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Abstract

Within the framework of the Healthy China strategy, daylighting in primary and secondary
schools is crucial for students” health and learning efficiency. Most schools in China still
face insufficient and uneven daylighting, along with limited outdoor solar exposure, under-
scoring the need for systematic optimization. Guided by the “Daylighting School” concept,
this study proposes a campus design model that integrates indoor daylighting with outdoor
activity opportunities and explores a generative optimization approach. The research re-
views daylighting and thermal performance metrics, summarizes European and American
“Daylighting School” experiences, and develops three classroom prototypes—Standard
Side-Lit, High Side-Lit, and Skylight-Lit—together with corresponding campus layout
models. A two-stage optimization experiment was conducted on a high school site in
Guangzhou. Stage 1 optimized block location and functional layout using solar radiation
illuminance and activity accessibility distance. Stage 2 refined classroom configurations
based on four key performance indicators: sDA, sGA, UOD, and APMV-mean. Results
show that optimized layouts improved activity path efficiency and daylight availability.
High Side-Lit and Skylight-Lit classrooms outperformed traditional Side-Lit in illuminance,
uniformity, and glare control. To improve efficiency, an ANN-based prediction model
was introduced to replace conventional simulation engines, enabling rapid large-scale
assessment of complex classroom clusters and providing architects with real-time decision
support for daylight-oriented educational building design.

Keywords: Daylighting School; classroom design; generative design; multi-objective
optimization; artificial neural network

1. Introduction

In recent years, with increasing academic pressure and fierce competition for uni-
versity entrance examinations, Chinese primary and secondary school students spend an
exceptionally long time in classrooms [1]. At the same time, rapid urbanization in recent
decades has intensified the shortage of campus space [2]. With the national urbanization
rate rising to nearly 70%, large populations have concentrated in cities, driving a sharp
increase in school enrollment demand. However, limited urban land supply and high de-
velopment intensity have resulted in significantly lower per capita campus area compared
to international standards. For example, in the United States, the average campus area
per student ranges from 12.4 to 18.5 m? [3], which is two to three times higher than in
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China [4]. As a consequence, students in Chinese schools often lack sufficient exposure
to natural daylight both indoors and outdoors. Teaching buildings in densely populated
urban areas are increasingly compressed, leading to inadequate daylighting in classrooms,
while playgrounds and sports facilities are often too limited to support adequate outdoor
activity. Therefore, under such high-density development conditions, improving classroom
daylighting quality and optimizing campus spatial design have become urgent priorities in
educational architecture.

1.1. Research Questions and Solution
1.1.1. Indoor: Uneven Natural Light Distribution and Insufficient Illuminance

Natural light is essential for children’s health, regulating circadian rhythms, improv-
ing mood, and preventing myopia [5-8]. Yet over 50% of Chinese adolescents are my-
opic [9], and classrooms often suffer from insufficient illuminance, uneven distribution,
and glare [10-15]. A common issue is excessive brightness near windows contrasted with
inadequate illuminance in areas farther away, leading to pronounced luminance differences
that not only reduce visual comfort but also aggravate eye fatigue.

Evidence from multiple countries confirms this problem. Surveys in the Netherlands
and Greece show that many students are disturbed by direct sunlight and glare, often
resorting to blinds and artificial lighting [16,17]. Similar findings in China reveal that,
although average illuminance often meets standards, spatial disparities are significant, with
window-side seats experiencing severe glare [18-20]. In the Lingnan region in China, some
schools even depend on the practice of “drawing blinds and turning on lights” during
daytime to balance illuminance, which reduces daylight utilization and increases energy
consumption (Figure 1a). Direct sunlight-induced glare also causes temporary visual

impairment, distraction, and fatigue, affecting both students and teachers [21-23].

Figure 1. (a) Common daylighting issue: lights on and curtains closed due to glare; (b) Limited
student activity in corridors due to distant or elevated playgrounds.

1.1.2. Outdoor: Limited Opportunities for Sunlight Exposure

Outdoor sunlight exposure during school hours is equally critical for students’ visual
health. Evidence shows that the duration of outdoor activity, rather than light intensity
alone, is a key protective factor against myopia [24,25]. Moderate sunlight combined with
physical activity can regulate refractive development and delay myopia progression [26,27].
To address this, China launched the “Sunshine Sports Program” in 2007, recommending at
least one hour of outdoor exercise daily [28]. Yet, by 2022, junior high students averaged
only 47 min per day—far below the international standard of two hours [29].

This shortfall results from multiple constraints, including fragmented recess time,
safety concerns that relocate activities indoors, heavy academic loads, and inconvenient
sports facilities (Figure 1b). A key solution lies in integrating campus planning with
architectural design. A thoughtful layout of teaching buildings and athletic facilities can
maximize students’ incidental exposure to sunlight during breaks and transits between
classes, enhancing their well-being without demanding extra time.
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1.1.3. “Daylighting School”: A Solution for Both Indoor and Outdoor Challenges

Since the 1990s, the Lighting Research Center (LRC) in the United States has taken the

lead in exploring sustainable daylighting practices. In 2004, Professor Russell P. Leslie initi-

ated the Daylighting Dividends program [30] and subsequently collaborated with multiple

organizations to compile the Guidelines for Daylighting Schools [30], which introduced the
concept of the “Daylighting School”. In 2010, he further published Patterns to Daylight Schools
for People and Sustainability [31], systematically summarizing pattern-based strategies for

school daylighting design and providing The accumulated research experience can be

summarized in two main aspects (Table 1).

Table 1. Design Principles Summarized in the Guidelines for Daylighting Schools.

Type Design Principle Interpretation
@ Locate Outdoor Activity Areas Near Ensure outdoor spaces are easily accessible during
Classrooms Y breaks to encourage sunlight exposure and
Activity S spontaneous outdoor activity.
ctivi ace
yop @ Provide Open-Air Platforms for Use stepped or staggered layouts to allow each
Multi-Level (IZ)lassrooms classroom direct access to an adjacent
open-air platform.
L N Ensure sufficient daylight to reduce reliance on
( Prioritize Natural Daylighting artificial lighting.
1A . Control solar penetration to reduce glare and
@ Avoid Direct Sunlight improve comfort,
Classrooms @ Ensure Uniform Light Distribution Design for even daylight to enhance visual comfort

and learning efficiency.

@ Differentiate Daylighting and
View Windows

Use high-positioned windows for daylighting; low
windows for views only. Avoid relying on view
windows as primary light sources.

® Integrate Daylighting Early

Embed daylighting strategies at the design inception
for optimal performance and cost-efficiency.

First, classroom daylighting patterns. By integrating design elements such as roofs,
skylights, side windows, and light shelves, classrooms can achieve sufficient illumi-
nation, balanced distribution, and controlled glare. For instance, in European and
American “Daylighting School” cases such as Smith Middle School (Figure 2a) and
North Guilford Middle School (Figure 2b), reflective panels, grids, and skylights
were applied collaboratively to avoid direct glare while enhancing uniformity. Com-
pared with the prevailing reliance on single-side windows in China, such strategies
demonstrate stronger sustainability and adaptability.

Second, campus layout and outdoor activity spaces. Rational campus planning
can shorten the distance between classrooms and outdoor areas, thereby increasing
students’ access to natural light. Historical examples in Europe and the U.S., such as
Corona School (Figure 2c) and Munkegard School (Figure 2d), commonly adopted low-
rise “carpet-type” layouts in which each classroom was connected to an independent
outdoor activity area. This approach not only prolonged outdoor activity time but
also improved indoor ventilation.
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Figure 2. (a) Classroom of Smith Middle School with “skylight aperture + louver” design [32];
(b) Classroom at North Guilford Middle School featuring a suspended barrel-vault light shelf [33];
(c) Open-air activity platform adjacent to classrooms at Corona School [34]; (d) Private courtyard
provided for each classroom at Munkegérd School [35,36].

1.2. Research Challenge

It is important to emphasize that the analysis of historical design experience in Europe
and the United States aims not to replicate their design methods but to draw upon the
refined design strategies, clear daylighting goals, and rigorous performance standards
embodied in the “Daylighting School” concept. The educational context in China presents
unique conditions—students spend longer hours in school, face greater academic intensity,
and thus have a more urgent need for high-quality daylight environments. However, in the
past, many advanced daylighting strategies were difficult to implement due to economic
and technological constraints. With the improvement in construction technologies and
technical capacities, systems such as skylights and reflective shading devices are no longer
major obstacles. Consequently, the challenge in daylighting design in China has shifted
from “whether it can be achieved” to “how well it can be achieved”.

The core of localization lies in setting precise daylighting objectives based on regional
climatic characteristics. Given China’s vast territory, daylight conditions vary significantly.
For example, northern regions require maximized daylight penetration during the short
winter days, while the Lingnan region—where this study is based—faces the complex
challenge of maintaining adequate illuminance while strictly controlling glare and solar
heat gain under high humidity and large seasonal variations in solar altitude. Compared
with other regions, this presents a higher level of optimization difficulty. To address this,
the study dynamically simulates illuminance, uniformity, and glare performance. By
optimizing shading systems and daylight control strategies, the design achieves stable and
efficient daylighting performance throughout the year, making the “Daylighting School”
concept measurable, operable, and adaptable to local contexts.

In terms of design methodology, it is equally essential to account for the architectural
characteristics and teaching scale of Chinese schools. The “New Gaokao” reform and
the emergence of flexible “class-based” teaching modes have introduced new spatial
and functional requirements for classrooms and circulation areas. More critically, the
widespread large-class system (40-60 students per class) in China results in deeper and
longer classrooms than those in Western schools, where small-class teaching is common.
In such deep spaces, traditional single-side windows often fail to ensure uniform light
distribution, leaving rear zones inadequately illuminated. Therefore, the adoption of high
side windows, skylights, and light-directing panels as part of hybrid daylighting systems
becomes crucial to enhance light distribution and overall indoor lighting quality.

In summary, promoting the localization of the “Daylighting School” concept requires
adherence to its core principles while closely integrating regional climate conditions, archi-
tectural typologies, and educational needs in China. We seek to establish a context-sensitive
pathway for optimizing natural light in Chinese primary and secondary schools.
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1.3. Research Aim

Achieving both high-quality daylighting and design feasibility in a “Daylighting
School” poses significant challenges. This study addresses three key issues:
o Develop a scientific daylighting evaluation system beyond window-to-floor ratio.

In China, the window-to-floor ratio is widely used as criterion for assessing classroom
daylight design. While simple to apply, it fails to capture the dynamic annual distribution
and comfort of natural light. To address this, the present study introduces dynamic
daylighting metrics (sDA, sGA) and develops a multidimensional evaluation system that is
both more scientific and practical, providing reliable benchmarks for early-stage design [37].

e  Apply generative optimization to resolve multi-objective design conflicts.

Classroom daylighting involves multiple and often conflicting objectives—including
illuminance, uniformity, glare control, and spatial configuration—where design variables
are numerous and interdependent. Conventional experience-based approaches cannot
adequately balance these factors or predict light performance. This research establishes
parametric generative rules and incorporates multi-objective optimization algorithms to
automatically map design parameters to performance targets. Under defined boundary
conditions, optimal solutions can be generated and filtered rapidly, thereby improving both
efficiency and scientific rigor in design.

o  Use ANN models to reduce computation and enable large-scale assessment.

“Daylighting School” projects often encompass multiple teaching blocks and nu-
merous classrooms, requiring holistic simulation of daylight performance across clusters.
Traditional simulation methods struggle to balance accuracy and scalability, resulting in
high computational costs and delayed feedback. To overcome this, the study develops an
artificial neural network (ANN)-based predictive model to partially replace conventional
simulation engines. This approach significantly reduces computational load while enabling
efficient large-scale daylighting assessment and optimization.

2. Literature Review

Artificial intelligence has been widely applied to the generation of campus and educa-
tional building layouts. As shown in Table 2, for performance-oriented daylighting design,
diverse approaches have been developed across different climatic regions. International
and domestic studies have integrated ANN, PSO, GA, and MADRL methods to optimize
parameters such as window-to-wall ratio, shading, ceiling type, building massing, and
material properties for classrooms, dormitories, libraries, and urban blocks. Evaluation
metrics include sDA, UDI, ASE, UOD, PMYV, UTCI, and EUI, with reported prediction
accuracies generally high (R? 0.8-0.99) [38-45]. Most of these works rely on simulation
platforms such as Ladybug, Honeybee, and DIVA to generate large-scale training sam-
ples, which are then coupled with deep learning or evolutionary algorithms for efficient
performance prediction.

Table 2. Al-Based Generative Design Studies in Architecture—Daylighting Performance-Oriented.

. Application . . Decision Optimization Performance
Algorithm Context Author(s)/Year Simulation Tools Parameters Objectives Metrics
Classroom
Open-air dimensions, sky-
. light/clerestory RMSE [0.07, 2.44]
MADRL-MATD3 Classroom Liuetal. [38] Ladybug v1 tools parameters, sDA, ASE, UDL  yyaE 10,05, 1.75]
(Subtropical (2023) . PMV, OPA >
corridor R~ [0.81, 0.99]
Monsoon)
parameters,

relative position
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Table 2. Cont.
. Application . . Decision Optimization Performance
Algorithm Context Author(s)/Year Simulation Tools Parameters Objectives Metrics
Form parameters,
. ceiling
ClaserQm/Academlc parameters, side RMSE [0.61, 4.13]
Building . DE, UDI500-3000,
ANN-GA (Subtropical He [39] (2023) Honeybee v0.0.65 window UDI UDI MAE [0.38, 2.90]
1\210;:0%;? parameters, <300/ >3000 R2 [0.88, 0.97]
shading
parameters
Site boundary,
block typology,
opening posi- PLW-R? [0.70]
CycleGAN /pix2pix [({;E;;n eBI};)tCek Huang et al. [40] I\;giylglge’f;g‘{?\i tion/distance, PLW, Radiation, Radiation-R?
4 pxep OceI; nic) (2022) v 522 transforma- UTCI [0.86]
tion/rotation, UTCI-R? [0.80]
building
dimensions
Residential Area Butterfly v1, Swift Building Wind Velocity:
AdaBoost . Zhang et al. [41] yvy geometry (height, Wind velocity > v:
Regression (Subtropical (2022) v4, Eddy3D, shape, densit ratio, UTCI R =0.89
& Monsoon) ixCube CFD 2020 p vic) ¥ ’ UTCE: R? = 0.99
Residential Area Le-Thanh et al RMSE [1.34, 7.62]
ANN-GA (Tropical [42] (2022) ’ DIVA v4 Material/Reflectance UDI MAE [0.01, 0.04]
Monsoon) R2[0.89, 0.99]
Dormitory Form parameters,
Buildin Razmi et al. [43] corridor
PCA-ANN & T Honeybee parameters, HLE, UDI, PTC R? > 0.99
(Temperate (2022) .
. shading
Continental)
parameters
Building
Library EnergyPlus v1, envelope, facade MAE [0.0009,
PSO-ANN (Temperate Sun (‘;);‘})') [44] Radiance v1, window width, 2OV ;‘?E‘é' UDL 0.001]
Monsoon) Daysim v3 skylight R?[0.97, 0.98]
parameters
Classroom/ Academic Atrium geometry,
. Building Lorenz et al. [45] orientation, RMSE [0.33, 0.86]
CBDM-ANN (Temperate (2020) DIVA Window-to-Wall DA, sDA MAE [0.28, 0.53]
Oceanic) Ratio (WWR)

As shown Table 3, in primary and secondary school research, researchers have used
models such as Pix2Pix and House-GAN++ to generate campus plans, which are then
evaluated against indicators including floor area, density, and functional ratios. Other
studies have employed multi-agent systems, genetic algorithms, and shape grammars to
achieve end-to-end optimization, from massing generation to design evaluation [46-53].
Overall, these studies have advanced intelligent exploration of campus functional layouts
but remain largely confined to spatial form and organizational structures.

Table 3. Al-Based Generative Design Studies of Chinese School Buildings—Function Layout-Oriented.
Algorithm(s) Generated Object Authors Objectives & Methods
Generated diverse layouts based on three types of
Pix2Pix (GAN), constraints: functional zone connectivity, campus axes, and

House-GAN++ (GNN)

University Campus Layout

Zhang [46] (2023)

the relative positions of functional zones. Evaluated results
using five quantitative metrics: diversity, controllability, site
scale, functional area ratios, and building density /FAR.

Genetic Algorithm,
Multi-Agent System (MAS),
Graph Theory,
Mathematical
Programming

K-12 School Campus Layout

Li [47] (2025)

Proposed a layout generation method based on a
multi-objective genetic algorithm, integrating MAS, shape
grammars, and mathematical programming to create a
comprehensive design workflow. The system evaluates
solutions based on building form and environmental factors.
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Table 3. Cont.

Algorithm(s)

Generated Object Authors Objectives & Methods

Graph Theory, Matrix
Operations

Explored algorithmic generation based on corridor-style
spatial rules. The method utilizes: (1) Binary coding and

K-12 School Campus Layout Shi [48] (2023) matrix operations for layout prototyping; (2) Graph theory to

define topological constraints; (3) Integer programming for
room arrangement.

Pix2Pix (GAN)

Compared generated layouts against conventional design
principles and building codes. The model demonstrated
good performance in replicating traditional layout patterns,
achieving target density /FAR, and satisfying rules for
building orientation, acoustic separation, and main
entrance placement.

Primary School Campus

Layout Lin [49] (2222)

Pix2Pix (GAN)

University Campus Layout Lai [50] (2021)

Trained a pix2pix model on a central ring-road campus
archetype. The model successfully generated rational layouts
as color-coded “spatial organization maps,” which require
further interpretation and design development by architects.

Multi-Agent System (MAS),
Mathematical
Programming

Investigated form and space generation under environmental
and functional constraints. The method combines a MAS for

K-12 School Campus Layout Zhang [51] (2018)  rule-based form generation with integer programming for

optimizing spatial layout according to
program requirements.

CAS Multi-Agent System

K-12 School Campus Layout Ma [52] (2020)

Developed a layout tool using the self-organizing capabilities
of agents to satisfy multiple constraints, including building
separation, functional clustering, site boundaries, program
requirements, egress distances, and natural daylighting.

Rule-Based System

Developed a semi-automated design tool that generates and
optimizes building massing based on a “rule system” and

K-12 School Campus Layout Liang [53] (2020) modular algorithms. The system assists architects by

providing climate-optimized massing options to inform
design decisions.

The existing literature on daylighting in primary and secondary schools can be
grouped into two categories. The first focuses on classroom interiors from a technical
perspective, optimizing illuminance, uniformity, and visual comfort through window de-
sign strategies, and material selection (Table 2). The second focuses on architecture design,
examining orientation, massing, and spacing within school clusters to improve overall
solar access (Table 3). However, these two approaches are typically pursued in isolation,
lacking systematic integration. As a result, interior optimization outcomes often fail to
translate effectively into campus-level design. In reality, the daylighting quality of indi-
vidual classroom:s is closely tied to campus-scale configurations. Sunlight affects not only
learning environments but also the accessibility and usability of outdoor activity spaces.

Therefore, this study aims to establish a coupling framework between the micro scale
(classroom light and thermal environments) and the macro scale (campus layout), exploring
an integrated approach to “holistic daylight environments” that simultaneously addresses
indoor daylighting performance and outdoor activity accessibility.

3. Research Method
3.1. Workflow

The experiment is conducted under the climatic conditions of the Lingnan region in
China, with the goal of creating a “Daylighting School”. A high school site in Guangzhou
was selected as the case study, focusing on generative optimization of teaching blocks and
classroom clusters. The integration of a genetic algorithm (GA) enables multi-objective
optimization of school design, effectively balancing daylight availability, glare control,
and thermal comfort, which traditional single-objective approaches fail to achieve. The
optimization process is divided into two stages (Figure 3).
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Results 1: Layout Optimization Results 2: Classroom Optimization
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Figure 3. Research Workflow.

e  Stage 1: Layout Optimization

This stage selects solar radiation illuminance and activity accessibility distance as eval-
uation indicators. These indicators are used to optimize the location and functional layout
of teaching buildings, thereby determining the preliminary arrangement of classrooms.

e  Stage 2: Classroom Optimization

This stage is conducted based on the established overall layout. It further refines
the design by optimizing classroom construction parameters, with evaluation indica-
tors including sDA, sGA, UOD, and APMV-mean, to enhance daylighting and thermal

comfort performance.

3.2. Prototypes

To establish a baseline layout and classroom prototype suitable for parametric gen-
erative research, this study combines an empirical survey with an analysis of established
precedents to determine an optimal architectural configuration.

3.2.1. Layout Prototype

Two primary organizational models for school buildings were evaluated: linear matrix
(Figure 4a) and courtyard layout (Figure 4b). The linear matrix layout connects functional
units along a corridor, offering clear circulation, a regular structure, and a highly modular
logic for construction. In contrast, the courtyard layout arranges buildings to enclose an
internal court, creating rich spaces for interaction but at the risk of self-shading and less
efficient circulation paths.
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Figure 4. Prototype comparison: (a) linear matrix layout; (b) courtyard layout; (c) single-loaded
corridor; (d) double-loaded corridor.

To investigate the practical application of these layouts, a survey of 28 primary and
secondary schools in the high-density urban contexts of Guangzhou and Shenzhen was
conducted (Appendix A). The analysis revealed that:

Linear matrix and hybrid layouts are dominant (accounting for 71% of cases), espe-
cially in recently constructed, large-scale schools where their scalability and flexibility are
highly valued. Courtyard layouts (29%) are more frequently found on constrained, older
urban sites. Their typically higher Floor Area Ratio suggests the courtyard is often a design
strategy adopted in response to dense site conditions.

Overall, the linear matrix layout demonstrates greater resilience in accommodating
diverse school sizes. Its regular topology is more conducive to systematic optimization,
making it a superior framework for a generative design process.

3.2.2. Corridor Prototype

Within the linear layout, two common corridor arrangements exist: single-loaded
(Figure 4c) and double-loaded (Figure 4d). A single-loaded corridor, which places class-
rooms along one side of an open-air walkway, ensures that all teaching spaces have direct
access to natural light and cross-ventilation, leading to superior indoor environmental
quality. A double-loaded corridor, while more space-efficient, inherently compromises
performance by forcing one bank of classrooms to face an internal hallway, significantly
limiting their access to daylight and fresh air.

This distinction is particularly critical for this study’s context in the Lingnan region,
where the hot and humid climate places high demands on natural ventilation and solar
control. The single-loaded corridor maximizes the potential for passive environmental
regulation, making it the ideal choice for this climate.

3.2.3. Classroom Prototype

These European and American schools often depend on low-rise buildings, mak-
ing them less applicable to China’s high-density, multi-story campuses. To address this,
our team adopted a “stepped terrace” design in the construction of Kaiyuan School in
Guangzhou. This design reserved skylight openings on each floor while allowing the roof
slab of each classroom to serve as an outdoor platform for the upper level. In this way, the
design ensured high-quality indoor daylighting while expanding students” opportunities
for sunlight exposure, embodying the concept of the “Daylighting School” (Table 4).
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Table 4. Insights from “Daylight Classrooms”—Prototype Extraction of the Stepped-Terrace Class-
room Design (@ Smith Middle School; @ North Guilford Middle School; 3 Kaiyuan School) [32,33].

Teaching Building Layout Typology Classroom Prototype Extraction (Section)

Sectional Morphologies of “Stepped-Terrace”
Layouts

rT . .
| |
| |

SideLit Classroom SideLit
T
Ground m i
SidelLit Classroom SidelLit
® Ground | SkyLit
SideLit Classroom SideLit

However, a few individual “Daylighting School” cases cannot fully represent the
diversity and complexity of school building types in China. Classrooms vary widely in
scale and daylighting conditions, making it difficult to establish a unified framework for
evaluation and design. As shown in the right column of Table 4, drawing on practical
experience, this study classifies classrooms into three prototypical design models based on
sectional configuration and terrace setback distance (1, 1/2, 0). These prototypes abstract
diverse building forms into controllable and quantifiable models, enabling systematic
analysis and parametric optimization. By distilling key spatial and geometric features,
the prototypes not only reveal how different spatial configurations influence daylighting
performance but also provide a generalizable and scalable framework for daylight-oriented
campus design in high-density urban environments.

Therefore, based on its suitability for generative workflows, scalability, and superior
environmental performance in the target climate, the linear single-loaded corridor layout
is selected as the fundamental prototype for subsequent parametric modeling and perfor-
mance optimization. Three classroom layout types—Standard Side-Lit Classroom (control
group), High Side-Lit Classroom and Skylight-Lit Classroom (experimental group)—were
used as generative prototypes, each producing multiple optimized schemes for selection
and comparison. The study employed Rhino 7 (SR33) & Grasshopper 1.0.0007 (Wallacei
V2.7) [54] for generative optimization and visualization, while integrating the hops [55] plu-
gin with the Visual Studio Code (V1.101.2)—Python (V3.8.12) platform to enable real-time
prediction of the four daylighting and thermal indicators during the optimization process.

3.3. Experimental Site

Guangzhou serves as a representative case for studying climate-responsive design in
the Lingnan region, due to its typical subtropical monsoon climate. The city’s education
sector is also expanding rapidly, adding 319,200 student places in the last three years,
the highest growth in the region [56]. This immense demand for new school facilities
places significant pressure on architectural quality and performance, making Guangzhou
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an ideal testing ground for innovative design methodologies. This study selected a planned
educational reserve site in Guangzhou as the experimental location (Figure 5).

Figure 5. Site selection for teaching area generation experiment (site indicates generation boundary).

The site is adjacent to major urban roads on the south and east sides, providing
convenient transportation. The north side is reserved for supporting facilities such as
canteens and administrative offices. Due to proximity to an expressway and associated
noise, a standard elevated playground was arranged on the east side. In the experiment,
the shortest access path for students was calculated to optimize the elevation height.
The southwest portion serves as the core teaching cluster, which is the generation and
optimization target of the “Sunshine School” classroom complex. The site is an irregular
polygon with complex boundaries, making it suitable for testing the algorithm’s geometric
adaptability and robustness under non-standard land conditions.

3.4. Stage 1: Layout Models
3.4.1. Layout Parametric Models

The layout model adopts the “linear matrix corridor layout” as the core generative
framework. By integrating the designated site boundary and the current design codes, a
set of parametric design rules based on functional distribution is established. Ordinary
classrooms, flexible classrooms, specialized classrooms, and faculty offices are interlaced,
while building positions and setbacks are fine-tuned through volumetric displacement and
rooftop combinations to explore optimal arrangements.

The layout rules are divided into two categories: fixed parameters, determined by
mandatory Chinese design codes, and rule-based parameters, defined by functional alloca-
tion and diversification strategies within specified ranges (Table 5).
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Table 5. Layout Rule Parameters.

Controlled form Variable Name Abbreviation Value Range  Step Size  Number of Values
School scale: 24:24:6:6:6
Ordinary classroom: 30:30:8:8:8
Function Distribution Ratio Flexible classroom: S:O:E:S:T 36:36:9:9:9 - 5
Special classroom: 48:48:12:12:12
Teacher’s office 60:60:15:15:15
Layout Parameters
North-South Axial Positioning Control lay_x LX 0~1 1 2
East-West Axial Positioning Control lay_y LY 0~4 1 5
Office Layout Enumeration office_index OI 0~10 1 11
Specialized Classroom Layout Enumeration special_index SI 0~20 1 21
Specialized Classroom Layout Typology special_layout_z_x SLZX 0~1 1 2
Flexible Classroom Layout Enumeration flex_index FI 0~20 1 21
Flexible Classroom Layout Typology flex_layout_z_x FLZX 0~1 1 2
Subtracted Volume Enumeration volume_index VI 0~20 1 21
Raised Height of Playground (Activity Space)  Playground_height PH 0~8 m 0.5m 17
Form Parameters
Classroom Length classroom_length CL 8.4~10.8 m 0.6m 5
Classroom Width classroom_width CW 7.2~9.6 m 0.6 m 5
Classroom Height classroom_height CH 3.6~4.8 m 0.3m 5

The generative logic includes:

e  Building boundary input: Functional zones are delineated according to the site bound-
ary, with playgrounds reserved. A setback of one classroom length (CL) is maintained
on all sides as the construction limit, forming a grid system that ensures compliance
with spacing requirements.

e Initial nodes and egress system: Centered on the corridor origin, egress nodes (circu-
lation cores and restrooms) are generated through a fixed-step array, with automatic
rule checking to supplement staircases at corridor ends.

e Axis adaptive adjustment: A dual-parameter control model (1/2 span adjustment in
the north—south direction, 1/5 span adjustment in the east-west direction) is intro-
duced to accommodate coordinate shifts, balancing layout diversity with regulatory
compliance.

e  Functional space allocation: The total number of classrooms is calculated based on the
school scale. Surplus grid nodes are treated as “void volumes” to enhance morphologi-
cal diversity. Offices are allocated first, followed by specialized and flexible classrooms
arranged according to vertical /horizontal stratification, while the remaining nodes
are automatically assigned as ordinary classrooms.

Ngrid = Nyoig + (Noffice + Nordinary + Nflex + Nspecial) 1

In Equation (1), Ng,y denotes the total number of initialized grid nodes, Ny,ig
the number of void volumes, Nyfrice the number of offices, Nyyginsr, the number of
ordinary classrooms, Nseciq the number of specialized classrooms, and Ny, the number
of flexible classroom:s.

As shown in Figure 6, the parametric campus layout generation system, developed
on Rhino and Grasshopper, achieves intelligent configuration of the architectural skeleton
under regulatory constraint algorithms.
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Standard Side-Lit Classroom Carved-Out Massina Orthoaonal Grid Planning Boundary Office Corridor Node / Toilet Flexible Classroom Soecialized Classroom

(a) (b) (©

Figure 6. Illustration of parametric layout design based on functional allocation: (a) Standard Side-Lit
Classroom, (b) High Side-Lit Classroom, (c) Skylight-Lit Classroom.

3.4.2. Layout Evaluation Indicators

e  Solar Irradiance: Maximizing Site Daylighting Potential

During the generation of teaching building layouts, the foremost consideration is
the daylighting condition of the site. The solar irradiance on the north-south fagades
and skylights of standard classrooms is measured to preliminarily assess the adequacy of
daylighting under the current spatial arrangement of the classroom cluster. This provides
the basis for subsequent evaluation of indoor daylighting performance (Figure 7).

Selei — SNorthfirngigzouth—irxss (2)
Sskyi = Sskyfir 3)

Wi

Figure 7. Visualization of (standard side-lit classroom layout example): (a) South Facade,
(b) North Fagade.
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In Equations (2) and (3), S.j,; denotes the solar irradiance received by the classroom
facades, Ssyyim—ir and Snorm—ir Tepresent the solar irradiance on the south and north
fagades, Sy and Sg are the corresponding fagade areas, and Sy, is the solar irradiance
received by skylight roofs.

e  Activity Accessibility Distance: Optimizing Inter-Class “Chasing Daylight” Routes

To quantify students” accessibility from classrooms to outdoor activity spaces during
class breaks, the study referred to the national compulsory education curriculum schedule
and collected timetables from nine high schools in Guangdong [57-60]. First, the time
allocation of core compulsory subjects, elective modules, and arts/physical education
courses was analyzed. Second, spatiotemporal usage patterns of three classroom types
(ordinary, flexible, and specialized) were recorded through online community surveys
(Table 6). Finally, to abstract the probability distribution of students moving from different
classroom types to outdoor activities, the study introduced activity accessibility distance
(Figure 8) as a key indicator, with weighting based on the classroom person—time utilization
rate (rs—;), thereby integrating it into the evaluation framework for design optimization.

Sr = Ddsl—>pg + Disn—dst + Deis—ds 4)

Table 6. The median values of the samples were extracted to calculate the person—time utilization
rates for the experimental indicators.

Classroom Type Ordinary Flexible Specialized
Utilization Rate (%) 60.44 28.20 11.36

Ordinary Classroom
Playground

Corridor Node / Toilet

Specialized

|
Flexible Classroom

Office

activity accessibility distance S,
(Ordinary Classroom)

activity accessibility distance S,
(Specialized & Flexible Classroom)

Figure 8. 0 M/8 M Playground Height: activity accessibility distance S, (e.g., Standard Side-Lit
Classroom layout).

In Equation (4), D.s_,4s denotes the evacuation distance from the classroom to the
nearest staircase, Dyg;, 451 the distance from the staircase to the evacuation floor (aligned
with the playground if elevated), and Dys; -, the distance from the evacuation floor to the
playground. The activity accessibility distance S, of a single classroom is thus the sum of
the three components.

Sr,i,type (5)

n . .
g _ Ei:(]/typee{ordinary,ﬂexible,specializec;i} Ts—t,itype
re n
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In Equation (5), 75—, type is the person-time utilization rate of a given classroom type,
and Sy sype 1s its corresponding accessibility distance. The weighted mean accessibility
distance S, thus represents the cluster-wide accessibility performance, accounting for
differentiated classroom utilization patterns.

3.5. Stage 2: Classroom Clusters Models
3.5.1. Classroom Parametric Models

After completing the layout model, the study selected ordinary classrooms—characteri-
zed by the longest average student learning time, the strictest daylighting requirements,
and the highest utilization rate—as the focus for developing a parametric interior model.

The model enables geometry to be updated in real time through parameter-driven
transformations, allowing adaptive adjustments of spatial form to achieve precise control
of natural daylight performance (Table 7). Based on a typological approach, the design
variables are organized into six parameter groups: form, window-wall, corridor, shading,
skylight, and ceiling (Figure 9). Among these, skylight parameter group applies only to the
High Side-Lit Classroom and the Skylight-Lit Classroom, and ceiling parameter group is
exclusive to the Standard Side-Lit Classroom. The remaining four parameter groups are
shared across all classroom types.

Table 7. Rule parameters for classroom design (Application classrooms: (D—Standard side-lit
classroom, @—High side-lit classroom, 3—Skylight-lit classroom).

Variable Name

Abbreviation Value Range Step Size No. of Values  Application Classroom

Morphological parameters

classroom_length CL 8.4~10.8 m 0.6 m 5 All
classroom_width CW 72 ~9.6m 0.6 m 5 All
classroom_height CH 3.6~4.8 m 0.3m 5 All
wall_pillar_width_with_door WPWD 0.9~21m 0.6 m 3 All
wall_pillar_width_without_door WPWOD 0.6~1.2m 0.6 m 2 All
Window-wall parameters

north_window_count NWC 1~6 1 6 All
north_horizontal_window_wall_ratio NHWWR 0.4~0.9 0.1 6 All
north_vertical window_wall_ratio NVWWR 0.4~0.9 0.1 6 All
north_window_frame_thickness NWEFT 0.1~0.5m 0.1m 5 All
north_window_sill_height NWSH 0.3~1.0 0.1 8 All
north_inner_window_frame_height NIWFH 0.2~0.8 0.2 4 All
south_window_count SWC 1~6 1 6 All
south_horizontal_window_wall_ratio SHWWR 0.4~0.9 0.1 6 All
south_vertical_window_wall_ratio SVWWR 0.4~0.9 0.1 6 All
south_window_frame_thickness SWFT 0.1~0.3m 0.1m 3 All
south_window_sill_height SWSH 0.3~1.0 0.1 8 All
south_inner_window_frame_height SIWFH 0.2~0.8 0.2 4 All
Corridor parameters

corridor_width COW 2.1~3.0m 0.3m 4 All
corridor_type coT 0~2 1 3 All
corridor_orientation COO 0~1 1 2 @©)
corridor_window_ratio COWR 3~6 1 5 All
ventilated_window_height VWH 0.3~09m 0.3m 3 All
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Table 7. Cont.

Variable Name

Abbreviation

Value Range Step Size

No. of Values  Application Classroom

Shading parameters
shading_width
vertical_blind_count
vertical_blind_width
vertical_blind_rotation_angle
Skylight/Ceiling parameters
skylight_height
parapet_height
south_setback

north_setback

east_setback

west_setback

skylight_angle
skylight_grille_count
skylight_grille_thickness
ceiling_grille_count
ceiling_grille_thickness
ceiling_foldline_position_factor
ceiling_tilt_height

SW
VBC
VBW
VBRA

SH
PH
SS
NS
ES
WS
SA
SGC
SGT
CGC
CGT
CFPF
CTH

0.3~1.8 m 0.3m
2~8 2
0~0.8 m 0.2m
—60~90° 30°

0.6~2.4m
0.1~0.5m
0.6~24m
3.0~42m
0.6~3.0m 0.6m
0.6~3.0 m 0.6 m
0~4 1

2~8 2
0~0.3m 0.1m
2~8 2
0~0.3m 0.1m
0~0.8 0.2
0~0.9 m 0.3m

0.6 m
0.2m
0.6 m
0.6 m

All
All
All
All

N U1 &= O

O s s s s O N RN

A. Morphology

E. Skylight

Skylight
Angle T
SA

2

flush with the south side Top line slightly south
SA=0 sA=1

(E) =

Ceiling Foldline
Position Factor -
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Ceiling Foldline |
Position Factor

Broken line slightly south
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Top line centered

SA=2

Broken line centered
CFPF=06

Broken line slightly north

CFPF=04

A. Morphology

ESkylight

Top line slightly north
sA=3

CFPF=04
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Broken line slightly north

(]

Corridor
Orientation
coo
flush with the north side

SA=4

(<]

Corridor
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—

flush with the south side
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1.2m Glass railing
coT=0
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windows accy
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Figure 9. Design parameter breakdown of three classroom types.
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3.5.2. Classroom Evaluation Indicators

In light of the daylight climate characteristics of southern China, Liu et al. [61], based
on field measurements and questionnaire surveys conducted in 18 classrooms at a high
school in Guangzhou, found that sDAsy /509 is highly correlated with daylight satisfac-
tion, while sGA 35 /95¢, shows a significant correlation with glare perception. This approach
proves to be more effective than directly applying the highest standards of the European
Union. The recommended thresholds are not only higher than the 450 Ix requirement
stipulated in the General Code for Building Environment [62] for primary and secondary
school classrooms in China, but also consistent with the upper limits of visual comfort
defined in EN17037 [63] and IES [64] standards, and significantly superior to those adopted
in North America and by USGBC [65].

Accordingly, this study adopts sDAsgix,/50%, SGAg.35/95%, UOD, and APMV-mean as
the four evaluation indicators for constructing a multi-objective optimization framework
for classroom clusters. Among them, sDA measures daylight sufficiency, sGA evaluates
glare risk, UOD reflects daylight uniformity, and APMV-mean controls thermal discomfort
caused by excessive solar gains (Table 8).

Table 8. Design-oriented optimization objectives of classroom parameters.

Indicator

Recommended Value Definition Reference

Spatial Daylight Autonomy
(sDAs001x/50%)

Proportion of floor area where
illuminance exceeds 500 1x for
>0.5 more than 50% of the occupied Liu etal. [61]
time under natural daylight
conditions.

Spatial Glare Autonomy

Percentage of viewpoints at 0.7 m
above the floor level where the
Daylight Glare Probability (DGP)

>0. i .
(sGAg35/05%) 205 is less than 035 for 95% of the v etal- [61]
year, indicating compliance with
glare comfort standards.
Ratio of minimum illuminance to  Evaluation Standard for Indoor
Uniformity of Daylight average illuminance, representin Thermal and Humidit
Y yug >05 & % & y
(UOD) = the uniformity of light levels Environment of Civil Buildings
across different positions or areas.  (GB/T 50785-2023) [66]
Predicts overall human thermal
sensation by comprehensively
. . considering indoor environmental
Adaptive Predicted Mean . - a1
Vote (Mean) lvaluel <1 factors (air temperature, relative General Code for Building

APMV-mean

humidity, air speed, external Environment (GB 55016-2021) [62]
environmental conditions) and

human factors (metabolic rate,

clothing, activity level, etc.).

3.6. Development of Two-Stage Generative Platform

As shown in Figure 10, after completing the two parametric modeling components,
a GA-ANN-based simulation—prediction-optimization platform was established. First,
performance models of sample classrooms were built using Rhino and Grasshopper, with
Ladybug (V1.6.0) and Honeybee (V1.6.0) serving as the simulation interfaces. Subsequently,
performance simulations were conducted through Honeybee and EnergyPlus (V1.6.0) for
four key indicators, generating a large-scale dataset. The dataset was then analyzed to
assess the correlation between classroom parameters and performance metrics, eliminating
irrelevant variables and reducing dimensionality to lower prediction complexity. After
constructing the ANN prediction model, the optimized parameter sets were divided into
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training, testing, and validation subsets, followed by hyperparameter tuning to ensure min-
imal training loss. The finalized ANN model was trained with the dataset and subsequently
evaluated for its fitting accuracy and predictive reliability.

Performance simulation Building ANN model multi-objective optimization
=)\ Spatial Daylight N
— Fg’ : Aﬂtonomyy 9 F(x) Design Parm Hyperparameter | | Iterative b \
~ Optimization Optimization Trainin / b
DA, s P P 9 .
optimization 4\\<<, .
Spatial Glare | | Output S % ;
Ladv Autonomy %] 13,000 sets of Traing Set eem)| ’ ANN MODEL g
' adybug — \ SGA performance ¢ o - i
'0.35/95% / imulati c R
@ Honeybee | _ simuiation Fitting
g?at:sﬁzt;rzg)? Val Set ceemD) . GA-ANN generation
@ HB-Radiance Uniformity of y X optimization platform

Z ’ \ Daylighting FO) @ python Neural network hidden layer
HB-Energy [—— ’ v uoD O PyTorch I| Test Set 1\ Pass
. L | :
— —
Ad‘apvvefther— F) Evaluate
! mal comfort Model Test VAE fitting
APMV-mean .
I - v L | RS effect

> 200 times faster than performance simulation

Figure 10. ANN prediction model training framework for classroom clusters.

Once validated, the ANN model was integrated into the Stage 2 classroom optimiza-
tion process to accelerate performance evaluation. Because the parameter dependencies
differ among the three daylighting strategies—standard side-lit, high side-lit, and skylight-
lit classrooms—independent prediction models were trained for each, with their predictive
performance analyzed separately in subsequent evaluations.

3.6.1. Performance Simulation

For dataset construction, parametric classroom models were established in Rhino &
Grasshopper. Key settings include a 0.7 m working plane, 0.5 m x 0.5 m grid resolution, and
a UOD evaluation domain reduced by 1 m on each side to exclude blackboard and corridor
areas. The climate input was based on Guangzhou Typical Meteorological Year (TMY), with
a simulation period covering 8 school months (excluding summer/winter vacations and
weekends), from 8:00-12:00 and 14:00-17:00 daily, consistent with daylighting simulation
schedules to ensure realistic usage conditions. Performance samples were generated in
batches using Ladybug, Honeybee, and EnergyPlus. Simulation parameters were set
as follows:

e  Optical properties: Interior surfaces finished with super-white mineral-based coating
(p = 0.75), light-colored terrazzo flooring (p = 0.50), wood—plastic decking for exterior
corridors (p = 0.35), aluminum shading devices (p = 0.85), and double-glazed low-E
windows with aluminum frames (t = 0.60).

e  Thermal properties: Envelope heat transfer coefficients: roof K < 0.40 W/(m? K), exte-
rior wall K = 0.31 W/(m?K), low-E double glazing K = 1.80 W/(m?-K), SHGC = 0.35,
T = 0.60. Indoor loads: occupant density 1.66 m?/person, equipment load 15 W/m?,
and metabolic heat gain 140 W /person.

3.6.2. Building ANN Model

To address the high computational cost and inefficiency of traditional simulation
engines in optimizing high-density classroom clusters, this study developed an Artificial
Neural Network (ANN) prediction model (Figure 10). The model enables fast prediction of
daylighting and thermal performance indicators, providing an efficient tool for subsequent
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multi-objective optimization. The ANN is designed as a multi-layer feedforward network
with fully connected layers, consisting of input, hidden, and output layers. Training
involves forward propagation, where sample data are transmitted layer by layer to generate
predictions, followed by backpropagation, where gradients of the loss function with respect
to weights are computed via the chain rule and optimized iteratively using the Adam
optimizer to minimize errors.

After simulation, correlation analysis was conducted between design parameters and
performance metrics to remove redundant variables and reduce prediction complexity.
Hyperparameters [67] were optimized using Bayesian Optimization (BO) [68], which
identifies optimal ANN configurations by constructing probability distributions of the
objective function and applying the Expected Improvement criterion. The trained ANN
model was then quantitatively evaluated through fitting accuracy and error indicators.

It is worth noting that most existing classroom daylighting studies assume unob-
structed external conditions, ignoring the significant impact of building height and mutual
shading within teaching clusters. Daylight and solar radiation vary substantially across
floors and positions. As shown in Table 9, this study introduces two cluster correction
parameters into the ANN model:

Table 9. Environmental correction parameters of classroom clusters: 5 target classrooms (A-E).

A B C D E
1 1 0 0 0 O 1 0 0 1 1 1 1 1 0
Ry 1 3 1 0 4 1 1 3 0 1 3 1 1 1 0
0 1 1 01 1 1 1 0 1 1 1 0 0 0

b

e  Relative Position Parameter (Ry): Captures the target classroom’s floor level and
adjacency relations (0/1) with surrounding classrooms (above, below, west, east), floor
number (1-4).

West above [0, 1] Above [0,1] East above [0,1]
Ry = West [0,1] Floor level [1,4] East [0,1]
West below [0, 1] Below [0, 1] East below [0, 1]

e Layout Environment Parameter (R.): Reflects the presence of north—south obstructions
and east-west corridors. Obstructions are described as binary (0/1), while corridor
conditions are expressed as —1/0/1.

North obstruction [0,1]
R, = < East — west corridor [—1,0,1]
South obstruction [0, 1]

3.6.3. Genetic Algorithm Multi-Objective Optimization

NSGA-II [69] (Non-dominated Sorting Genetic Algorithm II) is a multi-objective evo-
lutionary algorithm based on fast non-dominated sorting, crowding distance comparison
operator, and elitist preservation strategy. It can efficiently approximate the Pareto optimal
solution set while maintaining population diversity. In this study, the NSGA-II algorithm
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was adopted as the optimization model, and the two stages of multi-objective optimization
were formulated as follows:

e Stage 1: Layout optimization

S1 = P(%) uin | Sr(2); —~Setei(); — Set ()] ©®)

e  Stage 2: Classroom optimization

S2 = F(x)yin|—Suod (X); =Ssp o (x); =Ssca(x); Sapmv (x)] )

In Equations (6) and (7), S; and S represent the multi-objective optimization scores,
while x denotes the iteration number. Since Pareto optimization requires minimization of
objective functions, the solar radiation scores S,.;(x) and Sg,;(x), as well as daylighting
indices including uniformity of daylighting S,,,;(x), spatial daylight autonomy S;p4(x),
and spatial glare autonomy Ss; 4 (x) are all taken as negative values, In contrast, activity
accessibility S;(x) and adaptive thermal comfort S 4ppry (x) are kept as their original values.

To realize daylighting optimization for different classroom types, specific parameter
configurations were set according to the two optimization stages, as shown in Table 10.

Table 10. Multi-objective optimization parameter settings.

Optimization Step Step1: Layout Optimization Step2: Classroom Optimization
Type Standard Side-Lit ~ High Side-Lit Skylight-Lit Standard Side-Lit ~ High Side-Lit Skylight-Lit
Generation Size 40 40 40 40 40 40
Generation Count 40 40 40 40 40 40
Crossover Probability 0.9 0.85 0.85 0.9 0.85 0.85
Mutation Probability 1/0.9 1/0.85 1/0.85 1/0.9 1/0.85 1/0.85
Crossover Distribution Index 20 20 20 20 20 20
Mutation Distribution Index 20 20 20 20 20 20
Number of Genes 11 11 11 20 22 26
Number of Values 101 101 101 119 135 135
Number of Fitness Objectives 2 3 3 4 4 4
Size of Search Space 6.1 x 108 6.1 x 108 6.1 x 108 6.4 x 10% 2.6 x 10 1.8 x 108
4. Result

4.1. Dataset Processing

During dataset preparation, three classroom models were built in Grasshopper.
Boolean switches were used to control structural types (e.g., skylights, corridor forms),
while sliders dynamically adjusted over 20 design parameters, including classroom length,
width, height, skylight offset angle, and window-to-wall ratio, enabling 3D visualization
and type linkage. Sample generation was conducted using the Anemone plugin to construct
nested loops, combined with Python scripts (V2.7.12) and Parallel Loops (Anemone V0.4
for Grasshopper) for multi-machine parallel computing, with computation states recorded
in JSON files.

The experiments were conducted on a computer (R7-5700X CPU, 32 GB RAM, 1070 Ti
GPU). Each sample required approximately 2 min and 15 s on average, with a total runtime
of 486 h 40 min. A total of 14,320 samples were generated, of which 13,000 remained after
cleaning (5000 skylight, 4000 high side window, 4000 conventional side window). During
ANN model training, data were stratified by classroom type and randomly divided into
training and test sets in an 8:2 ratio, stored in CSV format. The distribution of design
variables across the samples was relatively uniform and approximately linear, ensuring
data continuity and generalizability for model training.
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To further refine input variables, Spearman’s rank correlation coefficient (p) [70] was
employed to quantify monotonic relationships between parameters and indicators, as well
as among indicators themselves (Figure 11). The calculation formula is:

p=1-Z% (8)
where d; represents the rank difference and 7 is the sample size.

Based on the correlation analysis, parameters showing significant influence were
included as model input variables, while those exhibiting weak or negligible correlations
with the four performance indicators (1 pl < 0.05) were fixed at constant values and
excluded from the predictive model. After optimization, excluding environmental variables
and the predetermined classroom dimensions (length, width, and height) from the layout,
the number of input parameters was reduced to 17 for standard side-lit classrooms, 19 for
high side-lit classrooms, and 23 for skylight-lit classrooms.
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Figure 11. (a,b) Correlation (p) and significance (p) between design parameters and performance
metrics (from (top) to (bottom): standard side-lit, high side-lit, and skylight-lit classrooms). The
correlation coefficient (p) ranges from —1 to 1; asterisks denote significance levels (p <0.05*, p < 0.01 *¥,
p < 0.001 ),
4.2. ANN Training Results
Since the ANN models require separate training, hyperparameter optimization was
conducted individually for the datasets of the three classroom types. A Bayesian hyperpa-
rameter optimization was performed using Optuna (V3.6) [71], with 100 training epochs
set as the convergence criterion for a single evaluation. Through 300 iterations, the search
covered five key parameter spaces—number of hidden layers, number of neurons per layer,
learning rate, batch size, and dropout rate—ultimately determining the optimal combina-
tion based on the minimum loss. The optimized hyperparameter settings, summarized in
Table 11, were applied to the subsequent ANN training.
Table 11. Optimal hyperparameter combinations after Bayesian optimization.
Classroom Type Output Feature Batch Size  Learning Rate Dropout Hiddennc N Layers Val Loss
uoD 256 1 x 1072 0.3 128 4 0.0110
Standard Side-Lit sDAs001x/50% 128 1 x 1072 0.3 256 9 0.0096
Classroom sGAg35/95% 128 1x 1072 0.2 128 4 0.0023
APMV-mean 128 1 x 1072 0 128 3 0.0001
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Table 11. Cont.

Classroom Type Output Feature Batch Size  Learning Rate Dropout Hidden nc N Layers Val Loss
UuoD 128 1x 1072 0.4 256 4 0.0058
High Side-Lit SDA5001X/50% 256 1 x 1073 0.2 512 9 0.0078
Classroom sGAg35/95% 128 1x 1072 0.2 256 7 0.0021
APMV-mean 64 1 x 1072 0.1 128 3 0.0003
uoD 128 1 x 1072 0.4 256 5 0.0089
Skylight-Lit sDAs001x/50% 256 1 x 1072 0.3 256 6 0.0093
Classroom sGA 35/95% 128 1x 1072 0.3 512 5 0.0030
APMV-mean 512 1x 1072 0.2 128 3 0.0008

For model performance evaluation, four statistical indicators were employed: coeffi-
cient of determination (R?), mean squared error (MSE), root mean squared error (RMSE),
and mean absolute error (MAE). Their definitions, formulas, and evaluation thresholds are
presented in Table 12.

Table 12. Explanation of evaluation metrics for the prediction model.

Metric Formula Concept
> > " (yi—90)* Quantifies how well the model explains the variance of the target variable; indicates the
R R*=1- == 20 . .
Y (i) goodness of fit between predictions and actual values.

MSE MSE = %Z;’:l (yi — yi)z Measures the average of squared prediction errors; penalizes larger errors more heavily.

RMSE RMSE = VMSE The square root of MSE; restores the original unit of the target variable.
. Measures the average absolute difference between predicted and actual values; reflects the

MAE MAE = 157 [yi — i 5 P

typical magnitude of error.

Tables 13 and 14 show that sGA( 35,959, and APMV-mean achieved the highest predic-
tive accuracy (R? > 0.93). The prediction of sDA5qx /50% also reached a high accuracy level
(R? =0.87-0.90). UOD, affected by the nonlinearity of spatial form and daylight distribution,
proved more difficult to predict, yet still achieved acceptable performance (R? = 0.61-0.81).
Overall, the MAE remained within £7% across all indicators, demonstrating that the ANN
models can effectively replace conventional simulation engines, reducing single-iteration
computation time from approximately 300 min to only a few seconds.

Table 13. Performance evaluation results of the ANN model.

Type Output Feature R? RMSE MSE MAE

UoD 0.6162 00735 00054  0.0563

. SDAso01x/50% 0.9006 00963 00093  0.0717
Standard Side-Lit Classroom SGAg35,95% 0.9339 00383 00015  0.0287
APMV-mean 0.9996 00015 00000  0.0012

UoD 0.8079 00567 00032  0.0444

e SDAsoote/50% 0.8883 00916 00084  0.0660
High Side-Lit Classroom sGA35/95% 0.9309 0.0429 0.0018 0.0328
APMV-mean 0.9977 00037 00000  0.0029

UOD 0.7421 00661 00044  0.0507

- SDAso01/50% 0.8738 00947 00090  0.0544
Skylight-Lit Classroom sGAg35,/959% 0.9521 00523 00027  0.039%

APMV-mean 0.9688 0.0209 0.0004 0.0164
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Table 14. Predictive value regression analysis.

Type

uoD SD Aso01x/50% $GAg.35/95% APMYV-Mean

Standard
Side-Lit Classroom

High
Side-Lit Classroom

Skylight-Lit Classroom

UOD Predictive value regression analysis SDASO0D Predictive value regression analysis

Predictive value regression analysis APMV Predictive value regression analysis

-~ Pertect Prediction

== Perfect Prediction -=- Perfect Predicton.
0 perfect Pred =

APMV Predictive value regression analysis

=~ Perfoct Preiction

,,,,,,,,,,,,,

APMV Predictive val

lue regression analysis

08 === PerfectPrediciion

4.3. Assessment and Analysis

The optimization and evaluation process was conducted in two stages, corresponding
to the two levels of parametric modeling. In the first stage (Section 4.3.1), based on
the parametric model of the overall campus layout established in Section 3.4, the study
performed layout optimization for the teaching zone. In the second stage (Section 4.3.2),
building upon the classroom cluster parametric model introduced in Section 3.5 and the
results from the previous layout optimization, a secondary generation process was carried
out to refine the classroom configurations in greater detail.

4.3.1. Stage 1: Layout Optimization

By fitting and analyzing three key indicators—activity accessibility distance S (x),
average solar irradiance S,.;(x), and skylight irradiance Sg;(x)—we demonstrate that
the optimized classroom layouts significantly enhance students’ exposure to natural light
during outdoor activities. With increasing simulation iterations, all three indicators showed
steady improvements and gradually converged (Figure 12).

For Activity Accessibility Distance S,(x), compared with the initial schemes, the
accessibility distances of all three classroom layouts were substantially reduced. Prior to
optimization, the distances generally exceeded 100 m, whereas the optimized averages
were reduced to approximately 80 m (standard side-lit), 88 m (high side-lit), and 83 m
(skylight-lit). In addition, adjusting the raised height of the playground reduced the travel
distance to sports facilities by 10.20-22.89%, which is expected to considerably encourage
students” outdoor activity participation during breaks.

For Solar Irradiance Sei(x), Sekyi(x), Daylight availability also improved. The average
irradiance of standard side-lit, high side-lit, and skylight-lit layouts rose to 130 W/m?,
122 W/m?, and 120 W/m?, with the standard side-lit layout showing the highest relative
gain (+13.04%), especially in north-facing daylighting. High side-lit and skylight-lit lay-
outs improved by 6.09% and 5%, respectively. Meanwhile, skylight irradiance increased
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flex_index: 12
flex_layout_z/x: 0
volume_index: 15

playground height: 6 m
classroom length: 9.6 m
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volume_index: 1

Economic & Technical Metrics

School Scale Classroom

/classes 60 Area /m? 8467.2
Building Height 144 Gross Floor 17529.6
/m Area /m’
Floor Area Spatial
Ratio L Openness 0.52
Building Service Area
Coverage Ratio 022 /m? .
School Scale Classroom
[classes 60 Area /m? 84672,
Building Height 144 Gross Floor 17208.96
/m Area /m?
Floor Area Spatial
Ratio S Openness il
Building Service Area
Coverage Ratio 021 /m? §741.76
School Scale 60 Classroom 84672
/classes Area /m’
Building Height 144 Gross Floor 17208.96
/m Area /m?
Floor Area Spatial
Ratio 1.0l Openness iz
) Building ) 021 Serw’ce’Area 8741.76
Coverage Ratio /m*
Sch’ool Scale 60 (.lassruu:u 84672
[classes Area /m
Building Height 144 Gross l<lo:)r 175296
/m Area /m?
Floor Area Spatial
Ratio 1.03 Openness 0.52
Building Service Area
Coverage Ratio 0.22 /m? 2062.4
School Scale 48 Classroom 6773.76
/classes Area /m?
Building Height Gross Floor
m 15.6 Area /m? 14065.92
Outdoor Spatial
Activity Area | 254016 P 0.52
o Openness
/ny
Floor 1.\rea 083 Serv1’ce’Area 720216
Ratio /m*
Building 039 / /

Coverage Ratio



Buildings 2025, 15, 3821 26 of 41
Ordinary Classroom Corridor Node / Toilet Office
Color Legend
I lized CI xi
void volumes I seeciolized Classroom [ Fexivle Classroom Desien Variables (Site Economic & Technical Metrics
g
Type Pasl:lt:; ﬁl;:;nt Optimization Results Optimization Objectives
> Accessible Distance for playground height: 6 m School Scale Classroom
Activities / m 2396 classroom length: 9.6 m /classes %6 Area /m? 208052
classroom width: 8.4 m
Average Solar Irradiance e X Building Height Gross Floor
Overall Optimal  Wim? 127.44 classroom height: 3.9 m i 15.6 Area fird 11203.2
mlayout_x: 0
Plan B South-Facing Irradiance )t ty: 1 Outdoor Spatial
— Bestin J e 18089  YouLy: Activity Area | 1905.12 patia 0.55
/ Wim? office_index: 9 5 Openness
Average Solar speci;l index: 8 /m
Irradi P — ial_ : Service Ar
rradiance North-Facing Trradiance 73.99 special_layout_z/x: 1 Floor {&ren 0.66 Service Area 6122.8
/ W/im? s = = Ratio /m?
flex_index: 16
High Roof Solar Irradiance 25976 flex_layout_z/x: 1 Building 0.34
Side-Lit Gen.39 Indv.16 / Wim* : volume_index: 1 Coverage Ratio -
Classroo Accessible Distance for 048 playground height: 6 m School Scale 48 Classroom 6773.76
T - Activities / m h classroom length: 9.6 m /classes Area /m? h
. classroom width: 8.4 m . . L
= . Average fibjrnimd‘a“ce 12241 | classroom height: 3.9 m B““"“}ane‘g‘“ 156 ('/‘\‘:_’;F/:;’fr 14065.92
Overall Optimal ‘s AN mlayout_x: 1
Plan C > \ South-Facing Irradiance layout v 3 sl Spatial
) . | ! 171.94 youL y. 2 Activity Area 254016 0.52
— Best in Roof \": \ y / Wim? office_index: 8 et Openness
Solar Irradiance '\& L e L . special_index: 8 .
@ ol North-Facing Irradiance — Floor Area Service Area
o 72.88 special_layout_z/x: 1 . 0.83 N 7292.16
/ Wi L= Ratio /m
flex_index: 16
g Roof Solar Irradiance flex_layout_z/x: 1 Building
Gen.39 Indv.33 / Wim? 264.42 volume_index: 1 Coverage Ratio 041 4 4
Accessible Distance for playground height: 6 m School Scale Classroom
- Activities 90.85 N ) 48 3 N 6773.76
/m classroom length: 9.6 m /classes Area /m’
. classroom width: 8.4 m - . §
Overall Optimal \ Average S/"\';/rnllf”d'”““ 12741 classioom height; 39m  CUMUBEHEEN 56 GRS ELOr ) 406597
High PlanD mlayout_x: 1 Outdoor
Side-Lit — Best in South-Facing Irradiance layout_y: 4 L. Spatial
Activity Al A .
Classroo Average ,,‘ / Wim? 180.86 office_index: 9 ¢ “/l’rg’ rea | 2540.16 Openness 0.52
m Performance Across = . . special_index: 16 "
All Indicators North-Tacing Imadiance 3 o5 G avout_zix: 1 FloorArea | g3 ServiceAren ' 55, 16
/ Wim? . Ratio /m?
wk flex_index: 18
’ Roof Solar Irradiance flex_layout_z/x: 1 Building , ,
Gen.39 Indv.33 /' Wim? s volume_index: 1 Coverage Ratio 038 !
Accessible Distance for playground height: 6 m School Scale Classroom
& Activities / m s classroom length: 9.0 m /classes 48 Area /m? e
N classroom width: 7.8 m
Average Solar Irradiance N Building Height Gross Floor
{ § ; 15.6 :
Overall Optimal \ /Wi 117.1 classroom height: 3.9 m i e 14065.92
layout_x: 0
Llan 4 N\ South-Facing Irradiance layout_y: 4 Outdoor Spatial
— Bestin \ ‘ & rmadia 1724 your y: Activity Area | 2540.16 ~ Ptt® 052
. . / Wim? office_index: 9 2 Openness
Accessible Distance speci al index: 9 /m
for Activities North-Facing Irradiance S S Floor Area Service Area
oo s, Wi 61.8 spec@l_layout_z/x. 0 Ratio 0.83 i 7292.16
< -2 flex_index: 11
\ a Roof Solar Irradiance 268.18 flex_layout_z/x: 1 Building 038 / /
N Gen.39 Indv.03 / Wm? . volume_index: 2 Coverage Ratio -
layground height: 6 m “lass
Accesmb.le. Dlstance for 85.99 playgl g Sclfoul Scale 30 Classroom 435456
a Activities / m classroom length: 9.6 m /classes Area /m?
classroom width: 8.4 m
{ Average Solar Irradiance . Building Height Gross Floor
Overall Optimal \, ! Wim? 127:65 flassrtmn} }ielght’ ERR /m 156 Area /m? 8707.2
Plan B - AN = o : ayou —X: Outdoor L
_ Bestin J% o) \\ South-Facing Irradiance 180.77 ldy_uulfy_ 3 Activity Area | 326592 Spatial 05
N\ / Win? office_index: 8 5 Openness
Average Solar - o \, e /m
A o N . . special_index: 18 )
Trradiance North-Facing Irradiance . X Floor Area Service Area
74.54 special_layout_z/x: 1 . 0.51 4352.64
/ Wim? X Ratio /m?
flex_index: 12
Skylight- Roof Solar Irradiance flex_layout_z/x: 1 Building .
kyLif Gen.39 Indv.16 / Win 2285 olume index: 2 Coverage Ratio 3 ! !
Classroo Accessible Distance for ¢\ -, playground height: 6 m School Scale pn Classroom o0 o
m 35 Activities / m : classroom length: 9.0 m /classes Area /m? -
. classroom width: 7.8 m
{ Solar Irrad N ildi i 3
< \ Average /(;);:I:a 1ance 1274 classroom height: 3.9 m Bnﬂdu;rgnHelght 15.6 G;(:.s‘.s“};:z? 123282
Overall Optimal \ . layout_x: 0
Plan C N\ South-Facing Irradiance layoutll' 4 Outdoor Spatial
. P N\ | 181.24 o Activity Area  4422.6 0.52
— Best in Roof' o) - \ / Wim? office_index: 3 s Openness
Solar Irradiance . R . . special_index: 9 ) .
ot North-Facing Irradiance L Floor Area Service Area
\ e e J Wi 73.56 special_layout_z/x: 1 Ratio 0.73 e 6431.4
s Py ’ flex_index: 13
av Roof Solar Irradiance 273.32 flex_layout_z/x: 1 Building 0.52 ” ”
Gen.39 Indv.01 / Wim?* - volume_index: S Coverage Ratio ’ ’ i
— istance f layground height: 6 m ¢ c: “lass
- Aue:slb!eil?latdme for 81.37 playg g School Scale 48 Classroom 5896.8
Activities / m classroom length: 9.0 m /classes Area /m?
| classroom width: 7.8 m . ) S
Overall Optimal Average S/o\l;;fn::"radlance 126.01 classroom height: 3.9 m Bmldu::1 Height 15.6 (x; (;:‘:al,'::" 12609
Plan D mlayout_x: 1 Outdoor
— Best in “ boulh-l*acmvg Irradiance 18077 lay_uutfy: 4 Activity Area | 44226 Spatial 053
Average / Wim? office_index: 9 et Openness
Performance Across North-Facing [rradi special_index: 5 TloorA Service A,
All Indicators . oriracme MAGNCE 7454 special_layout_z/x: 1 OOLATER g 74 SOVICCAIE 67109
/ Wim? S = Ratio /m?
flex_index: 13
Roof Solar Irradiance 272.16 flex_layout_z/x: 1 Building 052 / /

Gen.39 Indv.01

/' Wim?

volume_index: 2

Coverage Ratio

Figure 12. Layout optimization results of three classroom clusters layout.
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Each optimized scheme comprehensively reported Economic and Technical Indica-
tors, including FAR, building density, spatial openness, and gross floor area, providing a
systematic reference framework for manual evaluation and scheme selection within the
Pareto front. Due to differences in setback distances associated with the three classroom
types, the floor area ratio was highest in standard side-lit layouts, followed by high side-lit
and skylight-lit layouts; in contrast, building density was greatest for skylight-lit layouts,
followed by high side-lit, and lowest for standard side-lit. Regarding school scale, the
standard side-lit classroom layouts could accommodate up to 60 classes, demonstrating
higher spatial efficiency, whereas the high side-lit and skylight-lit layouts accommodated
3048 classes. Notably, the setback design of the high side-lit and skylight-lit layouts cre-
ated more than 2000 m? of proximate outdoor activity space, which helps extend students’
exposure to sunlight and promotes healthier growth.

4.3.2. Stage 2: Classroom Clusters Optimization

Building upon the first stage of layout optimization, this experiment further focuses
on detailed structural optimization for standard classrooms characterized by long average
usage duration, high daylighting requirements, and intensive occupancy rates. In this
process, a unified construction and internal morphology replaced the simplified hexahedral
model used previously, ensuring the feasibility of the schemes in real scenarios. At this
stage, the D-schemes of three layouts were selected as the optimization basis, and the mean
values of four performance indicators across dozens of classrooms in each cluster were
iteratively optimized.

For Standard Side-Lit Classroom (Figure 13a), UOD stabilized at 0.46, with some
solutions surpassing the 0.50 threshold. sDA increased markedly from 0.23 to 0.53 (+130%),
greatly enhancing daylight utilization, while sGA declined slightly from 0.83 to 0.75,
striking a balance between improved daylight and glare control. APMV remained around
0.44, indicating limited thermal impact. For High Side-Lit Classroom (Figure 13b), UOD
rose from 0.36 to 0.50 (+39%), with some solutions reaching 0.66. sGA improved from 0.53
to 0.69 (+30%), reducing glare substantially, while sDA increased modestly to 0.55, with
certain solutions exceeding 0.70. Meanwhile, APMYV fell from 0.51 to 0.47 (-7.8%), mitigating
overheating from south-facing windows. For Skylight-Lit Classroom (Figure 13c), UOD
improved from 0.40 to 0.50 (+20%), while sGA surged from 0.47 to 0.80 (+70%), nearly
eliminating glare issues. Although sDA declined from 0.82 to 0.65 due to trade-offs with
UOD and sGA, it remained above the 0.50 benchmark, with some solutions close to 0.80.
APMV decreased from 0.59 to 0.51 (-13.6%), with a few cases below 0.40, alleviating
skylight overheating.

Based on the optimization results, the experiment applied the K-means clustering
algorithm to classify the solution sets. According to the optimization tendencies of class-
room design parameters, each type of classroom was divided into 4 categories, and one
representative solution was selected from each category to further explore the refined
design strategies proposed by the algorithm and evaluate their effects on daylighting and
thermal performance.



Buildings 2025, 15, 3821

28 of 41

Standard Deviation Graph

i e
() e\ N
7 AN
47/
4 P
il JAA
7 A
0034 0171 0307 0443 0579 0716 0852 -0411  -0095 0220 053 0851 1170 1480 0147 0343 0539 0735 0931 1130 1320 0329 0368 0406 0444 0483
Fitness Value Fitness Value Fitness Value Fitness Value
Mean Values Trendline
Mean Value Mean Value Mean Value Mean Value
047 Jos1 082 T oss
046 045 080 044
H 045 25, 039 - s 078 L® EER 043
2 v
044 033 1076 042
043 026 074 041
0 Generation 40 0 Generation 40 0 Generation 40 0 Generation 40
FOI: UOD FO2: sDAsoo/s0% FO3: sGAo3s/95% FO4: aPMV-mean
(a)
Standard Deviation Graph
. \‘A
+
= E HE | {i RS i et || L) “ = -
0038 01 0340 0490 0641 0791 0942 -0576 -0211 0154 0520 0885 1250 1620 0000 0218 0442 0890 1110 1340 0374 0392 0448 0484 0521 0558 0505
Fitness Value Fitness Value Fitness Value Fitness Value
Mean Values Trendline
Mean Value Mean Value Mean Value Mean Value
" o9 059 067 051
047 057 064 050
e 045 . . s 054 s 061 049
043 052 058 048
041 049 055 047
0 Generation 40 0 Generation 40 0 Generation 40 Generation 40
FOI: UOD FO2: sDAsoo/s0% FO3: sGAoss/95% FO4: aPMV-mean
Standard Deviation Graph
: ‘ 7 \ i
V// o
‘ f/
i | /
i ‘
A A\
7l /) \
4 Y \ |
ey 4 Ty
0112 0171 0349 0467 0586 0704 0822 0342 0000 0323 0655 0987 1320 1650  -0017 0242 0468 0694 0919 1140 1370 0305 0390 0476 0561 0647 0732 0818
Fitness Value Fitness Value Fitness Value Fitness Value
Mean Values Trendline
Mean Value Mean Value Mean Value Mean Value
048 084 o 075 059
046 079 070 057
ey 044 0.74 2 0.65 055
042 1069 060 053
040 y 064 055 . e L 11!
0 Generation 40 0 Generation 40 0 Generation 40 0 Generation . 40
FOI: UOD FO2: sDAsoo/s0% FO3: sGAoss/95% FO4: aPMV-mean

(©)

Figure 13. Optimization process of classroom cluster indicators: (a) Standard side-lit classroom,

(b) High side-lit classroom, (c) Skylight-lit classroom.

The generated schemes exhibited certain common features: in Standard Side-Lit
Classrooms, the south-facing facades generally lacked vertical louvers, and were equipped
only with narrow horizontal shading devices; corridors were located on the north side,
with semi-outdoor solid walls or glass balustrades. In High Side-Lit Classrooms, the south
facades had dense vertical louvers, the north-side corridors adopted semi-outdoor glass
balustrades, and the north wall had significantly more window area than the south wall. In
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Skylight-Lit Classrooms, skylights were relatively high, but shading treatments for side
windows and skylight apertures varied considerably (Table 15).

Table 15. Pareto front solutions for clusters optimization of classroom parameters (The indicator is
the average of all classrooms in the cluster).

A B C D
Type
UOD/sDA/sGA/APMV
1 ]
|
Standard Side-Lit : .
Classroom \ ‘ \
l
Value 0.54/0.92/0.51/0.49 0.65/0.50/0.83/0.46 0.60/0.88/0.56/0.48 0.64/0.51/0.81/0.45
[ 1= /\

High Side-Lit Classroom

Value

Skylight-Lit Classroom

Value

(i

0.53/0.73/0.64/0.46 0.61/0.71/0.69/0.46 0.67/0.87/0.64/0.47 0.55/0.81/0.64/0.51

L

0.53/0.88/0.62/0.50 0.50/0.77/0.75/0.54 0.63/0.85/0.77/0.54 0.57/0.84/0.80/0.53

Across the selected stage 2 optimization results—Standard Side-Lit Classroom B
Cluster (Figure 14), High-Lit Classroom C Cluster (Figure 15) and Skylight-Lit Classroom
C Cluster (Figure 16)—distinct spatial patterns of daylighting and thermal performance
emerge depending on their layout positions within the cluster.

In the standard side-lit classrooms, daylight quality is strongly influenced by mu-
tual shading and building orientation. Lower floors and rear rows tend to experience
insufficient daylight, while the facades facing east or west are more prone to glare and
uneven brightness. This layout demonstrates a clear depth-related gradient in both day-
light distribution and visual comfort, revealing the limitations of lateral illumination in
deep-plan clusters.

The high side-lit classrooms perform more consistently across different floors and
rows. The elevated window configuration allows daylight to penetrate deeper into the
space, reducing the dependence on building orientation and minimizing shadowing effects
from adjacent units. As a result, overall illuminance uniformity and glare control remain
relatively stable throughout the cluster, even in mid- or lower-level classrooms.
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Figure 14. Standard Side-Lit Classroom B Cluster—Overview of 60 Classrooms” Indicators, Parame-
ters, and Optimization Results.
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Figure 15. High-Lit Classroom C Cluster—Overview of 48 Classrooms’ Indicators, Parameters, and

Optimization Results.
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Figure 16. Skylight-Lit Classroom C Cluster—Overview of 48 Classrooms’ Indicators, Parameters,
and Optimization Results.

By contrast, the skylight-lit classrooms exhibit the most homogeneous performance
across all spatial positions. Since the primary light source is vertical, the influence of exter-
nal obstruction and fagade orientation becomes minimal. Daylight distribution remains
even across floors and rows, and visual comfort is well maintained. However, top-floor
classrooms may experience slightly elevated thermal loads due to direct solar exposure,
requiring refined shading or ventilation measures.

Overall, the comparison indicates that while side-lit configurations are highly sensi-
tive to spatial position and surrounding obstructions, high side-lit and skylight systems
significantly reduce this dependency, achieving greater daylight uniformity and comfort at
the cluster scale.

4.4. Performance Comparison

This section provides a comprehensive analysis of average daylighting performance,
uniformity, glare control, and thermal comfort across three classroom clusters. The aim is
to reveal the differences in performance under multi-objective optimization and to explain
their underlying causes (Figure 17).
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Figure 17. Performance comparison of layout optimization for three classroom types.

Across all indicators, the skylight-lit classroom demonstrated the most balanced and
superior daylight performance, while the high side-lit classroom achieved stable results
with improved uniformity and glare control, and the standard side-lit classroom showed
acceptable yet position-sensitive outcomes. In terms of daylight uniformity (UOD), both
skylight-lit and high side-lit schemes effectively reduced brightness gradients through
deeper light penetration and ceiling reflection, outperforming the side-lit model constrained
by unilateral illumination. For spatial daylight autonomy (sDA), skylight-lit classrooms
provided the widest light coverage and maintained adequate illuminance even in deeper
zones, while high side-lit spaces offered moderate improvement and side-lit ones showed
the steepest light decay. Regarding glare control (sGA), skylights—with optimized lou-
vers and diffused top lighting—achieved the best balance between brightness and visual
comfort, followed by high side-lit designs; side-lit layouts remained more prone to low-
angle glare, especially on west-facing fagades. In thermal performance (APMYV), however,
skylight-lit classrooms exhibited slightly higher heat gain, whereas side-lit and high side-lit
designs benefited from better ventilation and lower thermal discomfort. Overall, the results
highlight that while skylight systems maximize daylight quality and visual comfort, side-
and high side-lit configurations retain thermal advantages, suggesting the need for hybrid
strategies in future classroom design.

Skylight-lit classrooms demonstrated clear advantages in daylight sufficiency and
glare control, making them suitable for teaching spaces that prioritize balanced daylight dis-
tribution and visual comfort. High side-lit classrooms offered a better compromise between
daylight uniformity and thermal comfort, particularly effective in deeper classroom layouts.
Standard side-lit classrooms, though less competitive in daylighting performance, provided
unique advantages in natural ventilation and thermal regulation, which is particularly
valuable in hot-humid climates where reliance on mechanical cooling should be mini-
mized. These comparative findings provide targeted parametric optimization strategies for
classroom design under varying climatic conditions and spatial scales.
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5. Discussion
5.1. An Optimization Framework Bridging Macro and Micro Scales

The core contribution of this study lies in establishing a dual-layer design framework
that bridges campus-scale functional layout (macro) and classroom-scale architectural
configuration (micro). In architectural research, designing across scales has long been
a fundamental challenge—how to integrate urban block-level planning decisions with
building-level components within a unified parametric logic [72]. Unlike most existing
studies that optimize building performance at a single scale, prior works tend to either focus
on envelope-level parameters—such as window-to-wall ratio, geometry, or orientation—to
enhance daylighting and energy efficiency [73], or address urban morphology optimization
to balance solar access, energy use, and spatial quality [74]. However, these approaches
often neglect the micro-environmental conditions within individual buildings. A structure
poorly oriented or shaded in the early layout stage inevitably limits its daylighting potential,
regardless of how refined its fagade design may later become. Conversely, the macro-level
optimization framework developed in this study enhances the solar potential of each
building envelope, thereby increasing the likelihood of achieving superior performance
in subsequent design stages. This computational workflow effectively overcomes the
conventional separation between scales and decisions, offering a systematic approach to
achieving global performance optimization in campus design.

Beyond its methodological advantages, this framework represents a paradigm
shift—from a traditional, linear, and fragmented design process toward an integrated,
performance-driven one [75]. In conventional practice, master planning and building
design are often treated as discrete stages: planners determine site boundaries and basic
volumes, while architects work within those constraints. Such separation frequently leads
to suboptimal outcomes, as macro-level decisions fail to quantitatively anticipate their
downstream impacts on micro-level environmental performance. The proposed framework
establishes a causal linkage between design phases, where the first-stage optimization
objectives (solar radiation and accessibility) directly inform and enable the second-stage
goals (daylighting and thermal comfort). This creates a concurrent design thinking mecha-
nism that computationally bridges disciplinary boundaries, intertwining macro and micro
considerations into a unified optimization process [76]. As a result, the approach deliver-
ing a data-informed solution aligned with the broader call for integrating form, function,
environment, and culture in complex planning tasks [77].

5.2. A Goal-Driven Paradigm for Daylighting School Design

This study incorporated activity accessibility distance as a key objective function in
the stage 1 optimization. While its primary purpose was to increase students” exposure
to outdoor sunlight and enhance the overall efficiency of natural light utilization, this
parameter extends beyond conventional optimization goals centered solely on physical
environmental performance [78]. It introduces user behavior and spatial experience as
integral design considerations [79,80]. In campus planning, spatial quality is defined not
only by environmental comfort but also by the extent to which it supports teaching, social
interaction, and daily activities [81]. Issues such as traffic congestion, segregated functional
zones, and inactive public spaces remain prevalent in contemporary campus design [82].
By quantifying accessibility as an optimization objective, this study directly addresses
real-world problems—such as the limited use of sports facilities due to excessive travel
distances—highlighted in the introduction.

This approach aligns with the long-standing use of accessibility as a key metric in
industrial layout optimization and urban space syntax analysis [83]. More importantly, it
advocates a goal-driven rather than form-driven design philosophy. Traditional campus
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design often begins with formal precedents or stylistic preferences, whereas this research
starts from a fundamental redefinition of what constitutes a “Daylighting School”: one that
ensures ample daylight potential, convenient outdoor pathways, and healthy, comfortable
classrooms. These qualitative expectations are rigorously encoded into quantifiable, com-
putational objectives, enabling algorithms to identify spatial configurations and geometries
that best fulfill these design intentions [84,85].

5.3. Advanced Daylighting Strategies

The second-stage results of this study provide empirical evidence for the superior
performance of daylighting strategies in classrooms. As shown in Table 16, compared
with the standard side-lit model widely used in Chinese schools, both the high side-lit and
skylight-lit configurations demonstrate remarkable advantages in enhancing illuminance
uniformity and mitigating glare—issues that are particularly critical in deep classrooms of
high-density urban campuses.

Table 16. Comparative Analysis of Classroom Daylighting Strategy Performance.

Spatial Daylight . Illuminance
Strategy Type Autonomy (sDA) Glare Acceptability (sGA) Uniformity Key Advantage Key Challenge
Low in Cost-effective, simple Uneven light
. . oW In areas Low near the window; high Low, with construction, distribution;
Standard Side-Lit distant from the . C . . . - .
. glare risk significant gradient provides insufficient daylight
window . .
external view in deep zones
Generally higher, Introduces diffuse Requires complex
. . . with significant High; effectively controls High; markedly skylight; enhances structural design;
High Side-Lit . . . . . : . .
improvement in low-angle glare improves uniformity illuminance in may affect
deep areas deep spaces facade aesthetics
Highest overall; Hi Provides sufficient High initial cost and
. . . . ighest; most . .
. . independent of Highest; low glare risk after . daylight for waterproofing
Skylight-Lit 1 Lo uniform . ;
building optimization . e deep-plan or requirements; risk
. . light distribution ;
orientation core spaces of overheating

By introducing daylight from higher positions, the high side-lit and skylight-lit sys-
tems allow light to penetrate deeper into the room, achieving more uniform distribution
(higher UOD) and significantly improving the overall daylighting quality [86]. In terms of
glare control, although poorly designed skylights can become potential sources of glare,
the optimized skylight-lit configuration in this study demonstrated superior performance
in spatial glare acceptability (sGA). This improvement primarily stems from the higher in-
cident angle of top lighting, which reduces low-angle, high-luminance direct light entering
the visual field—one of the main causes of visual discomfort [87]. Heschong Mahone [88]
studies deliberately isolated the effect of daylight illumination from other visual variables
such as exterior views and found a strong positive correlation between pure daylight
exposure and students’ academic performance. From a building performance perspective,
the present study provides a scientific explanation for this phenomenon: a well-designed
top-lighting system can deliver abundant and uniformly distributed daylight while ef-
fectively mitigating glare risks, thereby creating an indoor luminous environment that
genuinely supports visual comfort, cognitive focus, and learning efficiency.

5.4. Limitations and Future Work

This study has made progress in exploring generative design approaches for campus
planning; however, several limitations remain. First, the flexibility of the generative design
process is limited. The current “Daylighting School” generation framework is still in its
early experimental stage. The design rules are relatively rigid, leading to solutions that
tend to be mechanical and lack diversity and spatial fluidity. Second, thermal comfort
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indicators are not sufficiently considered. The study primarily focused on daylighting
performance, while the assessment of thermal conditions was relatively simplified and did
not fully capture the complexity of real indoor thermal environments. Third, the functional
coverage of the generative process remains restricted. The present research focuses mainly
on the teaching zone, excluding other essential campus facilities such as canteens and
administrative buildings. As a result, the framework requires manual functional zoning by
architects, which constrains its applicability to broader design scenarios.

Building on these limitations, future work can be advanced in several directions. First,
the research scope should be extended to campuses located in diverse climatic and cultural
contexts to establish a more universal “Daylighting School” design model and parameter
system. Further investigation is also needed to explore how coupled light-thermal envi-
ronments affect students’ learning efficiency and psychological well-being. In addition,
incorporating metrics such as indoor acoustic comfort, life-cycle cost (LCC), and carbon
emissions (LCC/LCA) would enable the development of a more holistic, sustainability-
oriented optimization platform. Second, advanced computational methods such as deep
reinforcement learning (e.g., XGB/GP) and agent-based modeling could be integrated to
enhance the predictive accuracy and generalization of the models. Virtual reality (VR)
technologies could also be utilized to create immersive design assessment environments,
providing designers with intuitive, real-time feedback. Finally, collaboration with educa-
tional authorities and design institutions would allow the “Daylighting School” design
concept and the proposed generative platform to be applied in real-world projects. Field
implementation and data accumulation could, in turn, help validate, refine, and expand the
research outcomes, promoting the broader adoption of daylight-oriented campus design
practices through academic dissemination and case-based demonstration.

6. Conclusions

This study proposes a daylight-oriented design model for primary and secondary
school campuses under the “Daylighting School” concept, aiming to balance indoor day-
lighting and outdoor activity opportunities. A two-stage generative optimization frame-
work was developed, integrating Artificial Neural Networks (ANNs) and NSGA-II with
daylight autonomy, glare, uniformity, and thermal comfort incorporated into a unified
multi-objective system. The framework not only reveals performance differences and
underlying mechanisms among alternative daylighting strategies but also demonstrates the
effectiveness of generative algorithms in supporting complex architectural decision-making,
providing a replicable methodology for performance-driven school design.

At the experimental level, the research began with an analysis of current daylighting
conditions in Chinese classrooms, referencing the “Daylighting School” guidelines and
international precedents to propose a strategy of “adjacent outdoor spaces + combined sky-
light and side-lighting”. A two-stage optimization was then conducted on a typical school
site in Guangzhou. Stage 1 focused on overall building layout, optimizing solar radiation
and accessibility distances; results showed a 5-20% improvement in both daylight access
and outdoor circulation efficiency compared to baseline schemes. Stage 2 refined classroom
clusters, with ANN accelerating the evaluation of sDA, sGA, UOD, and APMV-mean.
Results confirmed that High Side-Lit and Skylight-Lit classrooms outperformed Standard
Side-Lit classrooms in terms of illuminance, uniformity, and glare control while maintaining
acceptable thermal comfort levels, thus validating the feasibility and advantages of the
“Daylighting School” model in the Lingnan climate.

At the practical level, this research provides a parametric design framework and oper-
able optimization pathway for the implementation of “Daylighting Schools” in Lingnan,
enabling architects to balance daylighting and thermal conditions across varying spatial
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scales and climatic contexts. Beyond the regional scope, the framework demonstrates cross-
regional and cross-typological applicability, offering a valuable reference for educational
facilities in high-density urban environments and extending the application boundary of
artificial intelligence in architectural design.
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E Illuminance, 1x
DF Daylight Factor, %
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UOD Uniformity of Daylight, %
sDA Spatial Daylight Autonomy, %
DGP Disability Glare Probability, %
sGA Spatial Glare Autonomy, %
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Appendix A. Design Cases of Teaching Buildings in
Guangzhou-Shenzhen Region

Linear Matrix layout Teaching Building Cases

Hongling Experimental School,
Shenzhen, CLS = 38, FAR = 0.91

The Affiliated High School of Xinsha School, Shenzhen, Hongling Middle School,
SCNU, CLS = 36, FAR = 0.29 CLS =40, FAR = 3.26 Shenzhen, CLS = 34, FAR = 1.97
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Linear Matrix layout Teaching Building Cases

Yunding School, Shenzhen, Shenzhen Qasis International Futian Middle School, Shenzhen, ]mloggas:hzo}?é, Nérlisshf Egtrlct,
CLS =42, FAR = 0.82 School, CLS = 36, FAR = 0.73 CLS = 60, FAR = 2.93 e s

The Affili H
Guangzhou Foreign Language Guangzhou Nansha No. 1 High Ex eiime;i:r}sihozzlmsgg;\lm Guangzhou Experimental Middle
School, CLS = 60, FAR = 0.88 School, CLS = 52, FAR = 0.59 P CLS = 29, FAR = '1 03 ! School, CLS = 90, FAR = 1.50

Courtyard Layout Teaching Building Cases

The Affiliated Primary School of Hongling Experimental School Shenzhen Experimental School Shenzhen Primary School
SCUT (Guangzhou International (Shangsha Campus), Shenzhen, (Middle School Section), CLS = 42, CLS = 36 F. ARr}: 237 ’
Campus), CLS = 24, FAR = 0.060 CLS =40, FAR = 0.79 FAR = 2.00 B o

?j;a;icg?iiggeélgi;iii' Scﬁzgls?éiolig)e llgz;ig;c 1g0e01 Pengxing Experimental School, Tiandong Middle School,
CLS = 18, FAR = 2.30 Shenzhen, CLS = 54, FAR = 2.29 Shenzhen, CLS = 57, FAR = 0.82 Shenzhen, CLS = 36, FAR = 1.02
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Hybrid Layouts Teaching Building Cases

. Shenzhen Middle School Second Experimental School of Huafu Experimental School,
Shixia School (South Campus), . . L. . .
Shenzhen. CLS 34 FAR = 1.67 (Nidgang Campus), CLS =72, Futian District, Shenzhen, Hongling Education Group,
enzhen, e = 0% AR =L FAR = 1.00 CLS = 48, FAR = 1.05 Shenzhen, CLS = 46, FAR = 2.39

The Affiliated Nansha Middle Sino-Canada (Nanshan) Bao’an Experimental School, Second Foreign Language School,
School, SCNU, CLS =72, International School, Shenzhen, Shenzhen. CLS = 91, FAR = 0.91 Longhua District, Shenzhen,
FAR =0.70 CLS =27, FAR =0.95 . ! CLS =54, FAR =3.22
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