simulation, aimed at
predicting and improving indoor environment caused by solar radiation. However,
simulation studies on museum daylighting that concurrently consider the visual comfort

and the lighting restrictions for protecting specific exhibits are currently limited.
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This study delves into the potential of point skylight systems in museum design for
enhancing visual comfort and protecting exhibits, utilizing computer modeling, daylighting
simulation, and optimization through Genetic Algorithms. It exemplifies this through an

analysis of the High Museum of Art expansion project designed by Renzo Piano in Atlanta.

The primary objectives of this research are threefold:

-To identify suitable skylight design combinations that ensure both the protection of wall-
mounted exhibits and the comfort of viewing, by employing daylighting simulation and

genetic algorithm optimization.

-To investigate the impact of various skylight parameters on the indoor lighting

performance of galleries under specified conditions.

-To further explore, based on the optimization scheme, the impact of the optimized

skylight on the changes in the gallery's indoor illumination environment.

6.2. Materials and Method

6.2.1. General overview

The research began with an initial phase focused on formulating the research problem and
defining daylight metrics as the primary objectives. The second stage entailed the
modeling process, which included developing both the baseline and the original building
models, along with the parametric definition of the point-style skylight. In this phase, the
functionality of the modeling components was integrated into a unified parametric
definition framework. The third phase encompassed the development of a daylight and
view simulation system. Models established in the preceding phase were transformed into
simulated objects for daylighting simulation, incorporating the physical properties of the
model, climatic data, and urban context. The fourth stage involved the optimization
process, where the system generated a range of design alternatives, converging on a
preferred alternative based on predefined optimization criteria. This iterative process

explored various design possibilities by dynamically altering combinations of parameters,
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thereby influencing the configuration of the point skylight system. The final phase entailed

a thorough analysis and interpretation of the data derived from the optimization

processes, which involved close observation and a sensitivity analysis to elucidate the

influence of each parameter. The basic workflow of the research is depicted in Figure 6.1.
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6.2.2. Case study
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The High Museum of Art Expansion, designed by Renzo Piano and completed in 2005, is

one of the most important museums in the United States. It is located in Atlanta at latitude

33.78 °N, Longitude -84.38 °W. This is a three-story building with a floor area of 29,000mz2.

As shown in Figure 6.2, on the third floor of the exhibition hall, a grid of 1000 circular light

scoops atop the ceiling provides ample natural light to illuminate the interior space. The
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skylight system, combined with the building's overall orientation and window placements,
ensures that the interior spaces are bathed in a balanced light throughout the day. This
careful orchestration of natural light transforms the museum into a dynamic space where
the quality of light changes with the time of day and the seasons, creating a constantly

evolving experience for visitors.

Renzo Piano’s design philosophy for the High Museum of Art Expansion also emphasizes
sustainability. The extensive use of natural light reduces the need for artificial lighting,
thereby lowering energy consumption and operational costs. This sustainable approach
aligns with contemporary environmental standards and contributes to the building's LEED
certification. The thoughtful integration of natural light into the museum’s design not only
enhances the aesthetic appeal but also demonstrates a commitment to environmental
stewardship. The approach to the High Museum of Art Expansion serves as a model for
future museum designs, demonstrating how natural light can be harnessed to create
visually stunning and environmentally sustainable spaces. The project highlights the
potential for architectural innovation in achieving both aesthetic and functional goals,

setting a new standard for museum design.

The combination of these advanced architectural features and the strategic use of natural
light underscores the importance of considering environmental factors in the design
process. By doing so, architects can create spaces that are not only beautiful and functional

but also sustainable and energy-efficient.
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Figure 6.2 The high museum of art expansion by Renzo Piano [128]
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6.3. Ideation

6.3.1. Daylight metrics (Objectives)

The daylight metrics and criteria were selected based on the suggestions among daylight
researchers and on recent advances in daylight measurement. Three daylight metrics are
used to ensure that legitimate daylight values and assessments for occupant visual
comfort were achieved. The definitions and formulas of these three metrics will be

introduced next.

ACI

Annual Cumulative [lluminance (ACI), the first indicator, refers to the total amount of
illuminance received over the course of a year at a specific location or within a particular
space. It is a metric used in daylight analysis to quantify the cumulative exposure to
natural light throughout different seasons and times of the day. According to IESNA [14],
the required ACI for moderately sensitive materials, like oil painting and leather, is limited
to between 50,000 and 480,000 Lux. The equation for calculating Annual Cumulative
[lluminance (ACI) involves integrating the hourly illuminance values over the course of a
year. The formula for ACI is as follows (Eq.(6)), where ‘t’ is the total number of opening
hours in a year for the museum. ‘Ei’ is the illuminance measured during the number 1’

hour.

4
ACI =) E (6)
i=1

UDI

In addition to the ACI, which is used to assess annual light levels, the second metric known
as the Useful Daylight Illuminance (UDI) introduced by Nabil and Mardaljevic [129] is
used. The UDI is a modification of " Useful Daylight Illluminance " and is an annual time
series of absolute values of predicted illuminance under real skies generated based on

standard meteorological datasets.
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The traditional daylight factor method's interpretive simplicity is retained in this metric,
which uses the time-varying daylight illumination values over a full year to calculate UDI.
UDI represents the percentage of occupied time annually when the internal horizontal
illumination from daylight at a specific point falls within a designated comfort range.
According to [130], UDI assesses both the occurrence of useful daylight levels and the

frequency of excessive daylight levels that could cause discomfort for occupants.

In practice, UDI is employed to pinpoint an illuminance range that avoids being too dim or
excessively bright [102], which is very important for museum daylight design and this
research. Another approach to calculating this metric involves averaging all the measured
points within the analyzed area to derive a final value, known as Average Useful Daylight
[lluminance. The calculated range for average UDI typically falls between 50 and 200 lux
for art gallery. The formula for UDI calculation aims to ensure that, on average, 50% of the
occupied hours throughout the year have illuminances within the specified range. This
target reflects a commitment to providing substantial useful daylight, promoting energy

savings, occupant well-being, and sustainable building design.

The formula for the Useful Daylight [lluminance is delineated below (Eq.(7)). In this
context, 't' signifies the aggregate number of hours the museum remains open to the public
throughout the calendar year. The term 'Eioweriimit denotes the minimal threshold of
illuminance deemed acceptable, whereas 'Epayiight' represents the cumulative illuminance
recorded over the entire year. Additionally, 'Eupperiimit' is indicative of the maximal
threshold of illuminance beyond which conditions are considered excessively bright for
the intended purposes.

wa}'ti

UD L——€[0,1]

wall =
2t
i

. 1 if ELower limit < EDaylight = EUpper limit 7)
UDI,, ., withwf; =

0 lf EDaylight < ELower limit O EDaylight > EUpper limit

DA
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The third metric used for optimization is Daylight Autonomy (DA), which is a long-term

and local index [102| defined as the percentage of the occupied hours of the illuminance of

sole daylight is below the minimum threshold [131].

DLA is a simulation method that evaluates the daylight quantity associated with any given

hour, geographic location, and sky condition on an annual basis [132,133].

The formulation for Daylight Autonomy (DA) is presented as follows (Eq.(8)), wherein 't'
means the cumulative number of hours during which the museum is accessible to the
public over the span of an annum. 'Epimit’ delineates the minimum threshold of illuminance
that is considered acceptable, while 'Epayignt' constitutes the aggregate illuminance

ascertained throughout the museum's operational hours over the course of the entire year.

(wf;ti
DAy, = M e[0,1]
Z l'tl
1 if EDaylight 2 ELimit ©)
with Wfi = EDaylight

E lf EDaylight < ELimit
Limit

6.3.2. Daylight standard and criteria

This study utilizes the IESNA [94] standards as the daylight target values for the annual

daylight simulation, specifically tailored to the lighting conditions required by different
materials, as shown in Table 6.3.1. The research sets the light threshold range using oil
paintings made of medium-sensitive material as the subject. The ACI (Annual Cumulative
[lluminance) is required to be below 480,000 lux, while the UDI (Useful Daylight
[lluminance) and DA (Daylight Autonomy) need to be at least 50%. A summary table of the

related limit values will be displayed in Table 6.3.2.

Table 6.3.1 Typical Categories of Light Sensitivity

Material/exhibit Sensitivity Recommended
luxlevel
Most ceramics, glass, stone and metals Low 200 lux or more
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0il and tempera paintings, undyed leather, lacquer, wood, horn, Medium 150-200 lux
bone, ivory, minerals and modern black and white photographs

Watercolor paintings, dyes, stamps, manuscripts, prints and High 50 lux or less
drawings, vulnerable textiles, photographs, fur and feathers,

miniatures, transparencies and unprimed thinly colored paintings

on canvas

Table 6.3.2. Limit values of daylight metrics

Name of daylight metrics Minimal threshold Maximal threshold
ACI - 480000 lux

UDI 50 lux 200 lux

DA 300 lux

6.3.3. Simulation tools

Computer simulations utilized Rhinoceros, Grasshopper, Ladybug, Honeybee, and Octopus.
This study employs Rhinoceros, a commercial software, as the 3D modeling platform,
along with its parametric plugin Grasshopper for modeling. Grasshopper, a principal
plugin of Rhinoceros, is used to adjust various shape parameters of the skylight model. The
architectural lighting models are then processed and simulated using the Ladybug and
Honeybee environmental analysis plugins within Grasshopper. The Ladybug plugin is
utilized for importing EnergyPlus weather (EPW) data for data analysis and visualization.
Furthermore, the genetic algorithm plugin Octopus is used within the Grasshopper
platform for iteration to determine the optimal solution set that balances lifecycle energy
consumption and lifecycle costs. Daylighting simulation and optimization were run on a
platform equipped with an Intel (R) Core (TM) i9-10980XE (36 CPUs) 3.00 GHz processor,
128 GB RAM, and an NVIDIA GeForce RTX 3090 with 90 GB integrated RAMDAC GPU, on
Windows 10 Pro 64-bit.

6.4. Parametric Modelling

6.4.1. The Baseline model and fixed parameters

The purpose of the baseline model is to assess the effect of the interior daylighting

environment without a skylight system and with a skylight system of identical dimensions
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to the original case. It serves as a comparison for the results from subsequent
optimizations. Baseline-01 is a virtual mock-up box measuring 9.6m in length, 9.6m in
width, and 5.25m in height, designed as a workspace without a roof, oriented along the
North-South axis with the fagcade facing south. This setup simulates year-round insolation
without a roof. Building upon baseline-01, baseline-02 incorporates a skylight system
based on the reference building's dimensions to evaluate how the original skylight system

enhances daylighting in the room compared to baseline-01 [128|. The building's plan is

illustrated in Figure 6.3 (a), and the detailed dimensions of baseline-01 and baseline-02
are depicted in Figure 6.3 (b). The dimensions of the models, including the height, length,
and width of the baseline models, are fixed parameters. Given that Ladybug and Honeybee
do not fully support spline curve and spline surface, all curved surfaces must be

transformed into planar surfaces, as demonstrated in Figure 6.3 (c).
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(a) Planand orientation of the model

Figure 6.3 Basic simulation modeling
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6.4.2. Skylight shading and parameters

The skylight system consists of two parts, including the design of the ceiling below the
roof, and the design of the shading system above the roof. This study simplifies the
skylight system by examining only the design of the shading system above the roof while

keeping the design of the ceiling below the roof unchanged.

Figure 6.4 (a) marks the portions of the skylight system that do not participate in
optimization and have fixed dimensions in this study; while Figure 6.4 (b) displays the
parts of the skylight system subject to optimization, highlighted with red lines and red text
indicating the parameters to be optimized. Such a skylight system consists of six main
components: the height of the light well Height/LW, the angle of the aperture at the top of
the light well Angle/LW, the opening angle of the shading panel Angle/OP, the length of
the shading panel Length/SD, the angle between the shading panel and the horizontal
plane Angle/SD, and the curvature of the shading panel Arc/SD. In Ignacio Acosta's study,
it is proposed that the curved shape results in an approximate 3.5% increase in average

daylight factors compared to the rectangular shape [19].

Therefore, Arc/SD is an additional parameter set in this study to control the shape of
shading and study on the natural light effect in the room. By moving the arc created by the
midpoint of d in a direction perpendicular to d, the arc is used as a section to determine
the curvature of the surface of the shading. To simplify the total possible iterations, the

value range for each dynamic input parameter was set, as shown in Table 6.4.1.
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(a) Fixed dimension of skylight

<>
0.1m

0.58m 0.1m

(b) Dynamic dimension of skylight

Figure 6.4 Dynamic and fixed dimension of skylight

Table 6.4.1 Dynamic-parameter range value

Name Parameter Min Max Unit Movement
a Height/LW 0.3 0.7 Meter 4

b Angle/LW 0 40 Degree 4

c Angle/OP 50 130 Degree 8

d Length/SD 0.7 1.5 Meter 8

e Angle/SD 40 90 Degree 10

f Arc/SD -0.3 0.3 Meter 6

Total possible iteration 61440
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Material properties and building programme

Radiance Material is necessary for the daylight calculation in Ladybug’s tools. The

Grasshopper geometry had to be concreted to a Honeybee surface and zone. The Radiance

Color Picker offered by Jaloxa [134] and adopted in ref [135] is used to modify the surface

model. Radiance Opaque Material and Radiance Glass Material were utilized to represent

the geometric surface. The transmittance values used for all materials in the models are

presented in Figure 6.5 and Table 6.4.2.

Figure 6.5 Materials of building

Aluminium

Double pane low-e glass

SW 7757 white paint

Natural oak

Table 6.4.2 Interior surface reflection and transmission properties.

Surface P PR PG pB Speictl}l,lar- Roughness
Natural oak 0.379  0.379 0.379  0.379 0 0
SW 7757 white paint 0926  0.926 0.926 0926 0 0
Aluminium 0.8 0.8 0.8 0.8 0 0
Double pane low-e 05 05 05 05 0 0

glass*

*For glass, the value should be read as transmittance t©

6.5. Daylight simulation

6.5.1. Climate and context
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The "EPW" (EnergyPlus Weather) file format is specifically designed for use with the Ener-
gyPlus simulation tool, but it can also be used with other building performance simulation
software capable of reading EPW files. Although the proposed methodology can be applied
anywhere EPW data is provide, in this research, the simulation model was intended to be
located in Atlanta, Georgia, the United States at 33°44' north latitude and 84°23’ west lon-
gitude, which is the city where the building was originally located. Atlanta is in the south-
eastern United States and has a Temperate, without dry season, Hot summer climate ac-

cording to the Koppen climate classification system [136]. However, there was no EPW file

located directly at the original building location, so Fulton County airport, 12km from the
original address, was chosen. The selected EPW file is identified as a TMY3 file, embodying
the Typical Meteorological Year data spanning from 1991 to 2005. The geographical coor-
dinates for this dataset are positioned at a latitude of 33°44’ north and a longitude of

84°31' west longitude.

6.5.2. Run daylighting simulation

The Ladybug plug-in is dedicated to simulating daylight. ACl4so000ix, UDI50-2001x, DA3001x
simulations were used in a grid-based analysis to propagate daylight values. According to

IESNA [94] requirements, the average adult eye height in a museum is 1550mm and the

average viewing distance from the wall is 1050mm, so the range of sensors on the wall is
set within a limited range of 800mm to 2300mm from the floor as shown in Figure 6.6. The
hours of operation of the daylighting simulation are set at 8 a.m. to 6 p.m,, six days a week.
Based on the computer configuration environment previously mentioned, the duration of

each simulation is approximately one and a half minutes.
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Figure 6.6 Sensors of simulating model

6.6. Optimization

6.6.1. GA and MOO

The Genetic Algorithm (GA) is a highly efficient computational optimization algorithm that

draw inspiration from the concepts of natural selection and evolutionary biology [137]. By

employing computational processes such as replication, crossover, and mutation to evolve
the permutations and combinations of input parameters, the goal is to filter out the

optimal results in the most effective manner with the fewest iterations [138]. GA is adept

at tackling complex optimization challenges, particularly in scenarios where traditional

methods may falter in terms of applicability or efficiency [139]. A prominent application of

Genetic Algorithms lies in Multi-objective Optimization (MOO), which aims to uncover a

range of optimal solutions that negotiate between conflicting objectives. Through strategic
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adjustment of these input parameters, MOO facilitates the synchronization of diverse,

interrelated design objectives.

6.6.2. Optimization setting (Algorithm setting)

As a commonly used GA plugin, Octopus contains both the Strength Pareto Evolutionary
Algorithm (SPEA-2) and the Hypervolume Estimation Algorithm (HypE) for its capacity to
identify optimal solutions among a range of search objectives, making it a preferred tool

for multi-objective optimization in building studies [14,51,66,67,72,140-146]. The study
by Bader and Zitzler [147] demonstrates that the HypE algorithm surpasses other

evolutionary algorithms in addressing multi-objective optimization challenges, thereby
establishing it as the optimization method for this research. Khidmat's study of the multi-
objective optimization effort informs the setup of the Octopus interface, as detailed in

Table 6.6.1 [57].

Table 6.6.1 The Octopus optimization setting.

Parameter Setting

Elitism 0.5

Mutation probability 0.2

Mutation rate 0.9

Crossover rate 0.8

Population size 100

Maximum generations 200

Record interval 1
Non-dominate ranking method HypE Reduction
Mutation strategies HypE Reduction

6.6.3. Target value and fitness function

The aim of this study is to optimize the process iteratively designing variables (genomes)
and correspond all outputs to possible solutions in a simultaneous discovery process. The
findings are then filtered according to the target values classified as Pareto front. octopus
optimizes by dragging each target value to the minimum, so that the input numbers should
be multiplied by minus one when a maximum value is required as the optimization target.

The objective to be minimized is ACImax, the maximum value of AClsgooooix for all four walls
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in the room, and other two objectives to be maximized are UDImy, the minimum value of

UDIsg-2001x for all four walls, and DA3sooix for the floor.

The following formula shown in (Eq.(9)) is commonly used in the research [14,71,72] to
determine the fitness function value for each individual result in the Pareto front. Due to
the involvement of comparisons among multiple objectives, Multi-objective Optimization
(MOO) often struggles to yield a singular optimal solution. Consequently, the Fitness
function can serve as a method to help filter appropriate targets. Those results were
observed by finding Pareto front result individuals and grouping the specified regions on

each axis.

FF, =(UDI, -UDI,, )C, —(ACI, — ACI,, )C, + (DA, — DA, )C,

C - 100
UD]max - UD[min

C, - 100 ©)
A Clmax - A Clmin

C, - 100
DAmm - DAmin

Although the Honeybee Radiance plug-in detects light from multiple directions to obtain
accurate results, due to the use of diffuse indirect calculations and Monte Carlo sampling
[114],even if the input parameters of the genome group are the same, the results of each
simulation test will show subtle differences. Therefore, it is important to improve the
daylighting simulation setup parameters to reduce the fluctuation of the results. The

setting of annual daylighting simulation is presented in Table 6.6.2.

Table 6.6.2 The annual daylight setting.

Parameter Description Value
-ab ambient bounces 6

-ad ambient divisions 25000
-as ambient super-samples 4906
-dc direct certainty 0.75
-dp direct pretest density 512
-dr direct relays 3

-ds source substructuring 0.05
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-dt direct thresholding 0.15

-Ir limit reflection 8
-lw limit weight 4.00E-07
-st specular threshold 0.15

6.7. Analysis and Interpretation

Sensitivity analysis [115], adopted by several research [57,116,148,149] of the built
environment, was utilised to find the most influential variable. Sensitivity analysis is the
study of how output, for both quantitatively and qualitatively, changes are assigned [150].
Sensitivity analysis is used to understand how each input parameter affects the output
objective, thus helping designers to evaluate more objectively rather than relying solely on
subjective judgments. The data of relationship between parameters and objectives are

presented in tornado plots and parallel co-ordinate.
6.8. Physical model test

Calibration and validation of computer simulation data will be conducted through testing a
physical model constructed at a 1:12 scale based on the dimensions of the computer
model. The purpose of fitness physical model is to evaluate the variation of wall
illuminance within a room from morning to afternoon, essentially the capacity for daylight
changes throughout the day. Since the material properties of the physical test and the
computer simulation model differ, calibration and validation will focus on the trend or

pattern of light changes rather than exact values.

Measurements will be taken from 9 AM to 4 PM on November 21, 2023, under clear sky
conditions, with data recorded hourly. The location is in Kitakyushu City, Fukuoka
Prefecture, Japan, with coordinates at 33°53'N 130°53'E, nearly identical in latitude to
Atlanta. The same daylighting simulation will also be conducted on the computer model
under identical climatic conditions, date, and time. The physical illuminance results
obtained from the actual model will be compared with the light simulation results from

the computer model to analyse the feasibility of the optimization approach.
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As shown in Figure 6.7, the simulated room is presented ata 1:12 scale to the actual
computer model, oriented north-south, and includes 25 designated test points. The
model’s skylight system is made of 3D-printed polylactic acid, with its shape determined
by the final optimized results. The model’s walls and floor are constructed from 3 mm
thick styrene board, covered with opaque sheets to prevent light transmission through the
surrounding styrene material. For onsite physical illuminance measurements, a TR-74Ui

[lluminance UV Data Logger was used.
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(a) Mock-up model (b) Interior of model and sensors position

Figure 6.7 Mock-up room experimentation and on-site measurement
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6.9. Results

6.9.1. Optimization results

AClasoo001x, UDIs0-2001x, DA3ooix Were measured and examined through daylighting simulation
and optimization. The optimization process concluded after 49 generations, resulting in
4987 individuals, each characterized by embedded parameter values and objectives. The
iteration results of individuals generated by Octopus are represented in a 3D scatter plot

according to their corresponding objective values.

Figure 6.8 (a) presents a three-axis 3D scatter plot filled with iteration outcomes, depicting
individuals developed in Octopus. These individuals are spread as sequential points,
positioned based on their objective values. The distribution in this graph illustrates the
trend of optimal iteration movement, where individuals follow the search area of UDI/Min
maximum, DA/G maximum, and ACI/Max minimum. Figure 6.8 (b) displays Pareto front
solutions derived from the latest generation of optimization processes. The global
distribution was narrowed down to the maximum ACI/Max limit of 480,000 lux, the

minimum UDI/Max limit of 50%, and the minimum DA/G limit of 50%.

Figure 6.9 illustrates the relationship between each pair of objectives from three side
views, building upon Figure 6.8. In Figure 6.9 (a), as UDI/Min aims for maximization, DA/G
decreases to around 50%; when DA/G increases or decreases based on a 50% criterion,
UDI/Min significantly declines. Figure 6.9 (b) shows that ACI/Max is approximately
400,000 lux when UDI/Min is maximized; and UDI/Min significantly decreases as ACI/Max
deviates from 400,000 lux. In Figure 6.9 (c), the relationship between ACI/Max and DA/G
follows a pattern akin to an exponential function curve. The curve's slope escalates sharply

within the 0 to 400,000 lux range for ACI/Max, coinciding with the maximum UDI/Min.
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6.9.2. Parameters to objectives (sensitivity analysis)

Investigating the impact of variations in different variables within the skylight system on
the objectives is crucial. This is aimed at identifying key factors that necessitate focused
attention for daylight optimization during the design phase. Figure 6.10 showcases a
Parallel Coordinate Plot of parameters versus objectives to illustrate how parameters are
distributed when setting values and percentages for ACI, UDI, and DA. In this analysis, 183
results were selected, meeting the criteria of ACI below 480,000 lux and both UDI and DA
exceeding 50%, considered valid data for further analysis. The color variation along the
curves indicates ACI values, with a lighter yellow shade denoting higher ACI values and a

darker purple shade indicating lower ACI values.

Regarding input parameters, among these valid results, the Height/LW dimension is
primarily optimized with values of 0.6 and 0.7 meters. For Length/SD, input values within
the range of 1.1 to 1.5 meters are more likely to produce valid data. In terms of Angle/SD,
values ranging from 40 to 75 degrees are more conducive to yielding valid results.
Notably, valid data is generated only when Arc/SD is set to -0.2 meters and -0.3 meters.
Sensitivity analysis was conducted using the Standardized Regression Coefficient (SRC), a
technique for linear regression analysis. The t-test was utilized to assess the impact of
each parameter on the target value and to evaluate the correlation among variables. SRC
uses the Fit Model command to estimate parameters, identifying each standardized target
as a response variable and defining each standardized parameter as a factor influencing

model construction.

Figure 6.11 presents the sensitivity ranking of design variables, highlighting the
importance of each parameter in relation to the respective target objectives. The absolute
values of the sensitivity data indicate a positive relationship between parameters and
objectives. Generally ranging from 0 to 1, values closer to 1 indicate higher sensitivity,
suggesting that minor adjustments to this parameter would lead to significant changes in
the target value. According to the chart, the Height/LW parameter is most critical for the
ACI/Max and UDI/Min target objectives and ranks second to Angle/SD for the DA/G target
objective. The SRC values for Height/LW regarding ACI/Max, UDI/Min, and DA/G are -
0.61,0.047, and -0.56, respectively. Angle/SD is the second most important parameter,
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with its SRC values ranking second, third, and first for various target objectives. The third
most influential parameter is Arc/SD, ranking third in SRC values for ACI/Max and DA/G,
while its impact on UDI/Min is considered negligible. Angle/LW is second in impacting
UDI/Min, with negligible effects on other target objectives. The influences of Angle/OP and
Length/SD are deemed negligible.

By integrating Figure 6.10 and Figure 6.11, it is evident that the Height/LW parameter
exhibits the most substantial impact on various target objectives, with optimal effects
achieved at values of 0.7 and 0.6. The importance of Angle/SD is only slightly inferior to
Height/LW, and appropriate lighting effects can be achieved within the range of 40 to 75
degrees. Although the impact of Arc/SD is less pronounced than the former two
parameters, from Figure 6.11, it is apparent that optimal lighting effects can be attained

when its values are between -0.2 and -0.3.
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Figure 6.10 Parallel co-ordinate plot of the line of parameter values and objective values.
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Figure 6.11 Sensitivity analysis of the design variables.
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6.9.3. The impact of different input parameters on three objectives

Based on the sensitivity analysis in the previous chapter, which evaluated the impact of
various parameters on the objectives, it can be concluded that Height/LW, Angle/SD, and
Arc/SD are the most influential factors. Therefore, in this chapter, box plots (Figure 6.12,
Figure 6.13, Figure 6.14) are used for detailed analysis. By observing the distribution of
each input parameter's values on the output objectives, a specific analysis is conducted on

these three indicators. The following elements are explained in the box plots:

e Box (middle 50% of the data): Shows the data range from the first quartile to the
third quartile.

e  Whiskers: Show the upper and lower limits of all data, i.e., the maximum and
minimum values.

e Median (thick line): Represents the middle value of the data.

e Mean (square): Represents the average value of the data.

Hight/LW

Figure 6.12 demonstrates the impact of skylight height (Height/LW) on annual cumulative
illuminance (ACI/Max), useful daylight illuminance (UDI/Min), and daylight autonomy
(DA/G). Overall, the three metrics exhibit different trends as the skylight height changes.

From Figure 6.12 (a), it is evident that as the Height/LW increases from 0.3 to 0.7, the
annual cumulative illuminance (ACI/Max) shows a general downward trend. This
indicates that as the skylight height increases, cumulative illuminance decreases. At
Height/LW of 0.3, the data distribution range is the widest, showing high variability. At
Height/LW of 0.7, the data distribution range is the narrowest, indicating more stable
illuminance at this height. At Height/LW of 0.6 and 0.7, many data points are close to the
target value of 480,000 lux, indicating that the annual cumulative illuminance at these
heights is closer to the optimization target. At Height/LW of 0.3 and 0.4, most data points
significantly exceed 480,000 lux, indicating excessively high illuminance at these heights.
This suggests that higher skylight heights (0.6 and 0.7) are closer to the target value of
480,000 lux for annual cumulative illuminance, while lower heights (0.3 and 0.4) lead to

excessively high illuminance.
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From Figure 6.12 (b), it can be seen that useful daylight illuminance (UDI/Min) exhibits a
trend of initially increasing and then decreasing as Height/LW increases. UDI/Min
performs best at medium heights (0.5 and 0.6). At Height/LW of 0.3 and 0.4, the median
and mean UDI/Min values are lower, and the data distribution range is wider. At
Height/LW of 0.5 and 0.6, the median and mean UDI/Min values are higher, and the data
distribution is more concentrated. At Height/LW of 0.5 and 0.6, most data points meet the
requirement of being greater than 0.50, and some data points are close to or exceed 0.75.
At Height/LW of 0.7, although the mean and median UDI/Min values are higher, the
distribution range is larger. This indicates that medium skylight heights (0.5 and 0.6)
perform best in terms of useful daylight illuminance, being more likely to meet the
UDI/Min requirement of greater than 0.50, with some data points close to or exceeding

0.75.

From Figure 6.12 (c), it can be seen that daylight autonomy (DA/G) decreases as
Height/LW increases. Lower skylight heights (0.3 and 0.4) have higher daylight autonomy,
meaning these heights provide more daylight autonomy. At Height/LW of 0.3, the median
and mean DA/G values are the highest, with most data points exceeding 0.75. This
indicates higher autonomy at lower heights. At Height/LW of 0.3 and 0.4, most data points
meet the requirement of being greater than 0.50, with many data points exceeding 0.75. As
the height increases to 0.7, the median and mean DA/G values significantly decrease, with
most data points below 0.50. This indicates that lower skylight heights (0.3 and 0.4) are
more likely to meet and exceed the daylight autonomy optimization target (>0.75), while

higher heights are less likely to meet this requirement.

In summary, it is recommended to choose higher skylight heights (0.6 and 0.7) because the
annual cumulative illuminance at these heights is closer to the optimization target of
480,000 lux. Lower heights (0.3 and 0.4) provide more illuminance but are more likely to
exceed the target value of 480,000 lux. Lower skylight heights (0.3 and 0.4) help to meet
and exceed the daylight autonomy optimization target, providing higher daylight
autonomy. If daylight autonomy is the main goal, lower skylight heights are recommended.
Medium heights (0.5 and 0.6) perform best in terms of useful daylight illuminance,

meeting the requirement of UDI/Min greater than 0.50, with some data close to or
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exceeding 0.75. Considering useful daylight illuminance, medium skylight heights are

recommended.

Angle/SD

Figure 6.13 illustrate the impact of different skylight angles (Angle/SD) on three different
lighting metrics: Annual Cumulative Illuminance (ACI/Max), Useful Daylight [lluminance

(UDI/Min), and Daylight Autonomy (DA/G).

In Figure 6.13 (a), as the Angle/SD increases, ACI/Max generally rises. This indicates that
larger skylight angles increase the annual cumulative illuminance. Both the mean and
median values rise with increasing angles, and the distribution range also expands. The
data distribution range becomes larger with the increase in angle, especially at higher
angles (85 degrees and 90 degrees), showing more variability and extreme values. Lower
skylight angles are closer to the target value of 480,000 lux, while higher angles result in

excessively high annual cumulative illuminance.

From Figure 6.13 (b), UDI/Min does not show as clear an increasing trend as ACI/Max and
DA/G with varying angles. Overall, higher UDI/Min values are observed at intermediate
angles (55 degrees to 75 degrees). The data distribution range is relatively large at all
angles, but the median and mean values are higher at intermediate angles, indicating that
these angles might be the most effective range. Useful daylight illuminance (UDI/Min)
performs better at moderate angles (55 degrees to 75 degrees), with lower performance at
both ends of the angle spectrum. At low angles (40 degrees to 50 degrees) and high angles
(80 degrees to 90 degrees), the median and mean UDI/Min values are lower. Skylight
designs at intermediate angles are more likely to meet the UDI/Min requirement of
greater than 0.50, though achieving a high standard of greater than 0.75 remains
challenging.

In Figure 6.13 (c), DA/G increases with the increase of Angle/SD, indicating that larger
skylight angles provide more daylight autonomy. At lower angles (40 degrees to 55
degrees), the data distribution range is larger, with lower median and mean values. At

higher angles (70 degrees to 90 degrees), the data distribution range is smaller, with
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higher and more stable median and mean values. Higher skylight angles are favorable for

achieving and exceeding the optimization goals of daylight autonomy.

Lower skylight angles (40 degrees to 55 degrees) are closer to the target of 480,000 lux,
but higher angles may result in excessively high illuminance. Intermediate angles (55
degrees to 75 degrees) are more likely to meet the requirement of greater than 0.50,
though achieving a high standard of greater than 0.75 is challenging. Higher skylight
angles (70 degrees to 90 degrees) are beneficial for achieving and exceeding the

optimization goals of daylight autonomy.

Arc/SD

These three box plots illustrate the impact of shading arc (Arc/SD) on annual cumulative
illuminance (ACI/Max), useful daylight illuminance (UDI/Min), and daylight autonomy
(DA/G). Overall, as Arc/SD changes, the three metrics exhibit different trends.

From Figure 6.14 (a), it can be seen that as Arc/SD varies from -0.3 to 0.3, there is no
obvious monotonic trend in annual cumulative illuminance (ACI/Max). However, the mean
and median values change significantly across different arcs. When Arc/SD is at -0.3 and
0.3, the data distribution range is narrow, while at intermediate arcs (-0.1 to 0.2), the data
distribution range is wider. At these intermediate arcs, the annual cumulative illuminance
is closer to the target value of 480,000 lux, while at other arcs, most data points exceed the
target value. When Arc/SD is -0.3, the data distribution range is narrow, and both the
median and mean are below the target value of 480,000 lux. When Arc/SD is -0.2 and -0.1,
the data distribution range widens, and both the median and mean significantly exceed
480,000 lux. When Arc/SD is -0.2 and 0.3, despite the wide data distribution range, the
median and mean are close to the target value of 480,000 lux, indicating good

performance.

From Figure 6.14 (b), it is clear that daylight autonomy (DA/G) is lower when Arc/SD is -

0.3, higher between -0.2 and 0.2, and then decreases again at 0.3. When Arc/SD is -0.2 and
0.1, the median and mean DA/G are highest, with a relatively even data distribution. When
Arc/SD is -0.3, the median and mean DA/G are lower, with a wider data distribution range.

When Arc/SD is -0.2 and -0.1, the median and mean DA/G are higher, with some data
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points exceeding 0.75. When Arc/SD is 0.3, the median and mean DA/G decrease again.
When Arc/SD is -0.2 and 0.1, the median and mean DA/G are higher, and the data
distribution is more concentrated, indicating that these arcs provide better daylight

autonomy.

From Figure 6.14 (c), it can be seen that there is no clear monotonic trend in useful
daylight illuminance (UDI/Min) as Arc/SD varies from -0.3 to 0.3. When Arc/SD is -0.3, -
0.1, and 0.3, the median and mean UDI/Min are higher, with a more concentrated data
distribution. When Arc/SD is -0.3 and -0.1, the median and mean UDI/Min are higher, with
a narrow data distribution range. When Arc/SD is 0.1 and 0.2, the median and mean
UDI/Min are close to the target value of 0.75, with a wider data distribution range. When
Arc/SD is 0.3, the median and mean UDI/Min rise again, with a narrow data distribution
range. When Arc/SD is -0.3, -0.1, and 0.3, more data points meet the requirement of being

greater than 0.50, with some data points close to or exceeding 0.75.
In summary, the shading arc significantly impacts annual cumulative illuminance, daylight

autonomy, and useful daylight illuminance. Choosing an appropriate arc can optimize the

use of natural light and improve the quality of the indoor lighting environment.
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6.9.4. Baseline-model simulation

In Figure 6.15, without roof shading, although the DA/G of the floor is fully satisfied, the
ACI of all four walls of the baseline model 01 greatly exceeds 480,000lux; and the ACI
values of the north and south walls are extremely different, which implies that the indoor
illuminance is not uniform. Through the optimization in baseline model 02, the ACI/Max of
baseline model 01 is reduced from 106748304lux to 780060lux, the UDI/min is increased
from 0% to 47.48%, and the DA/G is still higher than 50% although it has been reduced.
The AClagooo0ix and UDIso-2001x of all four walls reach a similar value, meaning that the indoor
light environment is more uniform than baseline model 01. However, the ACI/Max of
baseline model 02 is still over 480,000 lux and the UDI/min is slightly below 50%, which

means that there is still room for optimization of this skylight system.

6.9.5. Optimal solutions

Table 6.9.1, Figure 6.15 and Figure 6.16 display the top 10 attributes of the optimal
solutions ranked based on the fitness function value. As evident from the table, among the
top 10 solutions, the peak performance for target ACl/Max ranges from 424,211 lux in
model No. 2881 to 451,920 lux in model No. 4388, with all ten results meeting the
requirement of an annual insolation total below 480,000 lux. The UDI/MIN percentage
ranges from 78.15% in model No. 1597 to 80.61% in model No. 2881. DA/G percentage
spans from 50.93% in model No. 2881 to 57.16% in model No. 1597.

In terms of the input parameter range, Height/LW is limited to 0.6 meters and 0.7 meters,
with 0.6 meters occurring 6 times and 0.7 meters occurring 4 times. In the Angle/LW
parameter, there are 10 degrees, 20 degrees, and 30 degrees, with 10 degrees
representing 60% of the total. In the Angle/OP parameter, the minimum value is 80
degrees, and the maximum value is 120 degrees. However, 80 degrees occurs 3 times, 90
degrees 2 times, 100 degrees 3 times, and 120 degrees 2 times. This indicates a uniform
distribution. In the Length/SD parameter, ranging from the minimum value of 1.3 to the
maximum value of 1.5, where 1.3 offset occurs 2 times, 1.4 occurs 4 times, and 1.5 occurs 4

times, showing a relatively close distribution. In the Angle/SD parameter, 65 occurs 6
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times, and 70 occurs 4 times. In the Arc/SD parameter, ranging from the minimum value of
-0.3 to the maximum value of -0.2, where -0.3 offset occurs 9 times, dominating the

distribution.

Solution ACI UDI DA

B-01

B-02

0p-01

0p-02

160




0p-03
! I Camz
Op-04 o
Op-05 >
a2
0p-06 >
0p-07 v

161




Op-08

0p-09

rEree

Op-10

Figure 6.15 The simulating results of baseline models the 10 best solutions.

162




Op-01

Op-02

Op-03

Op-04

Figure 6.16 Shape of selected solutions based on fitness-function calculations.

Op-05

Op-06

163

Op-07

Op-08

Op-09

Op-10

B-02



Table 6.9.1 The selected solutions based on fitness-function calculations.

Solution Model num- Parameters Objectives Fitness
rank ber Height/L Angle/LW  Angle/OP  Length/SD Angle/SD  Arc/SD | ACI/Max  UDI/Min  DA/G fll(l)llllc
\(/1\11) (degree) (degree) (m) (degree) (m) Lux % %
B-01 Baseline 01 - - - - - - 106748304 0.03 97.73
B-02 Baseline 02 0.438 20 93.8 1.425 70 0 780060 47.48 67.73
Op-01 1597 0.7 10 120 1.5 70 -0.3 446699 78.15 5716  140.94
Op-02 2108 0.7 10 100 1.5 70 -0.3 425116 79.84 53.39  140.22
Op-03 4388 0.6 30 80 1.4 70 -0.3 451920 78.85 55.56  139.72
Op-04 3428 0.6 30 80 1.5 65 -0.3 437106 79.07 5131 139.24
Op-05 2907 0.6 10 90 1.4 65 -0.3 434938 80.16 52.65 139.19
Op-06 3592 0.6 10 100 1.4 65 -0.3 447481 79.2 5441  139.15
Op-07 3430 0.6 10 90 1.5 65 -0.3 446937 78.69 54.79 138.93
Op-08 1890 0.7 10 120 1.4 70 -0.3 443416 78.24 54.89 138.66
Op-09 2881 0.6 20 80 1.3 65 -0.3 424211 80.61 50.93 138.49
Op-10 4135 0.7 20 100 1.3 65 -0.2 446203 78.79 53.8 137.98
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6.9.6. Middle point study of optimal solutions

The midpoint of a wall typically represents the brightest section and often becomes the
focal point of visual attention. This subsection concentrates on the midpoint of walls as the
subject of study, exploring variations in Annual Cumulative [lluminance (ACI), Useful
Daylight [lluminance (UDI), Annual [lluminance Factor (AIF), Daylight Autonomy (DA),
Daylight Glare Probability (DGP), and Annual Daylight [lluminance across interior walls

facing four different orientations.

ACI of walls

From Figure 6.17 (a), it is evident that the ACI at the midpoints of all four walls in the
baseline-02 scenario exceeds 650,000 lux, well surpassing the standard value of 480,000
lux. In contrast, all midpoints in the ten optimized scenarios exhibit ACI values below
480,000 lux. The north wall continues to receive the least illuminance among the four
walls, experiencing a reduction of approximately 300,000 lux compared to baseline-02.
The ACI values on the other three walls also exhibit a significant decrease compared to the

baseline-02.

UDI of walls

In Figure 6.17 (b), within the baseline-02 scenario, only the UDI values for the north-facing
wall exceed 50%, notably higher than those of the other three walls. In the ten optimized
scenarios, all models exhibit UDI values exceeding 75%, ranging from 78% to 82%. This
represents an increase of nearly 30% compared to baseline-02, indicating a significant
improvement. The UDI values for the four walls do not exhibit a consistent pattern;
however, in most cases, the UDI for the north-facing wall tends to be slightly superior to

those of the other three walls.
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Figure 6.17 ACI, UDI and DA of middle points.
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AIF of walls

AIF refers to the percentage values representing the annual daytime hours with
illuminance within a specific range. It is evident from Figure 6.18 that all models exhibit a
similar pattern of illuminance distribution across the four walls. In the baseline-02
scenario, the percentage of time with various illuminance levels is relatively uniform, with
most being below 10%. Although the proportion of natural light within the range of 50-
200 lux is slightly higher, there are also instances exceeding 200 lux, with an average of
about 5% for each interval. In the ten optimized outcomes, compared to baseline-02, the
percentage of time exceeding 200 lux significantly decreases, often dropping to about 0%.
Conversely, the percentage of time with illuminance within the 50-150 lux range exceeds
that of baseline-02, forming a noticeable peak. Among the four walls, the peak for the
north-facing wall is notably higher than the other three walls, while the percentage of time

with illuminance exceeding 200 lux is significantly lower than the other three walls.
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Figure 6.18 AIF of middle points fs walls.

DA of floor

In Figure 6.17, the DA performance across all models shows no significant differences. For
the baseline-02 scenario, DA on the floor is measured at 67.73%. Among the other ten
models, Op-01 achieves the highest DA at 57.16%, while Op-09 records the lowest at
50.93%. Contrary to the improvements observed in UDI, DA does not show enhancement
and actually exhibits a slight decrease. This indicates that optimizing wall UDI and limiting

overall wall illuminance also correspondingly restricts the floor's DA.

DGP study

From Figure 6.19, it is evident that, owing to the morphology of the skylight model, both
the baseline-02 and the ten optimized results models have achieved optimal control over
glare. The glare intensity remains within 0.35 throughout the year, indicating

imperceptible glare, and thus, there is no room for further optimization.
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Annual daylight illuminance

The Annual Daylight lluminance serves as an indicator reflecting the specific distribution
of annual sunlight exposure over time periods. From Figure 6.19, it is observed that in the
daylight performance of the baseline-02 scenario, time periods with illuminance exceeding
200 lux are primarily concentrated from February to October annually. Notably, during the
months of May to July, the duration of illuminance exceeding 200 lux is the longest,
approximately 10 to 11 hours daily. Post-optimization, the time periods exceeding 200 lux
are primarily concentrated from May to July annually. Within this period, there is an
improvement in the daily duration of illuminance exceeding 200 lux, with approximately 5
hours each day. This signifies that after optimization, not only is the overall duration of
unacceptable illuminance reduced throughout the year, but there is also a notable

enhancement in the daily duration of unacceptable illuminance.
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Figure 6.19 Hourly plot of annual daylight illuminance and DGP of baseline-02 and optimized results.




6.9.7. Cross-sectional study of optimal solutions

This section primarily explores the uniformity of illumination on the walls, with a
particular focus on the numerical variations recorded by sensors located at a height of
1.55 meters on all walls within the room. Achieving more uniform illumination is
beneficial for enhancing visual comfort for observers. Both Figure 6.20 and Figure 6.21
depict the specific values and trends of the continuous distribution of ACI and UDI across

all four walls inside the room. The first five optimized results are selected for comparison.

ACI of walls

From Figure 6.20, it is evident that both the baseline-02 model and the optimized models
exhibit a noticeable annual illuminance distribution trend, with the ACI significantly
higher in the central part of the walls than in the corners. The ACI curves for each wall
segment present distinct arch-shaped patterns. Notably, the ACI peak on the north-facing
wall is the lowest among the four walls, while the east and west-facing walls have the
highest ACI peaks. In baseline-02, the peak ACI on the north-facing wall reaches 716,624
lux, while the peak values on the other walls approach 800,000 lux. In the optimized
results, in the majority of cases, wall ACI is below 480,000 lux. While achieving absolute
uniformity may be challenging, the optimized results demonstrate a noticeable reduction

in the disparity between the highest and lowest ACI values compared to baseline-02.

UDI of walls

In this section, the focus is primarily on comparing the continuity of UDI between baseline-
02 and optimized results. From Figure 6.21, it is evident that baseline-02's UDI exhibits a
clear trend, with lower UDI in the middle of the walls compared to the corners. Except for
the north-facing wall where UDI slightly exceeds 50%, UDI on the remaining walls is below
50%. In optimized results, the UDI for all points is consistently above 75%, without
displaying a distribution trend similar to baseline-02. The disparity in UDI between wall
corners and wall surfaces is minimal. There is also no significant difference in UDI among

the four walls, presenting an overall uniform linear pattern.
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6.9.8. Comparison with physical test (Point in time)

Figure 6.22 and Figure 6.23 respectively showcase the hourly illuminance data for the
mock-up model and the Op-01 model on November 21, 2023, from 9 AM to 4 PM. Despite
differences in values, which could be attributed to the day's lighting conditions and the
materials' light transmission and reflection properties, the overall trend of the curves is

similar.

Observing the curve progression, both models exhibit a continuous arch-like shape, with
the highest points at the central points near each wall (N3,W3,53,E3) and the lowest points
at the corners (N1,N5W1,W5,51,S5,E1,E5). The illuminance measured on the north-facing

walls is lower than that on the other three walls.

A comparison of the values at each measurement point across different times reveals a
commonality: the highest values are recorded at noon, and the lowest values at 4 PM. The
values from 9 AM to noon are relatively close, while the values at 4 PM are significantly
lower than at other times. As shown in Figure 6.24, both the mock-up model and the Op-01
model experience a gradual rise to a peak from 9 AM to noon, a slow decline from noon to

4 PM, followed by a sharp decrease.

Although there are differences in specific values, the shapes of the curves are broadly
similar, indicating a similar trend in daylight changes throughout the day. The consistency
in the trend of daylight changes provides a method for validating computer simulations.
This method allows for the adjustment and calibration of simulation parameters to closely
align with real-world conditions, thereby enhancing the accuracy and reliability of daylight

analysis simulation results in architectural design.
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6.10. Discussion

The point skylight system comprises uniformly arranged individual skylights, each with
identical attributes, forming a matrix sequence similar to point light sources indoors.
Annual daylighting simulations of interior spaces clearly demonstrate that, compared to
traditional sawtooth-shaped skylight systems, the point skylight system effectively
reduces direct sunlight exposure and minimizes glare to a great extent, creating a uniform
natural lighting environment. The illumination intensity on the four interior walls is
essentially maintained at a uniform level, with only a slight decrease observed at the
corners. Following optimization, indoor lighting conditions have significantly improved,

aligning with the standards specified by the IESNA.

Detailed examination of the optimization process, as depicted in Figure 6.10 and Figure
6.11, indicates that setting the Arc/SD to -0.2m or -0.3m enhances indoor natural lighting.
This is evidenced by a notable reduction in ACI and an increase in UDI. Such improvement

is likely attributed to the saddle-shaped shading panels which, owing to their hyperbolic
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shape, diminish the intensity of reflected light, unlike single-curved panels that exhibit
higher reflectance. Additionally, these saddle-shaped panels may align more effectively
with the solar angle's dynamic and periodic variations throughout the year. It is
hypothesized that during periods of higher solar angles, such as summer noon, this
configuration may efficiently block substantial portions of direct sunlight. However, these
observations remain preliminary and require further experimentation and validation to

ascertain the impact of shading panel shape on indoor daylight variation.

6.11. Conclusion

This study focuses on the natural lighting conditions within galleries, optimizing and
balancing visual comfort and the protection of artifacts. Given the variety of exhibit
materials that may be displayed on the floors and walls of art museums, targeted
evaluations were set based on the different types of materials. With the aid of computers,
lighting simulations were conducted according to predetermined parameters; moreover,
genetic algorithms were applied to adjust these parameters to derive optimal solutions

and ascertain the impact of each parameter on indoor natural lighting.

The results of this study are as follows:

-When the parameters of the point skylight system are set to: Height/LW at 0.7 and 0.6
meters, Angle/LW between 10 to 30 degrees, Angle/OP from 80 to 120 degrees,
Length/SD ranging from 1.3 to 1.5 meters, Angle/SD between 65 to 70 degrees, and
Arc/SD from -0.2 to -0.3 meters, the system achieves optimal lighting conditions. Under
these settings, the annual sunlight exposure is maintained below 480,000 lux, and the

Useful Daylight [lluminance (UDI) of 50-200 lux persists for over 75% of the year.

-Among the design parameters, Height/LW notably impacts the quality of interior lighting
in the art museum. A skylight height within the range of 0.6 to 0.7 meters is effective in
reducing annual ACI and enhancing UDI, albeit with a decrease in DA. Angle/SD also
significantly affects the indoor lighting environment. For example, angles of 65 and 70
degrees between the shading panels and the horizontal plane increase indoor ACI, with a

marginal improvement in UDL
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-The curvature of the shading metal panels, specifically Arc/SD, is also a finding of this
study. While not as impactful as Height/LW and Angle/SD, Arc/SD plays a noticeable role.
Minimized Arc/SD values, indicating a saddle-shaped configuration, improve ACI
reduction and UDI enhancement indoors. The selected configurations for Arc/SD

consistently fall at -0.2 or -0.3.

In conclusion, this study presents a design framework that offers designers, researchers,
stakeholders, and architects a unique perspective on optimizing natural lighting effects.
With the aid of computer simulation and genetic algorithmes, it creates solutions that are
cost-effective, time-efficient, and resource-efficient. Supported by the latest developments
in computational simulation, this paper demonstrates that Multi-objective Optimization
(MOO) through computational algorithms can guide architects in finding high-
performance solutions at the early stages of design, across various parameter
requirements. This research also serves as a starting point for implementing the proposed

methods in practical design processes.

Future work should build upon this study to extend research into various daylight shading
applications and architectural styles. The point skylight system, as an innovative shading
system, harnesses natural light reflection for interior illumination in environments
without windows. Further exploration into curved shading panels, such as hyperbolic
surfaces, and their impact on indoor lighting compared to flat panels, is necessary. With a
global emphasis on low-carbon energy efficiency, it is crucial to maximize natural light
utilization while meeting specific lighting conditions for different types of buildings.
Therefore, further investigation into passive shading systems, especially those
incorporating curved shading elements, holds promise for advancing our understanding of

daylight optimization in a wide range of architectural contexts.

181



Chapter 7. Discussion
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Considering the development of computational architecture and the crucial role of
introducing generative process thinking in the early stages of building design to fully
utilize natural daylight and achieve energy efficiency, this dissertation presents a method
that investigates the relationship between design parameters and performance goals
through the use of generative and parametric approaches combined with multi-objective
optimization via genetic algorithms. This study aims to explore potential design solutions
generated during the optimization process and identify the best design alternatives for
specific given environments. Additionally, it examines the relationship between design
parameters and objectives, identifying the most influential parameters on a micro level to
determine whether parametric and generative algorithm methods can assist designers or
engineers in optimizing building performance during the early design stages by
discovering connections between parameters and objectives and pinpointing the most

impactful parameters.

This dissertation comprises nine chapters. Chapter 1 provides the background, research
aims and objectives, originality and contributions, and the structure of the dissertation.
Chapter 2 compiles and explains recent literature on the use of parametric and multi-
objective optimization platforms in the building design process. Topics include daylight,
geometric shapes, and shading-related issues, including the use of various skylights and
their materials. Chapter 3 describes the broader computational process, including the use
of parametric and generative optimization, followed by data collection and analysis
mechanisms. Chapter 4 covers the preliminary study conducted before the formal
research began, including variations in solar angles and sky illuminance, specific daylight
requirements for museums and libraries, and studies on various skylight forms and

materials.

7.1.1. Discussion of Chapter 5

The main body consists of three chapters, each providing detailed results from a specific
experimental scenario. Chapter 5 describes the methodology of using genetic algorithms
to optimize the geometric configuration of sawtooth skylights. In the realm of museum
design, adept management of natural light stands as a cornerstone for achieving energy

efficiency, fostering a comfortable indoor ambiance, and ensuring the preservation and
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display of exhibits. Among popular skylight systems, the sawtooth skylight draws

significant attention and finds widespread application in museum architectural paradigms.

However, challenges emerge when a building's orientation deviates from true north,
potentially resulting in localized variations of light intensity. This study extensively
investigates the application of genetic algorithms as a forward-looking approach to
optimizing the geometric configuration of sawtooth skylights, ensuring optimal natural
light distribution in museums situated away from the polar regions. The genetic algorithm
framework is leveraged as a feasible problem-solving method. The research utilizes the
Octopus and Ladybug tools to define the shading system's design parameters, fitness
function, and genetic algorithm settings, all based on comprehensive year-round sunlight
simulations to facilitate the optimization process. Through an iterative approach, the study
generates and assesses diverse shading system configurations, progressively honing in on

the optimal design solution.

Ultimately, this research tailors an optimized shading system for buildings oriented at 45
degrees northeast, effectively ensuring an ideal balance of interior luminosity while
meeting necessary exhibit protection standards. The simulation calculations in Octopus
stopped running after generating 931 results. It was observed that most simulated results
for spatial Useful Daylight Illuminance (sUDI) were distributed within the range of 0% to
60%, while Spatial Daylight Autonomy (sDA) values ranged from 0% to 100%, with a
significant portion between 40% and 100%. Most Daylight Glare Probability (DGP) values
were below 5%, and those above 5% were not considered optimized since their
corresponding sUDI was 0. From this group of test results, a suitable optimization result
was selected. The sunshade of the optimized sunroof presents a waveform. By comparing
the baseline models with the optimized results, patterns of lighting variations were
identified. It was found that the optimized result had higher sUDI and sDA values
compared to the baseline models. Specifically, the optimized sUDI increased from 24% in

the baseline model to 39.81%, and sDA increased from 52.20% to 61.73%.

Under the same skylight shading system, the orientation of the building significantly
impacts daylighting performance. For instance, in one baseline scenario, more daylight
accumulated on the south-facing wall, whereas, in another baseline, more daylight

accumulated on the east-facing wall. Year-round illumination in one baseline was
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significantly higher than in the other, indicating that building orientation has a
considerable impact on daylight performance. The overall acceptable sUDI shifted from
the north side in one baseline to the northwest side in the other, with sUDI decreasing
from 32.4% to 24% and sDA increasing from 49.3% to 59.2%. Comparing another baseline
with the optimized result under the same orientation, it was noted that although higher
ACI values were concentrated on the east-facing wall in both models, the optimized
scenario had significantly less year-round insolation. The UDI in the optimized results was
significantly higher due to the decrease in overall indoor ACI, increasing acceptable sUDI
from 24% to 39.81% and DA from 52.20% to 61.73%. These comparisons demonstrate
that optimizing the skylight system can significantly enhance daylight performance. The
research highlights that genetic algorithms can quickly determine the optimal type of
lighting to achieve desired light harvesting goals, resulting in significant improvements in
interior lighting performance. The findings are expected to inform the design decision-

making process based on performance criteria in the early stages of design.

7.1.2. Discussion of Chapter 6

Chapter 6 describes the methodology and findings related to optimizing natural lighting in
museum galleries using advanced computational tools and genetic algorithms. The
primary goal of this research is to enhance visual comfort, preserve artifacts, and achieve

energy efficiency in museum lighting design.

In the realm of museum design, the meticulous planning of natural lighting plays a vital
role in enhancing energy efficiency, improving the indoor atmosphere, and preserving and
showcasing artifacts. One significant challenge is ensuring visitors' visual comfort while
minimizing excessive natural light to prevent damage to exhibits. This study uses the High
Museum Expansion by Renzo Piano as a case study, employing the medium sensitivity
exhibit standards from the Illuminating Engineering Society of North America (IESNA) as

the evaluation criteria.

During the preliminary design phase, computer modeling was utilized, and daylighting
simulations were carried out using the Ladybug tool. The Octopus genetic algorithm plugin
was applied to investigate, optimize, and evaluate the performance of point skylight

systems in museum interiors. The findings indicate that optimized point skylight systems
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not only block direct sunlight, reducing indoor glare, but also ensure that the Annual
Cumulative [lluminance (ACI) on interior surfaces stays below 480,000 lux, while the
annual effective Useful Daylight [lluminance (UDI) is increased to 75%. In terms of design
parameters, a skylight height of 0.6 to 0.7 meters, combined with a shading panel to
horizontal angle of 65 to 70 degrees, is found to be effective in enhancing indoor lighting

conditions.

The study focuses on the natural lighting conditions within galleries, aiming to optimize
and balance visual comfort and artifact protection. Given the variety of exhibit materials
that may be displayed on the floors and walls of art museums, targeted evaluations were
set based on different types of materials. With the aid of computers, lighting simulations
were conducted according to predetermined parameters; genetic algorithms were applied
to adjust these parameters to derive optimal solutions and ascertain the impact of each

parameter on indoor natural lighting.

The point skylight system comprises uniformly arranged individual skylights, each with
identical attributes, forming a matrix sequence similar to point light sources indoors.
Annual daylighting simulations of interior spaces clearly demonstrate that, compared to
traditional sawtooth-shaped skylight systems, the point skylight system effectively
reduces direct sunlight exposure and minimizes glare to a great extent, creating a uniform
natural lighting environment. The illumination intensity on the four interior walls is
essentially maintained at a uniform level, with only a slight decrease observed at the
corners. Following optimization, indoor lighting conditions have significantly improved,

aligning with the standards specified by the IESNA.

A key aspect of this research is the construction of a physical model based on the
optimized design from the computer simulations. After selecting the best result using the
fitness function, a physical model was built to conduct actual daylight testing. The results
from the physical model were then compared and calibrated against the computer

simulation results, providing a robust validation of the findings.
Detailed examination of the optimization process indicates that setting the Arc/SD to -

0.2m or -0.3m enhances indoor natural lighting. This is evidenced by a notable reduction

in ACI and an increase in UDI. Such improvement is likely attributed to the saddle-shaped
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shading panels which, owing to their hyperbolic shape, diminish the intensity of reflected
light, unlike single-curved panels that exhibit higher reflectance. Additionally, these
saddle-shaped panels may align more effectively with the solar angle's dynamic and
periodic variations throughout the year. It is hypothesized that during periods of higher
solar angles, such as summer noon, this configuration may efficiently block substantial
portions of direct sunlight. However, these observations remain preliminary and require
further experimentation and validation to ascertain the impact of shading panel shape on

indoor daylight variation.

The study's findings suggest that optimizing the skylight system can significantly enhance
daylight performance. By iterating using a genetic algorithm, computer simulations can
rapidly determine the optimal type of lighting to achieve desired light harvesting goals,
resulting in significant improvements in interior lighting performance. This innovative
methodology introduces new strategies for refining architectural designs within specific
lighting constraints, enriching the spectrum of strategies employed for comprehensive

light control.

Furthermore, this study emphasizes the importance of integrating advanced
computational tools in architectural design, highlighting their role in achieving sustainable
and efficient buildings. The use of genetic algorithms, in conjunction with tools like
Octopus and Ladybug, exemplifies the potential of these technologies to transform
traditional architectural practices. By facilitating a more precise and controlled approach
to daylight management, these tools help create environments that are both energy-

efficient and conducive to the preservation of cultural artifacts.

The research demonstrates that employing genetic algorithms can significantly improve
natural light management in museum spaces, offering valuable insights for architects and
engineers aiming to optimize building performance in varying orientations. The study also
highlights the necessity for further experiments to determine how to improve and
optimize the skylight system and quantify the potential increase in lighting performance.
The findings are expected to inform the design decision-making process based on design

performance in the early stages of design.
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7.1.3. Discussion of the methodology

The methods proposed in this thesis underscore the significant role of computational
architecture in identifying and optimizing design solutions based on a given dataset of
parameters. These methods have demonstrated how leveraging advanced computational
tools can streamline the design process, making it more efficient and effective. However,
several limitations have been identified. Firstly, a fundamental understanding of
informatics is necessary to comprehend the logic of the computational process, which can
be a barrier for some practitioners. Secondly, the reliance on the EPW file, a historical
database, could be improved by incorporating actual measurements from the field to
enhance the accuracy of material properties and weather conditions. This approach would

ensure that the data used in simulations are as close to real-world conditions as possible.

Additionally, the hypothetical virtual model in this research neglects thickness due to
hardware limitations. This simplification can impact the accuracy of the simulation results.
Future research should include the thickness and detailed definitions of model surfaces in
virtual models. Moreover, enhancing simulations using real-time weather data and
increasing the number of design iterations could lead to more optimized solutions. These
improvements would make the simulation results more reliable and applicable to real-

world scenarios.

The methods discussed in this thesis highlight the benefits of computational architecture
by laying a foundation for these strategies, allowing future research to build upon them
and drive further advancements. This research is expected to benefit architects, designers,
regulators, manufacturers, and other professionals in the built environment. The proposed
methodology can be applied to various materials and climate models, providing insights
into design goal optimization during the early stages of design using less time-consuming
and cost-effective tools compared to on-site measurements with actual materials.
Additionally, this approach offers potential in reducing the negative environmental

impacts of buildings, aligning with sustainability goals.
By employing genetic algorithms and advanced simulation tools like Octopus and Ladybug,
the research demonstrates how these technologies can transform traditional architectural

practices. This thesis contributes to establishing a framework for such strategies, enabling
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future research to enhance and expand upon it. The findings suggest that computational
methods can significantly improve natural light management in museum spaces, offering
valuable insights for architects and engineers aiming to optimize building performance in
varying orientations. Furthermore, the construction of a physical model based on the
optimized design from computer simulations adds a layer of validation, ensuring that

theoretical models align with practical applications.

The study emphasizes the importance of integrating advanced computational tools in
architectural design, highlighting their role in achieving sustainable and efficient buildings.
The use of genetic algorithms in conjunction with tools like Octopus and Ladybug
exemplifies the potential of these technologies to innovate and improve traditional
architectural methods. By facilitating a more precise and controlled approach to daylight
management, these tools help create environments that are both energy-efficient and

conducive to the preservation of cultural artifacts.

In conclusion, this thesis lays the groundwork for future advancements in architectural
design, particularly in optimizing natural lighting for museums. The methodologies and
findings presented here are expected to inform the design decision-making process,
providing a robust framework for achieving optimal design solutions. This study's
contributions are anticipated to benefit a wide range of stakeholders, including architects,
designers, regulators, manufacturers, and other practitioners in the built environment,

ultimately advancing the field of computational architecture.
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Chapter 8. Conclusion
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Researchers and practitioners have undertaken extensive work in utilizing parametric and
multi-objective optimization methods for environmentally sustainable design. However,
comprehensive optimization approaches from inception to the ranking of design solutions
are still limitedly reported. To address the time-consuming and costly issue of
comprehensive light testing in the early stages of architectural design, this thesis proposes
a computational design platform using parametric and generative algorithm optimization
methods at the initial design phase. The platform aims to investigate the relationship
between design parameters and design objectives, as well as the potential for optimizing
design objectives concerning environmental performance metrics. This thesis challenges
design thinking by attempting to answer how the proposed computational methods
contribute to optimizing design objectives and identifying the role of parameters in
driving design goals. It emphasizes the hypothesis that computational and generative
methods can achieve optimization and identify the influence of parameters on design
objectives. The proposed method is particularly significant when handling multiple design
objectives and dynamic parameters, such as climate data or material properties, requiring
additional data input. By defining the design logic for the intended design objects, the
computational design mechanism is applied to building skylight systems and daylighting

studies.

8.1.1. Conclusion of Chapter 5

Chapter 5 describes the methods of investigating and optimizing the use of expanded
metal as a shading device in architectural design. The research results indicate that the
optimized expanded metal shading system can effectively reduce direct sunlight and
indoor glare while ensuring that the annual cumulative illuminance (ACI) of interior
surfaces remains below 480,000 lux. Additionally, the annual useful daylight illuminance
(UDI) was improved to 75%. The study found that a skylight height of 0.6 to 0.7 meters
and a shading panel angle of 65 to 70 degrees significantly enhance indoor lighting

conditions.

A detailed examination of the optimization process revealed that setting the Arc/SD to -
0.2m or -0.3m enhances natural indoor lighting. This improvement is attributed to the
saddle-shaped shading panels, which, due to their hyperbolic shape, reduce the intensity

of reflected light compared to single-curved panels. Moreover, these saddle-shaped panels
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align more effectively with the dynamic and periodic changes in the sun's angle
throughout the year. During periods of high solar angles, such as midday in summer, this

configuration effectively blocks a significant portion of direct sunlight.

This study underscores the potential of advanced computational tools and genetic
algorithms in transforming traditional architectural practices, particularly in museum
design. The innovative approach proposed introduces new strategies for optimizing
architectural design within specific lighting constraints, expanding the application of
comprehensive light control strategies. The findings are expected to provide valuable
insights into the design decision-making process at early stages, offering practical

solutions for architects, designers, and other stakeholders in the built environment.

The research demonstrates that employing genetic algorithms can significantly improve
the management of natural light in museum spaces, offering practical solutions for
optimizing building performance. The results also highlight the necessity for further
experiments to determine how to improve and optimize skylight systems and quantify
potential enhancements in lighting performance. The contributions of this study are
anticipated to benefit a wide range of stakeholders, including architects, designers,
regulators, manufacturers, and other practitioners in the field of the built environment,

ultimately advancing the field of computational architecture.

8.1.2. Conclusion of Chapter 6

Chapter 6 describes the methods employed in optimizing natural lighting for museum
galleries using advanced computational tools and genetic algorithms. The primary goal of
this research is to enhance visual comfort, protect artifacts, and achieve energy efficiency
in museum lighting design. Through the application of computer modeling and the use of
tools such as Ladybug for daylight simulations and the Octopus genetic algorithm plugin,
the study investigated, optimized, and evaluated the performance of point skylight

systems within museum interiors.

The findings demonstrate that optimized point skylight systems not only block direct

sunlight and reduce indoor glare but also ensure that the Annual Cumulative [lluminance
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(ACI) on interior surfaces remains below 480,000 lux. Additionally, the annual effective
Useful Daylight [lluminance (UDI) increased to 75%. In terms of design parameters, it was
found that a skylight height of 0.6 to 0.7 meters and a shading panel angle of 65 to 70

degrees are effective in enhancing indoor lighting conditions.

Detailed examination of the optimization process revealed that setting the Arc/SD to -
0.2m or -0.3m enhances indoor natural lighting. This improvement is likely due to the
saddle-shaped shading panels, which reduce the intensity of reflected light more
effectively than single-curved panels. These panels align better with the dynamic and
periodic variations of solar angles throughout the year, particularly during high solar

angle periods like summer noon, efficiently blocking significant portions of direct sunlight.

The study emphasizes the potential of advanced computational tools and genetic
algorithms in transforming traditional architectural practices, particularly in museum
design. The innovative methodology presented introduces new strategies for refining
architectural designs within specific lighting constraints, enhancing the array of strategies
for comprehensive light control. The results are expected to inform the design decision-
making process early on, providing valuable insights for architects, designers, and other

stakeholders in the built environment.

Furthermore, the research confirms that employing genetic algorithms can significantly
improve natural light management in museum spaces, offering practical solutions for
optimizing building performance. The study highlights the necessity of further
experiments to refine skylight systems and quantify potential improvements in lighting
performance. These contributions are expected to benefit a wide range of stakeholders,
including architects, designers, regulators, manufacturers, and other practitioners in the

built environment, ultimately advancing the field of computational architecture.

8.1.3. Conclusion for thesis

Overall, the series of experiments conducted in this study introduce novelty and
contributions in two significant domains. Firstly, there is a broad contribution that
encompasses the overarching idea behind this research. Secondly, there are specific

novelties and contributions presented in more detail based on the case studies examined.
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According to the results and findings of this research, the field of architecture can be both
subjectively and quantitatively validated and confirmed at a micro-level within specific
parameter value ranges. In architectural design, when this approach is applied at the early
stages of design, countless design alternatives and outcomes emerge. Consequently, the
design decision-making process can become more rational. "Good" will no longer be
subjective but can be evaluated and generalized. As confirmed in the findings of each case
study, the research results approach design theory by introducing an alternative method
of evaluating the design process early on, thus saving time in addressing uncertainties.
This mindset may tend to bring performance considerations forward to the early stages of

design rather than during the evaluation phase.

The study contributes to the field of computational architectural design by demonstrating
how morphological exploration can lead to the optimization of design objectives and by
providing a method to investigate the relationship between design parameters and design
goals at different scales of the design process. In the early stages of architectural design,
understanding the relationship and trends between parameters and design objectives

allows for the quantitative validation of design goals, achieving more optimized solutions.
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