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Article

A User-Centric Smart Library System: IoT-Driven Environmental
Monitoring and ML-Based Optimization with Future Fog–Cloud
Architecture
Sarkan Mammadov and Enver Kucukkulahli *

Department of Computer Engineering, Faculty of Engineering, Düzce University, Düzce 81620, Türkiye;
serkan236057@ogr.duzce.edu.tr
* Correspondence: enverkucukkulahli@duzce.edu.tr

Abstract: University libraries are essential academic spaces, yet existing smart systems
often overlook user perception in environmental optimization. A key challenge is the lack
of adaptive frameworks balancing objective sensor data with subjective user experience.
This study introduces an Internet of Things (IoT)-powered framework integrating real-
time sensor data, image-based occupancy tracking, and user feedback to enhance study
conditions via machine learning (ML). Unlike prior works, our system fuses objective
measurements and subjective input for personalized assessment. Environmental factors—
including air quality, sound, temperature, humidity, and lighting—were monitored using
microcontrollers and image processing. User feedback was collected via surveys and in-
corporated into models trained using Logistic Regression, Decision Trees, Random Forest,
Support Vector Machine (SVM), K-Nearest Neighbors (KNNs), Extreme Gradient Boosting
(XGBoost), and Naive Bayes. KNNs achieved the highest F1 score (99.04%), validating the
hybrid approach. A user interface analyzes environmental factors, identifying primary
contributors to suboptimal conditions. A scalable fog–cloud architecture distributes com-
putation between edge devices (fog) and cloud servers, optimizing resource management.
Beyond libraries, the framework extends to other smart workspaces. By integrating the
IoT, ML, and user-driven optimization, this study presents an adaptive decision support
system, transforming libraries into intelligent, user-responsive environments.

Keywords: university library; environmental quality; IoT; machine learning; user feedback;
KNN; fog–cloud architecture

1. Introduction
The effective management of environmental factors such as temperature, light, humid-

ity, air quality, and occupancy is essential for an efficient working environment. Research
has shown that optimizing these factors has positive effects on concentration, productiv-
ity, and overall performance [1]. In contrast, external environmental factors—such as air
pollution and extreme temperatures—have negative impacts on human health and work
performance [2]. Additionally, the extremities of indoor temperatures are highlighted as
having adverse consequences on productivity and general health [3].

Elevated CO2 levels in indoor air can lead to a decline in cognitive functions, difficulty
concentrating, and overall fatigue. Inadequate ventilation can exacerbate these effects,
while regular ventilation is critical for maintaining indoor air quality [4]. Additionally,
exposure to noise has been found to disrupt teaching and learning processes, with noise
levels influencing the perceived learning performance of students [5].
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The quality of the learning environment also plays a crucial role in academic per-
formance. Natural light, in particular, has been shown to improve health, satisfaction,
attention, and performance for students and staff [6]. Moreover, lighting such as blue-toned
white light has been found to enhance cognitive function and reduce eye fatigue, benefiting
environments where long periods of reading and research occur, such as libraries [7].

Today, university libraries have evolved into dynamic, technologically advanced
spaces that support academic and social development. In this context, fog computing
plays a vital role. Fog computing is a distributed computing paradigm that processes data
at the network’s edge, reducing latency and improving efficiency. The low latency and
mobility support offered by fog computing in real-time applications, such as IoT devices
and smart cities, also provide significant benefits in managing environmental factors in
library settings [8].

By enabling real-time data processing from sensors, fog computing allows for the
effective monitoring of environmental factors such as temperature, humidity, and air quality
in library spaces, enhancing user productivity [9]. Furthermore, combining fog and cloud
computing offers an ideal solution for managing large-scale data processing and storage
needs in libraries, improving efficiency and reducing costs [10].

University libraries, as fundamental pillars of higher education, serve as central spaces
for access to information, learning, and research processes for students, academics, and
researchers [11]. These libraries are public spaces that play a crucial role in providing
access to information, supporting learning, and facilitating research activities for both
students and academic staff [12]. Today, these spaces are defined not only as providers of
information but also as dynamic structures that support academic and social development,
responding to changing needs [13]. Therefore, the design and management processes
should be organized in a way that aligns with the institution’s educational goals and
addresses the evolving needs of users. In recent years, rapid advancements in educational
technologies and changes in learning habits have led to significant transformations in
libraries [14].

Although the focus of this research is specifically on university libraries, this choice
is not arbitrary. Libraries present a unique context for environmental optimization due to
their distinct characteristics, such as their diverse user base, fluctuating occupancy rates,
and the need for a conducive atmosphere for study and research. Unlike other settings
like offices, restaurants, or industrial environments, libraries face specific challenges in
creating an optimal environment that supports both individual and group activities, making
them an ideal case study for this research. Additionally, the integration of the IoT and AI
technologies in a library setting offers valuable insights that could be transferable to other
environments in the future. This targeted approach allows for a more nuanced exploration
of how environmental factors impact user experience in academic settings, which could
serve as a model for broader applications.

The central challenge of this study lies in accurately modeling the complex relation-
ships between environmental factors in university libraries and user productivity and
satisfaction, with limited data and potential noise from sensor readings. Traditional ma-
chine learning algorithms often struggle with small datasets and class imbalance, which
can lead to overfitting and reduced generalization. To address this, we implemented a
comprehensive approach by carefully selecting robust algorithms like KNNs and Random
Forest and applying the Synthetic Minority Over-sampling Technique (SMOTE) to balance
the dataset. This ensured the model could generalize effectively while mitigating the risk
of overfitting. Our approach also emphasizes the interpretability and efficiency of the
selected models, making them well suited for real-world applications in smart campus
environments. Through these strategies, we were able to achieve high accuracy and provide
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actionable insights into the influence of environmental factors on user behavior, overcoming
the challenges posed by the limitations of the dataset and algorithmic complexity.

Contributions

This study presents several key contributions to the optimization of university library
workspaces through an IoT-based system:

• Development of an IoT-based system: the system monitors and analyzes environmen-
tal factors such as sound, light, temperature, humidity, air quality, and occupancy,
collecting real-time data and storing them in the cloud.

• User feedback integration: the system integrates user feedback to assess work experiences
and productivity, offering actionable recommendations for efficiency improvements [15].

• Use of machine learning: machine learning algorithms process the collected data to
identify ideal conditions for optimizing library workspaces [16].

• Environmental optimization: the system addresses environmental factors holistically,
aiming to enhance learning and productivity in libraries, which are crucial spaces for
students and academic staff.

• Impact of environmental factors on cognitive functions: research highlights the influ-
ence of temperature, lighting, and air quality on cognitive function, attention, and
overall work effectiveness [16].

• Focus on air quality: the system analyzes key air quality parameters (CO, CO2, TVOCs)
and optimizes ventilation, pollutant control, and humidity regulation [17].

• Comprehensive framework: this study presents a comprehensive IoT-driven library
management framework that combines objective sensor data with user feedback,
creating more adaptive and efficient learning environments.

• Impact on satisfaction and productivity: good air quality enhances satisfaction and
productivity in study environments, and effective ventilation plays a crucial role in
maintaining a healthy indoor atmosphere [18,19].

• Advances in technology: The use of IoT sensors enables the real-time monitoring of
environmental factors in libraries. The data from these sensors are analyzed with
machine learning to optimize conditions, improving library management and user
experience [20].

2. Related Works
Recent research has focused on environmental factors that impact work efficiency, par-

ticularly in educational settings like university libraries. Studies show that environmental
conditions significantly affect academic performance and productivity, with factors such
as lighting, temperature, humidity, noise, and air quality influencing concentration and
work output. However, most research addresses individual factors, with limited studies
evaluating multiple factors simultaneously. Additionally, there is a gap in the literature
regarding the use of IoT-based systems for monitoring environmental data.

2.1. The Impact of Environmental Factors on Academic Performance

Various studies have explored the impact of environmental factors on academic perfor-
mance, with noise being a significant distraction that negatively affects concentration and
information processing. High noise levels have been shown to hinder effective academic
performance [21]. Similarly, the indoor environmental quality (IEQ) is critical for health
and productivity. A study evaluating the IEQ of a university library examined parameters
such as the indoor air quality (IAQ), lighting, and acoustics, assessing their effects based on
the LEED v4, ASHRAE 62.1, and WELL standards. The findings underscored the crucial
role of these factors in shaping user experience [19].



Appl. Sci. 2025, 15, 3792 4 of 32

Additional research on a campus library’s IEQ identified issues including high temper-
atures (above 21.2 ◦C), humidity levels ranging from 51.3% to 55.8%, poor air circulation,
elevated CO2 levels (up to 588 ppm), noise levels of between 43 and 61 dB, and inadequate
light intensity (below 300 lux). Recommendations included maintaining a temperature
range of 24.5–26.5 ◦C, improving insulation, and optimizing window-to-wall ratios [22].
Another study assessed academic library environments in Nigeria during peak usage
periods, analyzing the acoustic, visual, and thermal comfort using portable devices based
on the ASHRAE 55 and ISO 7730 standards. The results were compared to CIBSE Guide A,
providing insights for improving the IEQ [23].

Research has also explored the influence of the IAQ on student concentration. One
study revealed that poor air quality (average 2115 ppm CO2) did not directly reduce concen-
tration but significantly increased error rates in cognitive tasks [24]. Similarly, a study on
the IEQ in educational buildings found that administrative staff in Ghana reported higher
satisfaction with their office environments, enhancing productivity, whereas academic staff
experienced a negative impact [25].

2.2. Spatial Innovations and Environmental Optimization in Libraries

Research on spatial innovations in university libraries has examined various aspects
influencing user satisfaction. A study focusing on three university libraries in Wuhan,
China, evaluated six key dimensions, including service accessibility, interior design, and
environmental factors, using multiple linear regression analysis. The findings provided
valuable recommendations for library design improvements [26].

Additionally, studies have investigated how outdoor air pollution and noise influence
indoor environmental quality. One study proposed using sensors and AI-based real-time
data detection to enhance air quality and minimize noise, promoting natural ventilation
behaviors [27]. Another study identified the IEQ criteria affecting user performance and
well-being in higher education libraries. Data from 421 students revealed varying priorities
among different user groups, highlighting the need for targeted improvements [28].

A qualitative study with 11 faculty members and 24 students further emphasized the
adverse effects of poor thermal, lighting, acoustic, and IAQ conditions on teaching and
learning. Faculty struggled to maintain optimal environments, while students reported
discomfort and reduced learning quality due to noise disturbances [29]. Another study
tested the effects of temperature, noise, and lighting on learning efficiency, identifying the
optimal environmental conditions for different cognitive tasks [30].

2.3. The Role of IoT and AI in Library Environmental Monitoring

IoT-based solutions have been increasingly explored to optimize environmental condi-
tions in libraries. A study in metropolitan cities highlighted how IoT-enabled sensors could
improve the IAQ and noise management [31]. Another investigation assessed the IEQ of a
campus library, identifying thermal discomfort, high CO2 levels, and inadequate lighting,
with recommendations for architectural modifications [22].

Furthermore, research on IoT adoption in libraries surveyed 389 staff members in
Nanjing, China, emphasizing the importance of effective management and staff motivation
for successful implementation [32]. Another study explored the integration of the IoT and
machine learning for personal thermal comfort modeling, demonstrating high predictive
accuracy using the Extra Trees classifier [33].

AI-driven environmental monitoring systems have also been proposed. A study
introduced an IAQ evaluation system utilizing microcontrollers and sensors to collect
real-time air parameters. Using artificial intelligence, the system compared indoor and
outdoor data, aiding decision-making for library management [34]. Similarly, a Romanian
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study combined biometric data from wearable devices with environmental monitoring to
create an ecological system aimed at enhancing air quality [35].

Recent advancements in Smart Environmental Monitoring (SEM) systems, powered
by the IoT and modern sensors, have improved early pollution detection. These systems
monitor environmental factors such as CO2, PM, NOx, VOCs, and water quality, with
machine learning enhancing data analysis [36]. The IoT is also transforming libraries by
improving infrastructure, collection management, and security [37]. The IoT is transforming
libraries by enhancing areas like building management, collection management, education,
and data security. It is important for librarians to understand the IoT and for users to be
educated on security issues. The IoT has the potential to modernize library infrastructure,
improving user satisfaction [38]. The rapid development of artificial intelligence (AI) and
the IoT has led to the integration of smart devices, revolutionizing public services and
library science, ushering in the era of “smart libraries” [39].

2.4. Fog–Cloud Computing for Enhanced Library Systems

Efficient IoT integration in libraries requires robust computing infrastructure for
real-time data processing. Fog computing enhances performance by providing localized
processing and storage at the network edge. This model acts as an intermediary between
cloud and edge layers, optimizing network efficiency and reducing cloud dependency [40].

Fog computing plays a crucial role in IoT applications such as smart cities, industrial
automation, and library management by processing data closer to the source. It reduces
latency and enhances real-time decision-making, ultimately improving the efficiency of
smart library systems [41]. Given the increasing number of IoT devices, cloud-based data
transmission can create network bottlenecks. Fog computing addresses this challenge by
utilizing intelligent gateways at the network edge, optimizing resource allocation and
improving overall system performance [42].

Recent research highlights various applications of fog–cloud computing in enhancing
system performance across multiple domains. For instance, air quality monitoring and
forecasting systems benefit from fog computing by integrating the IoT, LPWANs, and deep
learning models for real-time environmental analysis. The fog-enabled Air Quality Monitor-
ing and Prediction (FAQMP) system utilizes Smart Fog Environmental Gateways (SFEGs)
for localized deep learning processing, ensuring real-time predictions while optimizing
resource usage [43].

Similarly, low-cost and automated monitoring systems employing edge AI computing
have demonstrated effectiveness in the real-time observation of environmental dynam-
ics. Such systems can be leveraged for library environments to monitor air quality, user
occupancy, and energy consumption patterns, contributing to sustainable smart library
ecosystems [44].

Furthermore, the convergence of cloud computing, fog computing, machine learning,
and the IoT has opened new possibilities for intelligent data processing. Fog computing
alleviates network burdens by enabling resource-intensive computations closer to the data
source. Machine learning techniques, including object and text detection models, can be
deployed within fog nodes to improve information retrieval and automation in library
management systems [45].

Another emerging challenge is ensuring seamless data migration and synchronization
between cloud and fog environments. Existing frameworks, such as FETCH, integrate
deep learning and automated monitoring to enhance system compatibility, particularly in
health monitoring applications. Applying similar frameworks in library systems could
facilitate efficient data handling, reducing latency and improving service reliability through
optimized fog–cloud interactions [46].


