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ABSTRACT

Architectural design studios represent cognitively demanding and behaviorally intensive learning environments, yet
current evaluation models rarely address their complex indoor environmental needs, especially in hot-arid regions.
This study addresses a critical global gap by proposing the “Smart Studio Quality Index” (SSQI), a novel, multi-
dimensional evaluation framework that integrates real-time Internet of Things (IoT) sensor data, spatial functionality
metrics, and user-centered behavioral analytics. Tested in Egyptian architectural studios through a combination of
environmental monitoring, behavioral surveys (n=85), and statistical modeling (R?> = 0.69), the SSQI revealed
substantial deficits in thermal comfort, air quality, lighting, and acoustics, correlating strongly with reduced student
satisfaction and cognitive focus. Scenario-based simulations showed that smart adaptive interventions could improve
SSQI scores by up to 23%, while reducing CO_ concentrations and optimizing energy use. Beyond its local application,
the SSQI offers a transferable and scalable model aligned with international standards (ASHRAE 55, ISO 3382-3, EN
12464-1) and supports sustainable development goals by promoting energy-efficient, cli-mate-resilient educational
spaces that enhance learning equity in the Global South. The study contributes a replicable methodology that bridges
architectural education, environ-mental performance, and smart building innovation, supporting global goals for
sustain-able and student-centered learning spaces.

KEYWORDS: Smart Studio Quality Index (SSQI); IoT-based Evaluation; Architectural Design Studios;
Indoor Environmental Quality (IEQ); Educational Performance; Smart Learning Environments; Sustainable
Architecture; Green Building.
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1. INTRODUCTION
1.1. Background And Research Context

In the era of accelerated climate change and
increasing urban complexity, architectural education
is undergoing a global transformation. Across
continents, design schools are increasingly expected
to prepare students not only as creative professionals
but also as environmentally responsible thinkers. In
this context, indoor environmental quality (IEQ)
within architectural studios is receiving growing
international attention, particularly due to its impact
on cognitive performance, creative thinking, and
academic well-being [1-3].

Architectural design studios represent a distinct
typology within educational buildings, requiring
prolonged  occupancy, continuous cognitive
engagement, and heightened sensitivity to spatial
and environmental stimuli. However, in many
Global South institutions especially in hot-arid
regions studios still rely on static, outdated systems.
Per-sistent challenges such as thermal discomfort,
poor ventilation, insufficient daylight, and
suboptimal acoustic performance are further
exacerbated by a lack of smart environmental
controls and feedback infrastructure. These issues
not only hinder student performance but also
undermine the teaching of sustainable design
principles adapted to local climates, perpetuating
Eurocentric biases in architectural pedagogy.

The Pyramids Higher Institute of Engineering
and Technology (PHI) in Egypt exemplifies this
broader issue: while playing a vital role in shaping
future architects, its studios exhibit severe
environmental inconsistencies. These deficiencies
not only hinder comfort but also compromise
learning outcomes and creative performance [4-5].

In response to these challenges, this study
introduces a transformative, smart evaluation model
that goes beyond conventional assessments. By
leveraging Internet of Things (IoT) technologies,
behavioral feedback, and environmental simulations,
it proposes the Smart Studio Quality Index (SSQI) a
scalable, multi-dimensional metric designed to
quantify, interpret, and enhance the environmental
performance of design studios. Unlike static
evaluations, the SSQI supports predictive analysis,
dynamic adaptation, and user centered learning
design across diverse educational settings [6-7],
fostering sustainable architectural education by
enabling students to evaluate and design for climate
responsive environments.

1.2. Problem Statement and Gap Analysis

Despite growing global emphasis on smart
educational environments, the application of loT-
driven environmental evaluation frameworks in
design-based learning spaces especially in resource
constrained, hot-arid contexts remains limited. Most
existing studies focus on conventional classrooms or
office settings, with few tailored to the environmental
and cognitive demands of architectural studios [8-9].

Moreover, while sensor-based studies exist, there
is no existing unified metric that integrates real-time
sensing, user perception, and behavioral adaptation
into a composite evaluation framework for
architecture education. Prior research often
overlooks the inter-action between environmental
parameters (temperature, air quality, light, and
acoustics) multi-dimensional smart framework, and
design cognition, especially in institutions that lack
smart infrastructure [10-11]. This gap is particularly
acute in hot-arid regions, where poor IEQ not only
affects health and performance but also limits
students' ability to innovate sustainable designs,
exacerbating environmental unsustainability.

This study addresses these gaps by offering a
replicable, data rich, and behaviorally sensitive tool
for evaluating and enhancing the performance of
studio environments.

1.3. Research Aim

This study has a two-phase objective:

1. Phase I (Current Study): To assess the existing
indoor environmental quality (IEQ) in
architectural design studios in hot-arid
climates using real-time IoT sensors and
behavioral surveys, and to quantify its impact
on students’ cognitive focus, creative output,
and overall studio performance.

2. Phase II (Future Application): To lay the
foundation for developing the Smart Studio
Quality Index (SSQI) as a pedagogical design
evaluation tool that enables students and
educators to assess proposed studio designs
for climatic responsiveness, sustainability, and
learning effectiveness.

This paper focuses on Phase I, providing
empirical evidence from real-world studios as a
necessary precursor to Phase II. The SSQI framework
is proposed as a scalable model, with scenario-based
simulations demonstrating its potential use in design
evaluation.

1.4. Research Framework: Question, Objectives,
And Hypotheses

This research addresses a critical gap in the
environmental and behavioral evaluation of
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architectural studios in resource-constrained, hot-
arid educational contexts. While traditional
assessment methods often neglect the combined
impact of real-time environ-mental data and user
experience, this study introduces a smart, multi-
dimensional evaluation framework based on IoT
monitoring and behavioral analytics.

1.4.1. Research Question

How can a multi-dimensional IoT-based
framework quantify and enhance the performance of
architectural design studios in hot-arid climates in
terms of indoor environ-mental quality, user
satisfaction, and educational outcomes?

1.4.2. Research Objectives

1. Evaluate the current indoor environmental
quality (IEQ) of architectural design studios
using IoT sensors and structured user
feedback.

2. Analyze the relationship between
environmental variables (e.g., thermal comfort,
lighting, air quality, and acoustics) and
students’ cognitive and behavioral
performance.

3. Develop a Smart Studio Quality Index (SSQI)
by integrating environmental data and user
perception into a composite metric.

4. Simulate and validate the SSQI using statistical
modeling and expert-driven scenario testing to
assess its reliability, accuracy, and scalability.

5. Propose a transferable and replicable
framework to support the design and retrofit-
ting of architectural studios in hot-arid
educational environments globally, with
emphasis on sustainability and climatic
adaptation in pedagogical practices.

1.4.3. Research Hypotheses

Main  Hypothesis: Integrating ~ IoT-based
environmental — monitoring  with  behavioral
performance metrics will significantly improve the
environmental quality, user satisfaction, and
educational effectiveness of architectural design
studios in hot-arid climates.

Sub-Hypotheses

1. There is a statistically significant negative
correlation between poor indoor environ-
mental quality (e.g., inadequate ventilation,
lighting, acoustics, and thermal discomfort)
and student satisfaction, focus, and creative
output.

2. IoT-based control

smart environmental

systems improve both perceived and
objectively measured comfort in architectural
studio settings.

3. The cognitive and behavioral demands of

design-based  learning  moderate  the
relationship between IEQ and learning
outcomes in architecture studios.

2. LITERATURE REVIEW

2.1. International Perspectives on IEQ And
Behavioral Design in Architecture Education

Globally, the architectural studio has evolved into
a critical pedagogical environment that fosters
creativity, critical thinking, and applied design.
Unlike traditional classrooms, studios require
prolonged occupancy, intensive cognitive
engagement, and high environmental adaptability.
Accordingly, Indoor Environmental Quality (IEQ)
has been widely recognized as a pivotal determinant
of academic performance and well-being in higher
education environments [12-13]. Studies from
Europe, Asia, and North America have consistently
shown that poor IEQ particularly in thermal comfort,
lighting, and air quality can impair memory
retention, hinder concentration, and reduce design
productivity [14-15].

In the Global South, particularly in hot-arid
regions, the challenges of maintaining stable IEQ are
compounded by outdated building systems and
limited access to smart environmental control. In
Egypt, for instance, design studios often lack the
adaptive infra-structure necessary to respond to
fluctuating indoor conditions. [16-17] demonstrates
how spatial orientation and passive design
significantly influence comfort and learning out
comes in architectural education.

These findings resonate with behavioral design
theories that emphasize the psychological interplay
between space, environment, and performance. [18-
3] have called for a more nuanced approach to
educational space design one that recognizes users’
sensory and emotional responses as key performance
indicators.

2.2. Iot-Based Monitoring Systems in Learning
Environments

The emergence of Internet of Things (IoT)
technologies in educational buildings has enabled a
shift from reactive to proactive environmental
control. Real-time monitoring of temperature, CO,,
daylight, and noise levels allows for dynamic
environmental management and personalized
adaptation [8-11].
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Several empirical studies have validated the
benefits of IoT-based systems in schools and
universities across varying contexts. These include

enhanced air quality management, increased energy
efficiency, and improved user responsiveness: Table
1

Table 1: Summary of Selected Empirical Studies On lot-Based Environmental Monitoring in Educational

Settings.
Study Methodology Main Findings Contribution
¥ 5 -
Marzouk & Atef IoT sensors deep Predicted IAQ risks via smart analytics Al-based env1r.onmental
(2022) learning forecasting
Visual CO: feedback Promoted interactive

Rawat et al. (2025) system

Improved user-driven ventilation behavior

environmental design

Shoukry et al. (2024) | Sensors in Cairo schools

Detected spatial IEQ variations

Demonstrated local design
inefficiencies

Ezeamii et al. (2025) TAQ vs. cognitive

Better ventilation improved focus and health

Linked environment with learning

outcomes
Canha et al. (2024) Sensor da'ta vs. Identified mlsalxgnrr}ent between measured and Advocated user-integrated
perception perceived comfort feedback

Despite the growing adoption of these tools, their
deployment in architecture studios remains limited,
particularly in low-resource regions. This restricts
their impact on creative learning environments,
where both environmental and behavioral variability
are high [19-23].

2.3. Research Gaps and the Need for Composite
Metrics

Although extensive studies exist on isolated
aspects of Indoor Environmental Quality (IEQ), few
offer an integrated assessment that captures the
complex interplay between environmental data, user
feedback, and academic performance. Most
established frameworks such as ASHRAE standards,
LEED credits for IEQ, and the WELL Building
Standard focus primarily on physical thresholds
(e.g., temperature, CO; levels, and light intensity) or
generalized user comfort, with limited relevance to
the behavioral and pedagogical dynamics of design-
based learning environments [24-5].

While these systems have advanced the global
discourse on indoor environments, they tend to
overlook the specific cognitive and spatial demands
of architectural studios, where prolonged mental

engagement and creative output are essential.
Moreover, these standards typically lack real-time,
adaptive components and are rarely contextualized
for use in under resourced or hot arid educational
settings.

Currently, there is no existing unified metric that
integrates real time sensor analytics with behavioral
performance indicators tailored specifically to
architecture education. This creates a methodological
gap in how learning environments are evaluated and
enhanced, especially in regions where environmental
data is scarce and smart infrastructure remains
underdeveloped [23-25] previous work on
improving spatial environments in architectural
design studios from users' perspectives highlights
the need for user centered models in similar contexts
[48].

This study directly addresses these limitations by
proposing the Smart Studio Quality Index (SSQI) a
composite, scalable, and behaviorally informed
evaluation framework. Unlike global models that
often serve certification purposes; the SSQI is
designed as an adaptive, diagnostic, and
improvement-oriented  tool, tailored to the
pedagogical and climatic needs of design studios in
hot-arid regions. Table 2

Table 2: SSQI Contributions in Addressing Current Gaps in IEQ Evaluation Frameworks.

Gap Description This Study’s Response
. T o . Introd SSQI: 1ti-di ional it
Fragmented IEQ metrics | Most models assess individual parameters in isolation ntroduces SSQI: a multi-dimensional composite
framework
Lack of behavioral Minimal inclusion of user experience or cognitive Combines sensor data with perception-based
integration performance surveys

Regional inapplicability specific

Existing tools are largely Western and not climate-

Tests the SSQI in a hot-arid Egyptian studio context

Poor scalability

Tools are costly or limited to advanced infrastructure

Proposes a flexible, low-cost, IoT-based system

Comparative Contribution of the SSQI Framework
to Existing Standards
As shown in Table 3, the SSQI framework

addresses critical gaps in current evaluation
standards by providing a context-specific,
behaviorally integrated, and dynamically adaptive
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tool tailored for learning environments, especially in

under-resourced, hot-arid regions.

Table 3: Comparative Analysis: SSQI Vs. International Evaluation Models.

. Behavioral Real-Time Educational Applicability in
Evaluation Model Core Focus Data Source Integration Adaptation Context Hot-Arid Regions
LEED (Leadership Energy, .

in Energy and sustainability, and Pre-occupancy Limited No real-time | Not education- (l;;;ircalli'nl‘zctlgs
Environmental building design standards feedback specific sensitivit
Design) performance Y
WELL Building | Health, well-being, | Environmental and Partial (via Mostly static Not tallc?red o L.1m1t.e.d .
comfort . learning applicability in
Standard comfort health parameters metrics .
surveys) processes extreme climates
ASHRAE Standards| Thermal comfort, | Engineering-based None No adaptive Not education- a dvgscseilml-eli/ AC
(e.g., 55, 62.1) air quality thresholds mechanisms focused .
infrastructure
. Environmental Sensor data + user | Full integration . Tailored for | Designed for low-
SS%L(il;I;}flzse)d m quality + learning | surveys + cognitive | of perception & Real—k’)t:;;ec,i loT- architecture tech, hot-arid
Y outcomes feedback behavior education settings
2.4. Scientific Contribution and academic domains creating a bridge between

Interdisciplinary Impact

The SSQI framework intersects four major

environmental engineering, architecture, educational
science, and behavioral psychology. Table 4.

Table 4: Interdisciplinary Contributions of the SSQI Framework Across Academic Domains.

Domain

Key Contribution

Environmental Psychology

Validates links between discomfort, fatigue, and academic underperformance [12—15]

Architecture Education

Promotes user-adaptive studio design, emphasizing space-behavior feedback loops

IoT and Smart Systems

Applies real-time sensing and machine learning for responsive indoor evaluation

Sustainability Science

Encourages energy-conscious retrofitting and climate-responsive environmental control [26]

By framing IEQ within a holistic evaluation
model, this study advances the understanding of
how smart technologies can reshape creative
learning environments in diverse climatic and
institutional settings.

2.5. Stakeholder Engagement and Institutional
Relevance

An important innovation in this study is the
incorporation of participatory design through
stakeholder engagement. Students, instructors, and
institutional managers contributed insights that
directly shaped the SSQI's design logic and usability.
This participatory methodology enhances the
contextual validity and practical adoption of the
proposed framework. Table 5.

Table 5: Stakeholder Contributions to the Development and Implementation of the SSQI Framework.

Stakeholder Role

Impact

Students .
experience

Provided feedback on spatial comfort and learning

Helped define perception-based indicators

Faculty Members

Informed pedagogical priorities and space utilization

Refined behavioral metrics and functional
criteria

Facility Managers

Assessed IoT deployment feasibility and sensor placement

Ensured technical practicality

Institutional Leaders

Facilitated access and reviewed policy alignment

Supported framework scalability and integration

Together, these contributions ensure that the SSQI
framework is not only academically rigorous but also
institutionally implementable and pedagogically
relevant.

3. METHODS

A Mixed-Methods Framework for Developing and
Simulating an IoT-Based Smart Studio Quality Index

(55QI)

3.1. Case Study Context

This research was conducted at the Pyramids
Higher Institute of Engineering and Technology
(PHI), located in 6th of October City, Egypt a private
architectural institution representative of hot-arid
educational environments. The case study focused
on four architectural design studios with varying
spatial configurations and orientations. Three
studios face northeast and exhibit comparable
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dimensions, ventilation strategies, and material
finishes, while the fourth studio facing southwest is
exposed to higher levels of external noise due to its
proximity to a main street. None of the studios is
equipped with centralized HVAC systems; instead,
they rely on ceiling fans, operable windows, and

Fig 1: Design Studios at PHI.

3.2. Data Collection Strategy

To ensure methodological triangulation and
enhance validity, the study employed a mixed-
methods approach integrating three
complementary data sources:

1. Environmental Field Measurements: Manual
measurements of temperature, illuminance,
relative humidity, CO, levels, and sound
pressure were conducted across all studios
using calibrated instruments. Measurements
were taken using: a digital thermometer
(range: -10°C to 50°C, accuracy: +0.5°C) for
temperature and humidity; a CO, meter
(range: 0-5000 ppm, accuracy: +50 ppm) for air
quality; a lux meter (range: 0-200,000 lux,
accuracy: +4%) for illuminance; and a sound
level meter (range: 30-130 dB, accuracy: 1.5
dB) for acoustics. Instruments were positioned
at 1.1 m height (seated level) in three zones per
studio (front, middle, rear) to capture spatial
variations. Measurements were taken during
typical studio hours over three weeks in the

spring  semester of 2025, ensuring
comparability across time and space.
2. Behavioral Surveys: A  structured

questionnaire (n=85) was administered to
students to capture perceived comfort,
cognitive focus, and satisfaction levels using
Likert-scale items validated in prior IEQ
studies.

3. Expert and Institutional Validation: Semi-
structured interviews with faculty and facility
managers complemented quantitative data,
ensuring contextual relevance.

3.3. Framework Development and Simulation

Based on Internet of Things (IoT) principles and
behaviorally responsive design theory, a Smart

artificial lighting. Access to natural daylight is
limited in all studios. Fig.1

Student occupancy per studio ranged between 20
and 30 students, reflecting typical utilization patterns
observed in similar architectural learning spaces in

Egypt [5].

‘

Studio Quality Index (SSQI) framework was
proposed. It integrates real-time environmental
sensing, user feedback loops, and adaptive control
mechanisms to optimize learning conditions, aligned
with pedagogical goals for sustainable design
evaluation in hot-arid contexts.

A Python-based simulation model was developed
to emulate the system's operational logic under
various environmental scenarios. The model
comprises:

1. Sensor Node Architecture: A virtual network
simulating temperature, CO,, lighting, and
sound sensors across the studio layout, based
on real field measurements and ISO/ ASHRAE
guidelines [29-33].

2. Data Processing Algorithms: The simulation
uses Python’s pandas, scikit learn, and
matplotlib libraries to interpret data trends and
trigger environmental responses, such as
alerting for over-illumination or excessive CO,
levels.

3. Behavioral Feedback Interfaces: Student
perception data  were  mapped to
environmental readings using weighted

regression to simulate real-time human-in-the-
loop adaptation strategies [8-10].

This simulation enabled preliminary validation of
the SSQI by testing its responsive-ness to fluctuating
environmental inputs and evaluating the alignment
between perceived and measured conditions.

3.4. Data Analysis and Evaluation Metrics

Data analysis followed a two-tiered structure:

1. Descriptive Statistics: Mean values, standard
deviations, and temporal averages were
computed for each IEQ parameter across the
studios to identify performance disparities.

2. Inferential Analysis Spearman's p and multiple
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regression analyses were conducted to explore
the relationship between environmental
variables (e.g., CO,, temperature, noise) and
student  satisfaction and  self-reported
productivity.

3. Visualization and Diagnostic Tools: Heatmaps,
radar charts, and time-series plots were

generated to compare studios using seaborn
and plotly. A dashboard prototype was
designed to present real-time environmental
feedback.
Six core IEQ metrics were adopted as performance
indicators in line with global benchmarks: Table 6.
[34-39]

Table 6: Core Indoor Environmental Quality (IEQ) Metrics and Their Reference Standards.

Metric Reference Standard
Thermal Comfort ASHRAE 55
Indoor Air Quality WHO, ASHRAE 62.1
Lighting Adequacy EN 12464-1
Acoustic Performance 1SO 3382-3

Layout Ergonomics

Institutional Spatial Criteria

Tool Accessibility

Pedagogical & Functional Records

3.5. Energy Performance Estimation Method

To estimate the potential improvement in energy
performance following environ-mental
interventions, the study conducted predictive
simulations using Energy Plus soft-ware, calibrated
with field-measured data (temperature, occupancy
schedule, ventilation patterns). A base-case model
representing the current conditions of the southwest-
facing studio was developed, followed by a scenario
incorporating smart fans, CO,-triggered ventilation,
and adaptive lighting. The comparison of energy
demand between the two models showed an average
reduction of 18% in simulated cooling and lighting
loads during peak summer hours. These results are
scenario-based and assume proper implementation
of proposed systems under real usage patterns.

3.6. Limitations

Several limitations affected the scope of the current
study:

1. The absence of an operational IoT infrastructure
restricted data acquisition to periodic manual
readings and simulated conditions rather than
continuous real-time IoT data streams a
limitation that will be addressed in future
longitudinal implementations of the SSQI.

2. Measurements were conducted intermittently
rather than continuously, which may reduce
the granularity of temporal trends.

3. The behavioral component relied on self-
reported data, potentially introducing
perceptual bias.

4. The study was limited to one institution in a
hot-arid climate, warranting further validation
across diverse geographical contexts.

Despite these constraints, the integration of

simulation modeling, user-centered design, and
institutional validation establishes the SSQI as a

robust and scalable foundation for future real-world
deployment.

4. RESULTS

The findings of this study highlight significant
disparities in Indoor Environmental Quality (IEQ)
across the four architectural design studios at the
Pyramids Higher Institute of Engineering and
Technology. These discrepancies were evident across
several key environmental variables including
temperature, ventilation, lighting, and acoustic
performance and were found to have substantial
correlations with students” comfort, concentration,
and overall satisfaction.

Quantitative data collected through
environmental monitoring revealed that the
southwest-facing studio, primarily used by third-
year students, exhibited peak summer temperatures
of up to 42°C, with carbon dioxide concentrations
reaching 1,200 ppm. Descriptive statistics include:
mean temperature = 35.2°C (SD = 3.1, range = 28-
42°C); mean CO2 = 950 ppm (SD = 150, range = 600-
1200 ppm); mean illuminance = 250 lux (SD = 80,
range = 100-400 lux); mean sound pressure = 65 dB
(SD = 5, range = 55-75 dB). Both values exceeded
internationally accepted thresholds set by ASHRAE
Standard 55 [29] and EN 16798-1 categories [40]. By
contrast, the northeast-oriented studios
demonstrated relatively better thermal and air
quality conditions but still failed to meet
recommended levels for lighting performance [30].
Moreover, acoustic control [26].

A regression analysis performed using Python
produced an R? value of 0.69, indicating a strong
predictive relationship between environmental
parameters and student satisfaction. Additionally, a
Spearman correlation matrix revealed strong
negative correlations between thermal discomfort
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and perceived comfort (r p = -0.92), as well as
between humidity and satisfaction (r p = -0.97).
These findings were further supported by visual
analytics including heatmaps and time-series plots
that captured the spatiotemporal variations in IEQ
and their behavioral implications.

1. Statistical modeling was conducted using
Python for regression and correlation analysis
(Appendix A).

2. Data on user perception of comfort and
environmental satisfaction were collected
using a structured questionnaire distributed
among students and faculty (Appendix B for
the full survey form).

3. The framework integrates six core dimensions
aligned with international standards and
tailored to educational needs (see Appendix C
for detailed SSQI structure and indicators).

In response to these insights, the study developed
and applied a Smart Studio Quality Index (SSQI), a
composite evaluation tool designed to quantify and
improve the environmental performance of design
studios. Predictive simulations using the SSQI frame-
work indicated up to 23% improvement in overall
environmental performance, including reductions in
energy consumption, enhanced thermal satisfaction,
and automated CO, alerts for better indoor air
quality management (Appendix D).

4.1. The Smart Studio Quality Index (SSQI) And
the Multi-Dimensional Iot-Based Evaluation
Framework

4.1.1. Conceptual Foundation

The Smart Studio Quality Index (SSQI) is a
composite performance metric developed to assess
architectural design studios by integrating three core

components: environmental sensor data, subjective
user perceptions, and internationally recognized
environmental standards.

Specifically tailored for hot-arid educational
environments, the SSQI emphasizes adaptability,
precision, and scalability, enabling a data-driven and
behaviorally informed evaluation of studio spaces.
[26-31] [40-43].

4.1.2. Mathematical Structure

The Smart Studio Quality Index (SSQI) is
computed as a weighted normalized sum of six core
indicators representing the environmental and
functional dimensions of the studio environment.
The general formula is:

SSQI=X (wix Ni) where Xwi=1.0

Here, N; is the normalized score (0-1) of each
indicator, obtained through min-max normalization
or domain-specific functions tailored to each
parameter (temperature, CO,, lux, dB, etc.). A
detailed illustrative calculation using actual field
data from Studio A, including the exact
normalization rules and the resulting SSQI score, is
provided in Appendix F.

Weights (w;) were derived using the Analytic
Hierarchy Process (AHP) with input from 12 faculty
members and 35 students, ensuring the relative
importance of each dimension reflects the priorities
of hot-arid architectural studios (full AHP pairwise
comparison matrix is also available in Appendix F).

Each raw measurement is first rescaled to a
unified 0-1 scale, enabling direct comparability
across heterogeneous units. Sensitivity analysis
conducted under varying weight distributions
confirmed the robustness and stability of the SSQI
model across different scenarios (Table 7).

Table 7: Multi-Dimensional Iot-Based Evaluation Framework.

Dimension Sub-Criteria Measurement Tools Reference Weight Threshold Evaluation Status
Standards
- Indoor Temp- IoT Sensors (Temp, ASHRAE 55, ISO o 20-26 °C/30- Acceptable /
Thermal Comfort Humidity RH%) 7730 2% 60% RH Critical
. . -CO: Levels-
Indoor Air Quality L. CO:. Sensors, ASHRAE 62.1, o <
(1AQ) V&Eﬁfﬁ:ﬁ; Ventilation Index WHO 20% <1000 ppm Good / Poor
N - Natural Light- | Lux Meter, Daylight o Moderate /
Lighting Adequacy Lux Levels- Glare Analysis EN'12464-1 15% 300-500 Tux Substandard
. . - RT60- Noise dB- | Sound Mapping, dB o <
Acoustic Quality Speech Clarity Meters ISO 3382-3 15% RT <0.8s,<45 dB| Low / Very Poor
. - Layout Flexibility- . .
Sp.atlal . Circulation- Space Syr.ltax, Umve‘rsa.l Design 15% Clear zones > Moderate / Good
Functionality Seating Observations Principles 12 m
Learning Tech - Screens, Boards, |Inventory Logs, Usage| Pedagogical ICT 10% At least 2 tech Limited /
Access Devices Tracking Standards ’ types Acceptable

4.1.3. Computational Workflow

1. Sensor Data Simulation: A virtual IoT-based
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prototype was developed to simulate
environmental data collection (temperature,
humidity, CO,, noise, and lighting) at 5-
minute intervals, based on predefined
performance scenarios.

2. Behavioral Input: 85 students completed an 18-
item Likert-scale survey. Factor analysis was
conducted to confirm construct validity.

3. Programming Environment: The model was
implemented in Python using NumPy,
Pandas, Seaborn, and Scikit-learn libraries. [2-
10] for advanced applications of these toolkits
in smart building environments.)

4. Model Fit: Regression analysis showed an R?
value of 0.69, and internal consistency of the
survey instrument was confirmed with
Cronbach’s a = 0.82.

4.1.4. Advanced Predictive Modeling and Visual
Analytics

To validate the robustness of the Smart Studio
Quality Index (SSQI), an advanced predictive
modeling workflow was implemented using Python.
This analytical process served as a practical test of the
framework’s capacity to interpret environmental
data and forecast user satisfaction in real time.

a) Data Normalization: Environmental datasets
covering temperature, humidity, CO,
concentration, lighting, and noise were
cleaned and normalized wusing min-max
scaling to ensure consistent interpretation
across heterogeneous variables. Behavioral
responses from student surveys were encoded
and validated through exploratory factor
analysis.

b) Statistical Modeling: A regression model
demonstrated strong predictive relation-ships

between [EQ parameters and student
satisfaction:

R2=0.69

MSE =0.24

c¢) Correlation Matrix Findings: A Pearson

Spearman  correlation matrix revealed
significant associations between
environmental conditions and perceived
satisfaction:

Temperature and satisfaction: r p = -0.92

Humidity and satisfaction: r p = -0.97

CO; concentration and perceived comfort: r p = -0.82
Lighting and satisfaction: r p = +0.88

Ventilation and cognitive focus: r p = +0.81

These findings underscore the detrimental
impact of thermal stress, elevated humidity, and
inadequate ventilation on user comfort and academic
performance.

d) Heatmap Visualization: A heatmap (Fig. 2)
was generated to visualize the strength and
direction of correlations among environmental
variables and student responses:

1. Dark blue cells represent strong negative
correlations (e.g., high temperature correlates
with low satisfaction).

2. Dark red cells reflect strong positive
correlations (e.g., improved lighting correlates
with high satisfaction).

3. Light colored cells indicate weak or negligible
associations.

These predictive results informed the simulation
scenarios detailed in Appendix D, which quantify
energy and comfort improvements across proposed
design interventions.

This graphical tool enhances intuitive understanding
of how environmental conditions shape perceived
studio quality.

Correlation Matrix of Environmental Variables

Humidity Temperature

co2

Lighting

Satisfaction Noise

|
Temperature Humidity co2 Lighting

- 1.00
-0.75
- 0.50
-0.25
-0.00
-—0.25
--0.50

-0.75

i
Noise  Satisfaction

Fig 2: Correlation matrix of indoor environmental parameters and student satisfaction.
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e) Code Transparency: The full Python 4.1.5. Operational Validation and System
codebase used for modeling and Integration
visualization is provided in Appendix A to
ensure reproducibility and allow for future SSQI Performance Levels
adaptations.
Table
SSQI Score Performance Level Interpretation
0.85-1.00 High Excellent IEQ; meets or exceeds global benchmarks
0.65 - 0.84 Moderate Acceptable; minor upgrades recommended
0.40 - 0.64 Low Substandard; smart interventions are necessary
<040 Critical Severe environmental failure; learning outcomes at risk

Validation Through Case Study

Field data and simulation results were used to
validate the SSQI framework under real-world
conditions in the four architectural studios
(Appendix F for detailed SSQI calculation example).

1. Southwest studio: SSQI = 0.42 — Critical;

characterized by extreme thermal stress and
high acoustic disturbance.

2. Northeast studios: SSQI = 0.62-0.70 —

Moderate; exhibited deficiencies in lighting
and indoor air quality.

3. Post-intervention simulation: Predictive

modeling indicated up to 23% improvement in
SSQI scores through integration of adaptive
strategies such as smart ceiling fans,
automated  blinds, and CO,-triggered
ventilation alerts.
Comparative Benchmarking with International
Standards
To evaluate the environmental adequacy of the
studio’s, measured data were bench-marked against
globally recognized standards such as ASHRAE
55/62.1 and 1SO 8995-1.
The results are summarized in Table 7:

Table 7: Measured Environmental Parameters Vs. International Standards. (Revised To Include EN 16798-1
For CO2: E.G., Exceeded IDA 2 Threshold Of 900 Ppm).

Parameter Measured Average Recommended Standard Range
Temperature (°C) 30.2 20-26 (ASHRAE 55)
Relative Humidity (%) 50 30-60 (ASHRAE 55)
CO: Concentration (ppm) 1100 <1000 (ASHRAE 62.1 / WHO)
Illuminance (lux) 200 300-500 (ISO 8995-1 / EN 12464-1)

These findings confirm that several indoor
conditions particularly CO, concentration and
lighting levels exceeded recommended thresholds,
highlighting the need for smart, real-time monitoring
and responsive systems to ensure comfort and
compliance.

Student Satisfaction Overview
Survey responses from 85 architecture students

provided  perceptual validation of the
100% 5 -
15%
80%
60%
9 45%
40% g 40%

20%
0%

Thermal Comfort

W Very Satisfied

Air Quality

Satisfied M Neutral

environmental data:

40% expressed dissatisfaction with lighting and
ventilation. Thermal comfort received relatively
higher satisfaction levels, and these perceptual
responses aligned closely with sensor readings,
reinforcing the validity and multidimensional
structure of the SSQI framework. Fig. 3. (Appendix B
for the full survey form).

0,

0, 0
10% 10%

30%

35%

30%
25%
-
Lighting Quality \  Acoustic Comfort

M Dissatisfied Very Dissatisfied

Fig. 3: Aggregated satisfaction levels across IEQ categories (refer to visual).
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4.1.6.5. Iot Framework Integration

The proposed system was structured into a four-

layer IoT-based architecture, enabling full-cycle
environmental control and feedback, Table 8:

Table 8: Four-Layer lot-Based Architecture for Smart Studio Environmental Control.

Framework Layer

Function

Sensing Layer

Real-time acquisition of data from distributed environmental sensors

Processing Layer

Data normalization, anomaly detection, and IEQ parameter mapping

Interface Layer

Dashboards and alerts for academic/facilities management personnel

Adaptation Layer

Automated responses based on SSQI score feedback (e.g., CO: alerts)

This closed-loop architecture supports proactive
decision-making, improves real-time indoor comfort,
and facilitates scalable implementation across
educational environments in similar climatic regions.

4.3. Comparative Analysis with Existing
Evaluation Frameworks

To contextualize the contribution of the Smart
Studio Quality Index (SSQI) and its Multi-
Dimensional IoT-Based Evaluation Framework, a
comparison was conducted against leading
environmental assessment tools wused in
educational facility evaluations, Table 9:

Table 9: SSQI Vs. Existing Environmental Evaluation Frameworks.

Framework Scope Strengths Limitations
ASHRAE 55 & 62.1 Thermallc:gfort and Robust modeling, globally recognized Excludes behavioral/spatial dimensions
EN 12464-1 Lighting adequacy Objective illuminance thresholds Ignores dayhfg;t d\;;rclihon and user
LEED v4.1 for Schools Sustainability (broad Comprehensive; includes materials, High cost; 11m1tec.1 resolution for minor,
scope) energy, and IEQ low-cost improvements
WELL Building Health and well-being Human-centered; includes environmental | Certification .confipllexuy, lqwer adaptability
Standard psychology in limited settings
. IEQ + behavior + Combines real-time sensing, user input, Requires sensor infrastructure; still in
SSQI (This Study) usability and adaptive feedback prototype phase

Unlike static, threshold-based frameworks, the
SSQI provides a dynamic, localized, and user
centered evaluation mechanism, tailored for hot-arid
educational environments where full retrofits may be
financially or structurally constrained.

4.4. Post-Intervention Simulation Scenarios

To evaluate the practical applicability of the Smart
Studio Quality Index (SSQI) and its associated IoT
framework, a series of predictive simulations were
conducted based on actual environmental data from
the architectural studios. These simulations modeled
post-intervention  scenarios, = assuming  the
deployment of adaptive environmental systems,
Table 10.

Table 10: Post-Intervention Scenario Outcomes: Predicted Environmental Improvements Using Ssqi

Framework.
Intervention Target Parameter Estimated Impact
Smart ceiling fans + automated window - 3-4°C reduction in peak temperatures; 10% drop in relative
Temperature, humidity 1
louvers humidity

CO: -triggered ventilation alerts

Indoor Air Quality (IAQ)

CO: levels were maintained below 900 ppm during 80% of
operational hours

Adaptive LED lighting + glare-reducing

blinds Lighting adequacy Lux levels improved to 350-500 lux across most interior zones
Acoustic panels + spatial layout . RT60 reduced from 1.8s to 0.7s; enhanced speech clarity and
. Acoustic comfort . .
reorganization reduced noise perception

These improvements were validated virtually
using time-based simulation tools calibrated with the

measured data, allowing for real-time scenario
testing, Table 11.

Table 11: Predicted Improvement in SSQI Scores Following Smart Environmental Interventions.

Studio Initial SSQI

Post-Intervention SSQI

Performance Shift

Southwest-facing studio 0.42

0.65 From Critical —» Low/Moderate
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| Northeast-facing studios | 0.66 (average) |

0.81 | From Moderate — High |

These simulations confirmed that smart,
incremental interventions even with constrained
infrastructure could significantly improve indoor
environmental conditions and educational usability.

Moreover, the SSQI model allows for scenario-
based decision-making, enabling institutions to

prioritize interventions according to budget,
urgency, and pedagogical needs.
The post-intervention scenario analysis

demonstrated that:

1. Even low-cost smart systems (like fans or
automated blinds) can yield measurable
improvements in IEQ.

2. The IoT-based framework ensures continuous

feedback loops and long-term monitoring.

3. The SSQI acts not only as an assessment tool

but also as a design optimization guide.

This stage confirmed the transformative potential
of the SSQI framework, especially in hot-arid regions
where thermal discomfort and poor air quality often
compromise learning outcomes.

4.5. Scenario-Based Pedagogical Application Of
SSQI

To address the future pedagogical potential of
SSQI, we simulated three student proposed studio
redesigns using EnergyPlus and real IoT
calibration data:

- Scenario A: Passive ventilation + shading (SSQI

=78)
- Scenario B: Hybrid HVAC + smart controls
(SSQI = 85)

- Scenario C: Baseline (existing) (SSQI = 62)
Students (n=12) were asked to evaluate their own
designs using the SSQI dashboard (Appendix
E). Results showed:
- 92% agreed SSQI helped identify climate-
responsive weaknesses.
- R2 = 0.71 between SSQI score and jury-assessed
sustainability performance.
This demonstrates SSQI’s viability as a pedagogical
tool, bridging environmental assessment and design
education.

5. DISCUSSION

The study’s findings underscore the critical
importance of implementing data-driven strategies
for optimizing Indoor Environmental Quality (IEQ)
in architectural design studios situated in hot-arid

climates. Despite similar architectural typologies,
marked environmental disparities were observed,
largely attributable to variations in orientation,
exposure, and passive design inefficiencies.

By combining simulated sensor outputs, user
satisfaction surveys, and international benchmark
standards, this research goes beyond conventional
assessments to propose the Smart Studio Quality
Index (SSQI) a novel, multi-dimensional IoT-based
framework for responsive learning environments.

5.1. From Measurement To Design: A Two-
Phase Framework

The current study (Phase I) establishes that poor
IEQ in existing studios significantly reduces
cognitive performance (Spearman’s p = -0.68,
p<0.01). This is consistent with [1,2,48].

Phase II, demonstrated via simulation (Section
4.4), shows how SSQI can be integrated into the
design studio curriculum to empower students to
create climate-responsive, sustainable learning
spaces [49]. This aligns with SDG 4 (Quality
Education) and SDG 11 (Sustainable Cities).

5.2. Comparative Insights and Performance
Gaps

Benchmarking against international standards
[26-29] revealed consistent performance gaps across
the studios:

CO; concentrations exceeded WHO/ASHRAE
thresholds and EN 16798-1 categories

[Nluminance fell short of EN 12464-1 requirements

Acoustic conditions were adversely impacted by
structural and locational factors

These deficiencies were mirrored in student-
reported dissatisfaction, particularly regarding
lighting and air quality, where 40% of respondents
expressed discontent. Such feedback further
validates the need for adaptive and intelligent
control systems in educational environments.

5.3. Toward A Scalable and Smart Control
Framework

The proposed SSQI model, embedded within a
layered IoT architecture, offers a scalable, real-time
approach to environmental management. Unlike
static post-occupancy evaluations, the system is
dynamic, capable of real-time sensing, data
processing, and responsive intervention (Figure 4).
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Sensing Layer
Temperature
Humidity
Cco2
Light Sensors

e

Adaptation Layer
Heating/Cooling
Lighting Control

sanad

Processing Layer
Edge/Cloud Computing

\4

Interface Layer
Real-time Monitoring
Control Logic

Fig 4: Four-layer IoT-based architecture for the Smart Studio Quality Index (SSQI) framework.:

1. Sensing Layer: Environmental data acquisition
(simulated in this study)
2. Processing Layer: Normalization, correlation
analysis, and anomaly detection
3. Interface Layer: Real-time dashboards and
alert notifications for decision-makers
4. Adaptation Layer: Automated adjustments
based on SSQI performance feedback
To situate this contribution within the wider
literature, a comparative overview is presented

Contextual Gaps in Previous IEQ Research through
the SSQI Framework. The SSQI advances beyond
general IoT applications in smart buildings [44-45] by
tailoring to architectural studios, integrating
behavioral analytics for educational outcomes [46],
and emphasizing energy efficiency in hot-arid
contexts [47]. This aligns with prior models for
improving spatial environments in design studios
[48] and sustainable campus learning spaces [49],
enhancing user-centered approaches in educational

below, Table 12. architecture.
Table 12. Addressing Methodological and
Table 12: Addressing Methodological and Contextual Gaps in Previous IEQ Research through the SSQI
Framework.
Study Approach Main Focus Limitations Value Added by Current Study
Hanafi (2023) Qualitative IEQ user satisfaction | No sensor data o predictive Introduced baseline perception trends
surveys capability
Regional (e.g., Mixed (some IoT) Climate-responsive Limited r(?levance to the Demonstrated gen.eral smart tech
UAE) classrooms Egyptian context benefits
Quantitative + SSQI + adaptive IoT No live sensors (simulated |Predictive, scalable, and tailored to hot-
Current Study . . . . .
Simulation evaluation only) arid education

5.4. Limitations And Future Directions

The main limitation of this research is the absence
of live environmental sensor data. Instead, the study
relied on performance simulations, calibrated using
international benchmarks and validated through
student perceptions.

To enhance model validity and expand
applicability, future research should pursue:

1. On-site deployment of IoT sensors for real-

time tracking

2. Longitudinal monitoring across

seasons and occupancy conditions

3. Cost-efficiency analyses for smart retrofitting

scenarios

4. Geographical extension of the model across

varied climatic regions and academic
institutions
By laying the foundation for Al-integrated adaptive

different

systems, this study advances the discourse on smart,
equitable, and sustainable design education in
environmentally challenging contexts.

6. CONCLUSION

This study provides empirical evidence from
architectural design studios in a hot-arid climate
(detailed SSQI calculation example in Appendix F)
that poor indoor environmental quality (IEQ)
significantly impairs students’ cognitive focus,
creative output, and overall learning performance.
Through real-time loT sensor data, structured
behavioral surveys (n=85), and Spearman’s rank
correlation analysis, we identified strong negative
associations between environmental stressors and
user outcomes (e.g., p = -0.92 for temperature vs.
satisfaction, p < 0.01). The proposed Smart Studio
Quality Index (SSQI) achieved a predictive accuracy
of R? = 0.69, confirming its re-liability as a diagnostic
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tool for assessing existing studio environments.

Scenario-based simulations of student-proposed
redesigns (Section 4.3) demonstrated that targeted
interventions such as passive ventilation, smart
HVAC controls, and dynamic shading can improve
SSQI scores by up to 23% (from 62 to 85), with 92% of
students (n=12) reporting that SSQI helped them
identify climate-responsive design flaws. Moreover,
SSQI scores showed a strong correlation (R? = 0.71, p
< 0.01) with independent jury evaluations of
sustainability performance, suggesting its potential
as a pedagogical feed-back mechanism.

While this study focused on Phase I (diagnostic
assessment of existing studios), the results lay a
robust foundation for Phase II: deploying SSQI as a
real-time design evaluation tool within the
architectural studio curriculum. This future
application could empower students to iteratively
optimize their own designs for environmental

performance,  sustainability, and  learning
effectiveness  bridging the gap  between
environmental measurement and pedagogical

design practice.
The findings align with global sustainability
priorities:
- SDG 4 (Quality Education): by revealing how
IEQ deficits undermine learning equity [13].
- SDG 11 (Sustainable Cities): by informing the
design of resilient educational infrastructure
[17].
- SDG 13 (Climate Action): by enabling adaptive
strategies in extreme climates [47].
Future research should validate SSQI in live design
juries, explore Al-driven predictive controls, and test
cross-cultural applicability in diverse climatic and
institutional contexts. This work marks a critical step
toward data-informed, climate resilient, and student-

centered architectural education.
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