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Abstract

Informal learning spaces (ILSs) have received widespread attention owing to their diversity,
flexibility, and richness. Many university libraries are undergoing renovation. After partial
renovation, the ILS of the library often appears in a ‘group embedded’ organisational
model. This study used a study cluster of a university library as an example to research the
quality of the internal spatial environment and its influencing factors in the study cluster. In
terms of research methods, this study adopted a combination of high-precision positioning,
questionnaires, and environmental data measurement. The questionnaires integrated the
opinions of both users and designers. Drawing on the literature, this study surveyed
multiple university libraries, summarised the spatial quality and influencing factors of

‘group embedded’ libraries, and compared them with the ILS of other two organisational

models. There is currently no targeted framework for the design of ILSs, and no scholars
have discussed the specifics of their organisational models. This study established a
multi-factor analysis model for ‘group embedded’ ILSs. Finally, this study found four key
determinants and their weights; they were physical environment (30.65%), environmental
atmosphere (26.76%), spatial ontology (25.03%), and spatial facilities (17.56%). Among the
20 key factors, the first three factors and their weights are privacy (10.34%), illumination
(9.20%), and noise (8.62%). Unlike the other two spatial organisation models, users of
clustered embedded libraries paid more attention to space privacy. This paper proposed
six major improvement measures to address privacy, illumination, noise, temperature, air
quality, and nature friendly design.

Keywords: university libraries; informal learning spaces (ILS); ‘group embedded’ mode;
space clusters; organisational model; partial renovation; influencing factors; quality
improvement
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1. Introduction

Since the Fourth Industrial Revolution, the rapid development of artificial intelligence
and information technology has greatly promoted changes in educational environments and
methods, leading to intensified competition for talent [1]. Educational philosophy is shifting
towards cultivating innovative talent and inherent enhancement, and informal learning is
gradually being emphasised [2]. Compared with traditional classroom learning, informal
learning lacks teacher instruction and relies on student-centred learning. This approach is
conducive to group participation and interdisciplinary collaboration [3,4]. Regarding the
types of informal learning spaces, this study used Scott Weber’s four quadrant classification
method [5]. It classified ILS into four categories based on the openness of the space
and the quantity of people. Some have classified it into several levels based on different
sound environments that are suitable for quiet learning, relatively quiet learning, and
conversational learning [6]. Some scholars have classified ILS into three categories based on
its functions: self-directed learning, exhibition learning, and discussion learning. Weber’s
classification method is more widely applied than others [7-9].

The location of informal learning is not fixed [10]. Research has shown that libraries
were the most popular environments for promoting active learning among students [11].
Libraries typically have good facilities, comfortable spatial environments and efficient learn-
ing atmosphere [12]. Numerous libraries are undergoing upgrades and renovations, with
an increasing number primarily focusing on informal learning spaces (ILS), breaking away
from the previous layout model, which focused mainly on book collections. Therefore, we
focus on the ILS within partially renovated libraries. Partial renovation differs from overall
renovation. This refers to the renovation of individual reading spaces, seminar rooms,
shared spaces, and other ILS during the normal operation of the library [13]. An updated
ILS is usually flexible and diverse, can accommodate different forms of learning, and has
innovative internal equipment that has received high praise [14]. Field investigations have
found that ILS in partially updated libraries often exist in a ‘group embedded’ organisa-
tional model. This organisational model exhibits unique characteristics, often appearing
in corners or shared centres and can accommodate three to four different types of ILS
internally. This study focuses on the learning cluster of a ‘group embedded’ library. This
model of library is actually one of the forms of traditional libraries crossing over to learning
centres, and it is also a reflection of the learning needs of teachers and students. The original
method of individual public learning could no longer meet the existing learning needs of
students, and more diversified learning cluster areas are beginning to emerge.

Researchers often propose relevant strategies from a qualitative analysis perspective
to improve space quality in ‘group embedded’ libraries [15]. Gatlin et al. developed a
qualitative research model adapted to the needs and learning styles of students through
the iterative learning of spatial type combinations [16]. Fouad and Sailer analysed learning
cluster using spatial syntax and found that the lower the Visual Mean Depth, the wider the
learning corridor [17], providing inspiration for ILS design in node regions. Owing to the
complexity of ILS and the diversity of influencing factors [5], quantitative research on mul-
tiple factors is difficult, and only a few scholars have quantified a single factor. Huang et al.
quantified indoor thermal comfort through long-term monitoring of indoor temperature
changes and explored the relationship between comfort and learning efficiency [18]. Cecchi
monitored the air quality of learning cluster and found that, when the level of outdoor
pollutants was low, sufficient ventilation could make the learning environment comply
with regulations [19]. Braat-Eggen et al. studied the relationship between noise sensitivity
and learning cluster, the results showed that learners had the lowest level of attention in
speaking environments with three people [20]. Barrett et al. found that the naturalness of
the design of learning cluster could affect 49% of the learning environment, whereas indi-
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viduality and stimulation each accounted for nearly 25% [21]. These studies have promoted
the improvement of learning cluster quality; however, composite research on multiple
factors was lacking. As pointed out by relevant scholars, currently, universally available
paradigms for learning cluster are lacking [22], and no one has explored organisational
models for learning cluster. The novelty of this study was the identification of the multiple
influencing factors and their weights of learning cluster that affect learning clusters, thereby
providing support for the subsequent improvement and renovation of libraries.

The Library of the Guangdong University of Technology in Guangzhou (GDUT) was
selected as the research case. It is a typical representative of library renovation and reflects
the characteristics of the ‘group embedded’ organisational model accurately. To address
this issue, we first utilised indoor positioning technology to monitor student behaviour
and usage duration. Second, we used environmental testing equipment to measure the
physical environment. Third, we use the real-time distribution of questionnaires to collect
students’ background information and subjective evaluations. Fourth, a rating table for
interior-space design was collected from designers. After integrating the information, we
conducted a correlation analysis and verification, and determined the relationship between
different influencing factors and selection preferences within the learning cluster.

2. Literature Review

Informal learning refers to learning outside the teaching space [23]. It can be traced
back to Dewey’s theory of ‘learning by doing’ [24]; then, this concept was formally pro-
posed by Malcolm Knowles and continuously developed [25]. Figure 1 demonstrates the
development and evolution of ILS. Informal learning evolved from the term “teaching
space’, and it was not until 1950 that the term “informal learning’ was officially introduced.
80% of a person’s life was spent on informal learning [26]. In the digital era, Internet and
intelligent devices has increased the value of informal learning [27].

In 1990
Learning space ( Refers to Teaching space ) Learning space ( Refers to formal learning space )
Teaching space  Learn by doing Informal learning space Learning center
T T T # Time
Before 1916 In 1916 In 1950, United States, 1?94 '_'University .ofChicago
Malcolm Knowles Bioscience Learning Center"  Research began to take off.

Progress in informal learning Spaces
Figure 1. Conceptual evolution.

Informal learning in libraries mainly focused on self-directed learning but also in-
cluded occasional learning [28]. A good learning environment can promote a state of
learning and focus. Therefore, improving the spatial quality of ILS is particularly im-
portant [29]. To better explore the specific characteristics of ILS, Scott-Webber proposed
the ‘four quadrant framework’ [5]. Figure 2 shows this framework. Counterclockwise,
the first type of ILS is open and single learning (ILS-1), the second is private and single
learning (ILS-2), the third is collaborative project learning (ILS-3), and the last is open and
multi-person learning (ILS-4) [30]. This classification method was also used in this study.
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Open

Multi-person Single-person
learning learning

Private

Figure 2. Four quadrant framework.

Learners’ perceptions and evaluations were increasingly being studied [31]. In terms
of learning outcomes and activities, users’ perceptions have a greater impact than the
environment itself [32]. Numerous factors influenced perceptions of the environment.
First, it has been demonstrated that students’” personal characteristics could influence
their preferences and perceptions [33-35]. Livingstone found that learners with higher
education tend to engage in more personalised learning activities [36]. This indicated that
people from different educational backgrounds tend to choose different learning methods.
Ng et al. showed that men were more adept at utilising emerging technologies [37],
which leads to men being more involved in informal learning. Second, the physical
environmental characteristics, such as sound [38], light [39], temperature [40], were also
important conditions that affected the perception of ILS [41-46]. Ramu et al. found that
physical factors such as lighting, temperature, and noise exceeding thresholds could lead to
a decrease in evaluation of the ILS [47]. Additionally, the facilities and equipment, as well
as the characteristics of the space itself, had a certain impact on overall perception [48]. Berg
and Chyun suggested that the ability to access the Internet and computers were among the
top two attractions of ILS [35,49]. Ramu et al. found that students’ sense of belonging to a
space was also very important [47]. In recent years, researchers found that natural elements
could create restorative spaces, alleviate fatigue, and improve mental health [39,50,51].

There was a lack of clear exploration on the relationship between multiple factors and
ILS, and these studies were not systematic [52]. Da Graga et al. evaluated four aspects
of comfort in ILS just using semantic scales [53]. Williams et al. created a database to
evaluate the new ILS for the future [54]. Technological advancements brought feasibility to
quantitative perception, such as wearable eye trackers, which could be used to explore the
relationship between space and vision [5]. Acoustic detection equipment could be used to
analyse the relationship between students’ attention and acoustic comfort [55]. The higher
the level of acoustic comfort in ILS, the stronger the creativity of its students. Researchers
have explored the relationship between carbon dioxide levels and learning. According
to Zhang et al., ILS design should introduce mechanical ventilation and air filtration to
improve air quality [56]. In conclusion, most studies summarised the methods of updating
and renovating [57], with little evaluation of the usage status after renovation [58]. However,
quantitative research on multiple factors was scarcer [59]. In terms of conclusions, previous
studies have certain limitations and have not considered the composite effects of multiple
factors, which cannot provide comprehensive guidance for ILS design [22].

To fill this research gap, the present study comprehensively explored the usage of
‘group embedded’ library ILS, identified key factors and existing problems of the learning
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cluster, and proposed improvement strategies. This study used high-precision positioning
devices to explore the relationship between ILS and users. Simultaneously, devices were
utilised to record various physical data to analyse the relationship between the physical
environment and behaviours.

3. Research Methodology

3.1. Research Subjects
3.1.1. Case Study

The first round of basic research was conducted in 20 libraries of major universities in
Guangzhou, China (Please refer to the Appendix A Table A1l). Eighteen of these libraries
had been renovated, and only two were new libraries. The original library had focused on
individual public learning, whereas the newly renovated ILS was inserted into the original
space in the form of learning clusters. Figure 3a shows the basic mode of a clustered
embedded library. This spatial organisation model was referred to as ‘group embedded’ in
this study. The reason for this model was that renovating existing libraries required a long
time and financial support [60], and the library still needed to operate normally during the
semester, providing students with learning and collection spaces. Therefore, most libraries
only underwent partial renovation. During the research, two other organisational models
were also discovered, which were called ‘boundaryless’ mode and ‘independent separation’
mode. The independent separation” mode occurred in newly built or fully renovated
libraries, where four types of ILS were independently distributed, either vertically or
horizontally, without interfering with each other. Figure 3b shows the basic mode of an
independent and separate library. ‘independent separation” mode is commonly found on
university campuses in Europe or the United States, and has gradually emerged in some
schools in China in recent years. Its internal space has no distinct boundaries, and multiple
learning methods coexist in a large space, with fuzziness and intersection as the main
characteristics. Figure 3c shows the basic mode of a boundaryless library. Some learning
centres may have meditation halls or meeting rooms isolated from other spaces. Owing to
the high proportion of the ‘group embedded’ mode, we explored only this mode in depth.

e
4 . &
[ \ L
[} \

J| C:1Ls-3
7 DiILs4

(a) ‘group embedded’ mode

b ‘indepehdeﬂt separa{tion’ mode (c) ‘boundaryless’ mode

Figure 3. Three forms of spatial organisation.

To explore the spatial environment quality of ILS in ‘group embedded’ libraries, we
investigated six of them in a second round. The results are summarised in Table 1. This
table mainly summarised the tested feasibility, characteristics of learning clusters, update
time, and suitability as typical cases.
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Table 1. Characteristics of ILS in the second round of research.
Library GDUT-L GMD-L HSPY-L HN-L GDDXC-L GZCLO-L
Abbreviation
Inserted into the existing A ring in small
Characteristics learning space in groups, Appearing in small groups, mainly distributed on the first and rogpsezn dgdist:ibite d
of ILS scattered in various highest floors. & OE the first floor.
areas of each floor. '
Music group, 24 h study
Important group, .art group, theraFure centre, Reach.ng group, 4. group. Exhll?mon group, Exhibition group
cluster name exhibition group, music centre. music group. catering group.
innovation group.
Number of 7 4 3 1 3 1
clusters
Renovation time 2022 2023 2010 2013 2018 2013
Feasibility of . . . . .
measuring Higher High Low High High High
Key case Yes No No No No No

After comparison, we ultimately chose library of GDUT (GDUT-L) as a typical case, as
it had a large number of groups, making it convenient for testing. The users were relatively
stable and suitable for drawing universal conclusions.

3.1.2. Introduction of Research Subjects

Figure 4 shows the geographical location of the library. GDUT-L was located in
University Town, Panyu District, Guangzhou City. To cope with the hot and rainy climate,
buildings often use transparent corridors to enhance ventilation and heat dissipation inside
them [61,62]. The exterior of the building is typically designed with sunshades, grilles,
and other shading elements that block the sun. The buildings on the GDUT campus were
designed considering climate adaptability [63]. Figure 5 shows the overall layout of the
library. GDUT-L was founded in 2003 and upgraded over 1000 square metres of ILS in
2022, forming seven major learning clusters. The library has seven floors, with the main
entrance hall located on the south 2nd floor. The 24 h study group was located on the first
floor. The opening hours of the other ILS were from 7:30 am to 10:30 pm.

S -
ffmg\‘ R
g J
.
Ko L
"
< N,
N >
N
‘ W
o " toookn Ciing L Gongdong Province """ Gongzhou City

%

« Case Location

Figure 4. Geographical location.
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Figure 5. General library layout.

(leading to residential

11. Entrances and exits

3. Main entrance of the library

To select typical cluster modules, we chose an academic and creative cluster located
on the southwest side of the third floor. Figure 6 shows the three-level plan where the
research cluster is located. This cluster included four types of ILS: ILS-1, ILS-2, ILS-3, and
ILS-4. This cluster was located near the courtyard and also near the outer corridor on the

south side. Compared with other clusters, it covered a more comprehensive range of types,

had a larger scale, and was easier to measure, making it more suitable for analysis and

comparative research. Table 2 compares the basic information of seven clusters. In this

table, you can clearly see the number of users, scale, feasibility of actual testing, and the

main characteristics of the group.

Table 2. Comparative analysis of the seven clusters.

Number Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5 Cluster 6 Cluster 7
ILS-1 v v v v v v v
ILS-2 X X Vv X X X V4
ILS-3 v v v v v v v
ILS-4 v v v v v v v

Space quality Higher Ordinary Higher High Ordinary Ordinary Higher
Unique feature 24 h open Alumm.d.oc':ument Strong learning Piano room  Surround atria ngludmg I'nc'ludlng
exhibition atmosphere training room training room
Scale (m?) 72 182 213 468 336 170 170
Number of users 10-15 15-25 30-40 40-60 12 20-25 25-30
Feas1b111t.y of High High High Low Lower Low Low
measuring
Key case No No Yes No No No No
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Figure 6. Academic and creative clusters in the third-floor plan.

The length of the cluster was approximately 16.0 m, its width approximately 12.0 m,
and its net height 3.4 m. Figure 7 shows the layout and dimensions of this cluster. It
included four major learning areas, as well as a service area and a printing area. Figure 8
shows the usage of various spaces within this cluster. The southern and eastern parts of
the cluster featured French windows. There was also a 2.0 m wide corridor outside the
cluster, and the balcony above provided a certain shading effect, as shown in Figure 8d. For
convenience of analysis, the cluster was divided into six regions: (1) The ILS-1 area consisted
of 12 study desks and 24 seats, with mainly hardwood furniture. To ensure privacy, the
table was divided by a 40 cm-high partition in the middle, as shown in Figure 8a. (2) The
ILS-2 area, consisting of four sets of sofas and tables, as shown in Figure 8b. The sofa was
1.2 m high and could provide users with comprehensive visual obstruction. (3) The ILS-3
area featured modular furniture (as shown in Figure 8c) and served multiple functions,
including storage, relaxation, learning, and discussion. (4) The ILS-4 area included a
large table and eight seats. This area was also used as a space for new book and painting
exhibitions. (5) Printing area; (6) Service area.
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Figure 8. Current usage status.

3.2. Selection of Positioning Technology

Currently, there are many positioning technologies, including GPS, WIFI positioning,
Bluetooth positioning, and Radio Frequency Identification [64]. When deciding on specific
technologies, we mainly considered three points: first, whether it was suitable for the size of
the spatial module; second, whether its accuracy met the requirements; and third, whether
its feasibility was sufficiently high without affecting students’ learning. Some positioning
technologies cover wide areas, but their accuracy is relatively low [65]. Some positioning
technologies might interfere with students’ learning; therefore, we did not consider them.
We ultimately selected Ultra-Wide Band (UWB) high-precision positioning technology [66].
Its label was wearable, lightweight, and could be used as long as it was clipped onto
students’ clothes [67]. The advantage of UWB is its high accuracy, with measurement errors
in the cm range, making it suitable for indoor use in small spaces [68]. UWB systems use
intermittent pulses to transmit data, with a short pulse duration between 0.20 and 1.5 ns,
and its system power consumption is low [66]. The instrument was designed based on a
UWB high-power module MAX2001-IPEX/CA, YCHIOT, Wenzhou, China. Table 3 lists the
main performance indicators. It included the operating temperature and frequency range
of this instrument, etc. The positioning principle is illustrated in Figure 9. The time-of-flight
(TOF) positioning algorithm was used [69]. The propagation distance was calculated by
measuring the time required for the signal to bounce back to determine the position of the
object [70]. The advantages of TOF were its strong anti-interference ability and high refresh
rate; it is particularly suitable for dynamic scenes. The selected cluster had an open interior
and no other obstructions that would significantly interfere with the signal [71].
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Table 3. Primary performance indicators of UWB.
Type Characteristics Corresponding Indicators
1. Frequency range 3.5 GHz to 4.2 GHz
2. Data transfer rate Default 6.8 Mbps, supports 110 Kbps or 850 kbps

3. Typical transmission power —22 dBm

4. X-Y positioning accuracy Error value less than 10 cm

5. Point to point range Maximum value of 300 m
6. Operation temperature —40-60 °C

Start pulse g Laser device

Photodetector Target Object

& =
< >

Distance

Figure 9. Positioning principle.

After determining the positioning technology, we distributed and set up the base
stations within the cluster. Four base stations were selected and placed at the corners of the
space using tripods. Owing to the high height of the sofa in ILS-1, the height of the base
station was set to 3.0 m to reduce its impact on the signal. The maximum instantaneous
usage of this cluster was 40; therefore, 40 tags were used. Before the experiment, the four
base stations were tested for their origin settings. The equipment was tested to check that it
operated normally, with assistants carrying tags to walk around the space.

3.3. Preliminary Establishment of Evaluation System

Through research and interviews with users, we initially established four key deter-
minants for evaluating the spatial quality of the learning cluster. These were the physical
environmental, spatial ontology, spatial atmosphere, and facility equipment determinants.
Figure 10 shows the establishment process of the evaluation system. Figure 10a shows
the initial evaluation system. Each determinant was associated with specific factors, and
the total number of factors among the four determinants was 26. Figure 10b is the final
evaluation system, which only has 20 influencing factors. The process of this operation from
Figure 10a to Figure 10b is as follows. A two-week questionnaire survey was conducted
with users within the learning cluster, and 606 questionnaires were collected. After exclud-
ing invalid questionnaires, the number of valid questionnaires was 578. A reliability test
was conducted on these, and the results showed that the Cronbach’s alpha coefficient was
0.952, indicating excellent reliability. Validity testing was conducted by randomly selecting
four major determinants from among the 26 factors. The results showed that the Kaiser—
Meyer-Olkin (KMO) value was 0.565, which was less than 0.6, indicating insufficient data
validity. Subsequently, factors with low commonality were removed, and those that did
not match the preset dimensions were adjusted, resulting in the retention of 20 factors. The
evaluation system was revalidated, and the results showed a KMO value of 0.674. The



Buildings 2025, 15, 4530

11 of 38

cumulative variance interpretation rate after rotation was 76.04%. The validation results
passed the Bartlett sphericity test, and the significance p-value less than 0.01, indicating
that the data met the requirements of factor analysis and could be used for quantitative
descriptions in weight analysis.

/{ Temperature Pl

v humidity — P2 Temperature P1
Physical environment | €02 content P3 CO: content } P2
dements SR ST S
\ | Noi P3
| = olse
| Muminance —— P5 ‘N

\

\:Ai’ velom:'y BE Illuminance l— P4
Space scale S1

i

[ |
‘ Spatial layout S2 | Space scale | s1
| Accessibility s3 I Spatial layout } s2
Spatial ontology Space level 54 I Accessibility } S3
elements Spatial interface ‘ S5 " l { Space level sa
Wind d vi S6
[rcotsancview I Windows and view } S5
Colour s7 | ]
| Opening time | Sé6
{ Opening time ] S8
Adequate equipment E1l / ’ Adequate equipment l El
Equipment and facility E2 7 ‘ Adjustable seats | E2
clements o | storagespace | &3
’—‘COHee and drinks E4 [ Coffee and drinks ] E4
Cleanliness Al
Space privacy A2 Cleanliness Al
Space openness A3 Space privacy A2
Space atmosphere Space hue A4 Space openness A3
elements Decorative style A5 b l Space hue Ad
Spatial flexibility A6 spatial flaxibility AS
Nature friendly A7
Nature friendly A6
Relaxed atmosphere A8
(a). 26 indicator factors (b). 20 indicator factors

Figure 10. Establishment of the evaluation system.

3.4. Weight Calculation of Indicators

This study constructed an evaluation system for the environmental quality of informal
learning clusters consisting of four major determinants and 20 indicator factors. It used a
combination of the weighted coefficient and comparative scoring methods to calculate the
weights of the factors. At the end of the questionnaire, the students selected and ranked
the six most critical factors. The weight coefficients of these six factors are listed in Table 4.
The weight coefficient of a factor that ranked first was the highest: 6/21; that of a factor
that ranked sixth was the lowest: 1/21. When a factor was not included in the top six,
its coefficient was considered to be 0. After superimposing and calculating each factor,
their weights were obtained. The specific calculation formulae were (1), (2), and (3). ‘MAn’
calculated the weight of certain factors in all valid questionnaires. Equation (2) was used to
calculate the total weight score of the questionnaire. Equation (3) was used to calculate the
score for this factor in the overall evaluation system.
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MAn=nl1 x6/21 +n2 x 5/21+n3 x 4/21 +n4 x 3/21 +n5 x 2/21+n6 x 1/21 (1)

Q=MA1+MA2 + MA3 +... + MAn )
Pn=MAn/Q 3)

Table 4. Extraction of factor weights.

Ranking Number1 Number2 Number3 Number4 Number5 Number6

Weight 6/21 5/21 4/21 3/21 2/21 1/21
Factor Al A2 A3 A4 A5 Ab

The reason for choosing this method was that it provided more accurate weight values
than simple SPSS 29.0.2.0 analysis, as the cumulative variance explained by SPSS after
rotation was not 100%. The variance explained rate only represented the proportion of
the original information extracted by common factors. It did not consider the relative
importance between variables within each factor, and if weights were directly allocated
using this ratio, it was equivalent to ignoring the unexplained portion of variance.

3.5. Specific Implementation of the Experiment

The experiment lasted for two weeks, from 8 to 22 October 2023. This was the autumn
semester of Chinese universities, and students’ learning courses and tasks had entered
the middle of the semester, with a relatively stable learning state. The number of students
in the library was at the annual average level. In October, Panyu District in Guangzhou
remained hot and rainy, with an average temperature of 21-29 °C, reflecting the distinct
characteristics of the climate. The library still required air conditioning to maintain a
suitable temperature. Before the experiment, preparation and debugging work were
conducted, including positioning software, measuring instruments, and a platform for
collecting data on computer terminals.

Figure 11 shows the experimental method flowchart of this study. The experiment
started at 9 am. We distributed location tags, questionnaires, and participatory gifts to stu-
dents who entered the cluster, while collecting tags and questionnaires in a timely manner
from the students who left. If the student only came to find classmates and left quickly
(with a stay time of less than five minutes), their data would not be recorded. The experi-
ment ended at 9 pm, after which the number of people decreased significantly and was no
longer considered. This experiment adhered to the principle of ‘three simultaneities’, which
involved collecting location information data, questionnaire information, and physical envi-
ronment data simultaneously. In total, 759 questionnaires were completed. After excluding
17 invalid questionnaires, the final number of valid questionnaires obtained was 742. The
Cronbach’s alpha for these valid questionnaires was 0.914, indicating good reliability. After
the experiment, the collected data were analysed and organised. Positioning information
data were used to analyse student behaviour and preferences and were compared with
physical environment and questionnaire data to obtain the relationship between student
behaviour, preferences, and various indicator factors.
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9:00 AM

The beginning of the
experiment

1. Space ontology data collection
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. . am = A
Space area, per capita usable area, corridor width, spatial
accessibility, spaciousness, interface form, decoration materials.

2. collection of user location data

& N i
19 -

UWB was used to collect positioning data, which can be analyzed in
various aspects such as distribution density and trajectory.

9:00 PM

The end of the experiment

> > Time

Testing instruments,
Arranging points,
Software trial operation,
Noise pre-test.

3. Physical data measurement

7 Ao

Illumination, temperature and humidity, noise and air quality

Recycling questionnaires,
Recycling labels,

Recycling instruments,

Data cleaning and analysis

4. Subjective and objective evaluation data

EERTIUT —_— i ———

Survey questionnaire Quality rating form

Simultaneous collection of multiple data

Figure 11. Experimental method flowchart.

3.6. Collection of Objective and Subjective Data
3.6.1. Measurement of Physical Environment Data

According to the evaluation system in Figure 10b, the physical data were required
to collect four items: temperature, noise, carbon dioxide (CO;), and illuminance. The
instrument used for temperature collection was the “Testo-174H’ temperature and humidity
detector, with a measured accuracy of 0.5 °C. Its manufacturer is Testo SE&Co. KGaA,
located in Lenzkirch, Germany. The noise metre adopted ‘BENETECH GM1356, Shenzhen,
China’ with an accuracy of £1.5 dB. The model of the illuminance metre was ‘TES-1339R,
Taiwan, China’, with an accuracy of +3% reading £5 digits. The CO, detection used
‘CB-ETH, Shenzhen, China’ with a measurement accuracy of 3%. Figure 12 shows the
arrangement of measurement points within the cluster. Physical measurement equipment
was deployed after the base station location was set. The arrangement of equipment should
be as uniform as possible and cover the entire cluster. It found that many users preferred to
sit by the windows; therefore, ILS-1 and ILS-2 were further divided. The area closer to the
west window was Zone A, and the area farther away was Zone B. The south side of ILS-2
had much softer lighting than the west side; therefore, the influence of the west window
was mainly considered. For convenience of comparative research, points were arranged
according to the characteristics of the region. ILS-5 and ILS-6 were service areas, which
were not included in this study.
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Figure 12. Measurement of the distribution points.

Noise was divided into steady-state noise and non-stationary noise [72]. During the
observation period, when using a sound level metre to measure the dynamic characteristics
of ‘slow gear’, noise with a sound level fluctuation of more than 3 dB was considered
non-stationary noise, whereas noise with a fluctuation of less than 3 dB was considered
steady-state noise [72]. Before conducting the formal experiment, we conducted noise
pre-testing on the four regions within the learning cluster. Figure 13 shows the results of
the noise pre-test. Among the four areas, ILS-2 was the quietest. The noise fluctuation
difference in ILS-2 was 16.8 dB, indicating that the overall noise of the learning cluster was
non-stationary noise. For non-stationary noise, it is only necessary to measure the noise
duration for 20 min in a formal experiment to meet the experimental requirements.

O ILS-1 D ILS-2 W ILS-3 [ ILS-4

30 29.3

26.6

25 221

e 16.8

15

10

0 I
ILS-1 ILS-2 ILS-3 ILS-4
@Noise fluctuation value (dB) 26.6 16.8 22.1 29.3

Figure 13. Noise pre-test results for learning cluster.

3.6.2. Collection of Other Objective Data

Figure 14 shows the content and methods of objective data collection. In addition
to physical data, the data on facility equipment, spatial ontology, and spatial atmosphere
also needed to be summarised. Before the experiment began, the research team collected
detailed on-site records of the characteristics of these three aspects of the cluster.
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Field measurement Field recording

Figure 14. Content and methods of objective data collection.

The records included textual descriptions and graphic illustrations of important nodes.
The library’s internal space designers rated and scored the quality of this cluster, which
was reflected in the results of a quality rating table. The quality rating table was divided
into four levels, with the highest quality being level-4 and the lowest level-1. This section
would be compared with user satisfaction ratings to gain a comprehensive understanding
of the spatial quality of the learning cluster.

3.6.3. Collection of Subjective Data

Subjective data were collected through two channels: user interviews and question-
naire surveys. The questionnaire included all the questions we wanted to clarify and
categorised the relevant questions. The questionnaire mainly included three types of ques-
tions and content. First, information was collected using multiple-choice questions. The
first aspect was personal characteristic information, including the user’s education, gender,
and major. The second aspect was study habits, which mainly included users’ seat selection
preferences, daily study duration, number of peers, learning objectives, learning methods,
and other information. The third aspect was the usage status of the space, which mainly
included the following questions: (1) What was the most critical reason for sitting here?
(2) What accompanying learning behaviours exist besides the primary learning behaviour,
or casual behaviour? (3) Were there areas that needed improvement in this ILS? (4) What
was the most crucial reason for choosing to leave this seat? (5) What type of ILS was lacking
the most? Second, an evaluation scale was used. This study collected user evaluations in
the form of a satisfaction scale. The scale was divided into five levels, with ‘very dissatis-
fied” having a score of 1 and “very satisfied” having a score of 5. Third, a ranking question
required the users to select the six most critical factors in order of their importance.

During the interviews, discussions were held on relevant details, and additional
questions were asked, which enabled us to gain a more comprehensive understanding of
the learning cluster. The research objective for learning clusters in informal learning was to
identify the most important determinants that students were most concerned about and
the corresponding design indicators and to propose targeted improvement strategies.
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4. Results
4.1. User Attributes and Learning Behaviour

Figure 15 shows the percentages of the gender, major, and education levels of the users.
The cluster was composed mainly of men (82.59%), with fewer women. Students majored
mainly in science and engineering (91.18%), with fewer humanities majors (8.82%). In
terms of educational background, undergraduate students comprised the majority, whereas
the proportion of master’s and doctoral students was very low (2.94%).

Analysis of different user attributes

100.00%

90.00% Tl D7. 06%

0,
80.00% I S
70.00%
60.00%
50.00% ” Gender

40.00% Major

Data percentage

30.00% Educational background

20.00% 17.41%

10.00%

l8. 82%' 2. 94%
0.00% l

Male Female Science and Liberal Arts Master and ~ Different types
engineering PhD
Undergraduate

® Gender ® Major ®Educational background

Figure 15. Analysis of gender, major, and educational background. * The questions in Figures 15
and 16 were multiple-choice questions; therefore, the sum of the proportions for each item was greater

than 100%.
Purpose behavior analysis *
100.00%
o
90.00% 82.35%
80.00%
70.00%
60.00%
g
T 50.00%
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& 40.00% Exam Review
30.00% Paper writing
Reading books
20.00% 11.76% Lei
= 8.82% 8.82% elsure
10.00% [—‘ m 2.94% Other reasons
0.00%
Exam Review Paper writing Reading books Leisure Other reasons

Different types of behavior

Figure 16. Analysis of users’ purposeful behaviour.

Figure 16 shows a user’s purposeful behaviour. Only 8.82% of the users visited for
leisure, whereas the majority intended to study. The proportion of examination reviews was
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the highest (82.35%). Next were research writing (11.76%) and reading (8.82%). Figure 17
shows the users’ seating preferences. Most users preferred to sit by a window, wall, or near
the courtyard, whereas only 5.88% preferred to sit in the middle. Some students (35.29%)
expressed a preference for sitting in the same position to study.

Seat preference analysis

50.00%
45.00%
40.00% 38.24%
35.29% 35.29%
35.00%
E 30.00%
£
§ 25.00%
& 20.00% 17.65%
15.00%
Sitting by a wall
10.00% 5.88% g by
=.00% Sitting by the window
0.00%
Sitting by a wall  Sitting by the Sitting by the Sitting in the Sitting in the Sitting by the courtyard
window courtyard middle same seat
® Proportion 35.29% 38.24% 17.65% 5.88% 35.29% Sitting in the middle

Different seating preferences

Figure 17. Analysis of users’ seating preferences.

Figure 18 shows the total duration of seat stay within the research scope. The seats
in the ILS-2 area, particularly those near the interior, were the most popular. The seat
preference of ILS-1 exhibited separate and diagonal characteristics. Seats near the aisle
in ILS-3 and ILS-4 were usually not selected. ILS-3 was mainly for two users to discuss,
whereas ILS-4 was mainly for three or more people to learn. This study also found that
users preferred to sit facing the direction of pedestrians to protect screen from being seen,
which was reflected in all areas.

W R || =
B B B O
‘ ]
HE B 5§ = \Staff service area
H B B [ ILS-1 LS4
. H B § B i
! ILS-3 - -
H B B [ [ O
H O . U -—- 210 hours
B | | N e e s ] l
B B ILS-2 " --- =40 hours
W H Print zone[ | [] [ [ O O
B ] n i T T ] | --- 270 hours

Density distribution of seat stay time *

Figure 18. Duration of seat stay. * The calculation of stay duration was the sum of the total duration
within two weeks. The darker the colour, the longer the user stayed in the seat, and the more popular
the seat was.



Buildings 2025, 15, 4530 18 of 38

4.2. Subjective Evaluation Results

Table 5 presents the satisfaction, average, and complaint rates for each factor within
the learning cluster. The three best indicators for student satisfaction were spatial scale,
adequacy of equipment and facilities, and noise, with satisfaction rates of 52.94%, 50.95%,
and 51.00%, respectively. The three factors indicating least popularity were space openness,
nature-friendly design, and storage space, with complaint rates of 44.12%, 32.35%, and
27.47%, respectively.

Table 5. Satisfaction evaluation of learning clusters.

Types Number Impact Factor Satisfactory Rate Average Rate Complaint Rate
1 P1. Temperature 26.47% 55.88% 17.65%
P 2 P2. Carbon dioxide content 47.06% 41.18% 11.76%
(Physical factors) 3 P3. Noise 50.95% 38.49% 10.56%
4 P4. Illuminance 50.00% 32.35% 17.65%
5 S1. Space scale 52.94% 41.18% 5.88%
6 S2. Spatial layout 46.05% 39.24% 14.71%
S. 7 S3. Accessibility 44.12% 50.00% 5.88%
(Spatial ontology) 8 S4. Space level 38.24% 50.00% 11.76%
9 S6. Windows and view 26.47% 50.00% 23.53%
10 S8. Opening duration 35.29% 42.17% 22.54%
11 F1. Adequate equipment 51.00% 38.24% 10.76%
E 12 F2. Adjustable seats 35.29% 38.24% 26.47%
(Space facilities) 13 F3. Storage space 38.24% 34.29% 27.47%
14 F4. Coffee and drinks 28.40% 45.13% 26.47%
15 Al. Cleanliness level 33.29% 43.18% 23.53%
A 16 A2. Space privacy 35.29% 47.06% 17.65%
( Atmosi)here 17 A3. Space openness 17.65% 38.24% 44.12%
building) 18 A4. Space hue 29.41% 58.82% 11.76%
19 Ab. Spatial flexibility 35.29% 47.06% 17.65%
20 A6. Nature friendly 26.47% 41.18% 32.35%

4.3. Performance of Physical Data
4.3.1. llluminance

According to the latest standard GB/T50034-2024 [73], the illuminance standard value for
the learning environment in the library was 300 lux. However, in the on-site usage evaluation,
students generally expressed that an environment of 150-200 lux met the visual requirements
for learning. Figure 19 shows the variation in illuminance within the learning cluster during
the testing period. The illuminance value was lower in the morning and gradually increased,
reaching its peak at 12:30 pm, and the illuminance value gradually decreased in the afternoon,
which was a common trend. The illuminance values fluctuated greatly in the morning and
less in the afternoon. After 5:30 pm, the overall illuminance of the learning cluster was below
150 lux, which did not meet the learning needs. The illuminance values of ILS-1 and ILS-2
were higher than the optimal values between 11:30 am and 2:00 pm.

Iuminance (lux)*
N
B8
o o

ILS-4 B6
— — Norm 2024
————— Norm 2013

&
&

115

65

Figure 19. Relationship between illuminance and time variation. * In Figure 19, Figure 20, Figure 21,
Figure 22, Figure 23, Figure 24 and Figure 25, the values on the y-axis refer to the average of all the
measurement points within the area (when there were multiple measuring points in the area).
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Figure 22. Temperatures in different regions.
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Figure 20 shows the contrast in illuminance in different areas. The order of the
average illuminance values was ILS-1A, ILS-2A, ILS-1B, ILS-2B, ILS-4, and ILS-3. The
highest average illuminance value occurred in the ILS-1A area, at 222.94 lux. The highest
and lowest values of illumination appeared in the ILS-1A zone, at 43.000 and 69.00 lux,
respectively. The average illuminance value of area A was higher than that of area B, while
the average illuminance of area ILS-4 was higher than that of area ILS-3.

4.3.2. Temperature

Figure 21 shows the variation in temperature during the measurements. The tempera-
ture of the cluster remained at around 26 °C in the morning, then continued to rise until it
peaked at 1:50 in the afternoon, and then gradually fell back to below 26 °C after 6:30 in
the evening. The highest average temperature occurred at ILS-1A, at 27.10 °C. The lowest
average temperature occurred in ILS-3, at 26.70 °C. The highest temperature occurred in
ILS-1A, at 28.4 °C; the lowest occurred in ILS-3, at 25.8 °C. According to the requirements of
‘Code JGJ38-2015" [74], the indoor temperature in summer should be between 25 and 27 °C.
As shown in Figure 21, the temperature at noon did not meet the regulatory requirements,
but met the requirements early in the morning and evening. The temperature in ILS-4
was the most comfortable, whereas that in ILS-1A deviated the most from the regulations.
The temperatures in different areas of ILS-1 and ILS-2 are shown in Figure 22, where the
temperature in area A was higher than that in area B, and the fluctuations within a day
were relatively large.

4.3.3. Carbon Dioxide Content

Figure 23 shows the variation in CO, content over time. There was a fluctuating
increase in CO; levels between 3 and 6 pm, which then gradually stabilised. The latest
standard, GB50325-2020 [75], for indoor environments requires that the CO, content in
densely populated areas be controlled to within 800 PPM. The peak CO, content of the
learning cluster was 486 PPM, indicating that all data met the regulations. Figure 24 shows
the CO; levels in the different regions. The maximum value of CO, occurred in ILS-1B, at
486 PPM. ILS-1B had the highest average CO, concentration of 419 PPM, whereas ILS-1A
had the lowest average concentration of 415 PPM.

4.3.4. Noise

Figure 25a,b show the temporal variations in noise in the four regions. The noise in
ILS-1 was generally higher than that of ILS-2, with the highest values being 81.60 dB and
75.10 dB, and the lowest values being 49.70 dB and 47.50 dB, respectively. According to the
requirements of JGJ38-2015 [74], both ILS-1 and ILS-2 belonged to the quiet zone, and their
average noise should be controlled within 45 dB. However, the actual situation did not meet
this requirement. The noise level of ILS-3 was generally lower than that of ILS-4, with the
highest noise being 69.50 dB and 82.60 dB, and the lowest values being 50.30 dB and 54.00 dB,
respectively. Both ILS-3 and ILS-4 belonged to the dynamic zone [74], and their average noise
should be controlled to within 50 dB; however, they did not meet the requirements. The noise
values of the four regions were ranked from high to low as ILS-4, ILS-3, ILS-1, and ILS-2, with
average noise of 56.60 dB, 53.20 dB, 52.40 dB, and 50.20 dB, respectively.

4.4. Performance of Other Objective Data

Figure 26 shows the quality ratings of the learning cluster with different spatial char-
acteristics. The S1 factor had the highest quality rating, with the three regions approaching
level 4 in spatial quality. The quality ratings of S5, E1, and A6 were all very low, with the
three areas approaching level 1 in spatial quality. As mentioned in Section 3.6.2, this was
determined by the interior space designers based on the specific characteristics of each
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space. The colour tended towards green, indicating the lower-quality characteristic of the
space. The more the colour tends towards pink, the higher its quality. A comprehensive
comparison was made between the user evaluations and this quality rating table in the
fifth part.

Quality certification table*
ILS-1 ILS-2 ILS-3 ILS-4

Space scale S1 Level 4
Spatial layout S2 Leyd @
Accessibility S3 LER
Space level S4 Level 1
Windows and view S5
Opening time S6
Adequate equipment E1l
Adjustable seats E2
Storage space E3
Coffee and drinks E4
Cleanliness Al
Space privacy A2
Space openness A3
Space hue A4
Spatial flexibility A5
Nature friendly A6

Figure 26. Quality rating table. * The physical environment data were obtained through actual
measurements, and further data analysis was carried out. Therefore, this figure does not include
factors related to the physical environment.

4.5. Results of Weight Analysis

Table 6 shows the weights of the 20 factors, with the first six factors accounting for
50.58% of the total. Spatial privacy ranked first, with a weight of 10.34%, which represented
users’ loyalty to spatial privacy. The second highest was illuminance, with a weight of
9.20%. Noise was ranked third, with a weight of 8.62%. Temperature was ranked fourth,
with a weight of 8.05%. Notably, among the top six factors, there were three related to
the physical environment. Among the determinants of facilities and equipment, sufficient
equipment had the highest proportion, with a weight of 6.90%. Among the ontology
determinants, spatial scale accounted for the highest proportion, with a weight of 7.47%.
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Table 6. Specific weights of each factor.

Number Factors Weight Sum of Weight
1 Space privacy 10.34%

2 Muminance 9.20%

3 Noise level (dB A) 8.62% 50.58%
4 Temperature 8.05%

5 Space scale 7.47%

6 Adequate equipment 6.90%

7 Adjustable seats 5.75%

8 Opening duration 517%

9 Carbon dioxide content 4.78%

10 Nature friendly 4.42%

11 Spatial layout 4.18%

12 Spatial flexibility 4.02%

13 Space hue 3.96% 49.42%
14 Storage space 3.76%

15 Space level 3.04%

16 Windows and view 2.87%

17 Accessibility 2.50%

18 Cleanliness 2.10%

19 Space openness 1.72%

20 Coffee and drinks 1.15%

Table 7 presents the weights and rankings of the four major determinants. In this learning
cluster, physical determinants dominated 30.65% of students’ preferences. The environmental
atmosphere determinant ranked second, explaining 26.76% of students” preferences. The
spatial ontology determinant ranked third, explaining 25.03% of students’ preferences. The
equipment and facility determinants ranked fourth, with a weight of 17.56%.

Table 7. Weights of the four major determinants.

Key Elements Weight Sequencing
P. (Physical factors) 30.65% 1
S. (Spatial ontology) 25.03% 3
E. (Space equipment) 17.56% 4
A. (Atmosphere building) 26.76% 2

5. Discussion
5.1. Relationship Between User Attributes and Selection Preferences

In terms of disciplines, the main learners in this learning cluster were science and
engineering students, whereas the proportion of humanities students was very low. This
result was consistent with Tibbits et al.’s research, in which humanities students were
described as ‘bookworms’” and did not appear in new ILS [76]. Ibanez and Delgado Kloos’
research suggested that interdisciplinary learning is becoming popular, which used to occur
in the natural sciences but is now happening in the humanities as well [77]. Their research

reflected that interdisciplinary education is currently in progress. Although humanities
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students accounted for only 8.82% of all students in this study, this proportion is expected
to increase. With the promotion of the ‘STEAM’ concept [78], problem-oriented learning is
forming the foundation for learning integration in interdisciplinary education. Tibbits et al.
suggested that innovative ILS can influence the long-term establishment of disciplines [76].
This indicates that the spatial design features and disciplines are interdependent. The design
of ILS should consider the characteristics of users [78] such as major [76,77], gender [79,80],
education level [36], and seating preference [81,82]. ILS could be set according to the
characteristics of a certain discipline to satisfy specific requirements [82].

In terms of gender, male users accounted for over 80% in this study. According to
the official enrolment data for 2025, the male to female ratio at GDUT was 68% and 32%,
respectively, and the survey results showed that the male proportion was higher than 68%,
indicating that the cluster still had a certain appeal to men. Ng et al. found that boys can
master new technologies faster, such as new networks and learning devices [37]. Zhang
et al. found that women have stronger self-learning abilities and prefer to study at home,
whereas men prefer to study outside [82]. Li et al. found that boys were more likely than
girls to tolerate the noise generated by typing [44]. These studies explained the results of
this study from different perspectives. Bancheva and Ivanova called for attention to the
relationship between gender and informal learning [80]. Boeren confirmed that men prefer
to participate in work-related learning [34]. Beil and Hanes confirmed that women prefer
access to natural environments [35]. The evaluation score for the natural design in this
cluster was relatively low. The environment should be improved by adding green plants,
plant walls, or natural decorative materials.

In terms of educational background, the cluster mainly consisted of undergraduate
students, with a few master’s and doctoral students. Tikkanen confirmed that young
people with lower educational levels prefer informal learning [83]. Livingstone found that
learning content and needs have sparked different responses, such as PhDs preferring to
conduct research quietly, whereas undergraduates prefer to communicate [36]. Zhang et al.
supported this finding, as students who desired a quiet learning environment were more
sensitive to noise [82]. The analysis of purpose behaviour in this study was consistent with
the statistical results for educational background.

Regarding seating preferences, users mainly exhibited sitting in separate seats, sitting
diagonally, and leaning against a wall, all of which were related to privacy [77]. Learners
hoped to have a private or semi-private learning area, and women valued privacy more
than men [47]. The seat stay times of this cluster, from highest to lowest, were as follows:
ILS-2, ILS-1, ILS-3, and ILS-4. Overall, students valued privacy more than openness. When
two people sat next to each other, they were afraid that the person next to them would see
the content on their screen. If two people sat facing each other, they would feel embarrassed
when they looked up simultaneously. Users liked sitting by the window because of the
lighting and visibility. Research has shown that students prefer to be exposed to natural
rather than artificial lighting [38]. Taib confirmed that after prolonged learning, exposure
to natural environments can improve psychological stress [39].

5.2. Correlation Between Physical Environment and Preferences

In this case, the noise exceeded the regulations in both the quiet and dynamic areas.
However, users’ satisfaction with background sounds ranked third among all the factors.
Harrop and Turpin confirmed that noise could be a positive or negative attribute of a
learning space [38]. Excessive noise can cause quiet learners to feel frustrated; however,
not everyone likes to study in a quiet atmosphere [84]. To some extent, sound can make the
learning environment more dynamic [38]. The underlying principle of this phenomenon is
“productive background noise,” which refers to the concept that under specific conditions,
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moderate and non-intrusive background noise does not interfere with work or study but
instead enhances an individual’s creativity, focus, and information processing abilities.
For library learners, there exists an optimal range where noise levels below the minimum
threshold lead to drowsiness and difficulty concentrating, while noise levels above the
maximum threshold cause distractions or even disrupt normal learning states. The mea-
sured results of this study confirmed that current Chinese regulations did not account for
the theory of productive background noise. This research will delve deeper to provide
recommended optimal noise range values in the future. Harrop and Turpin also conducted
actual measurements of ILS in different regions, and Table 8 shows a comparison between
the measured results of this study and their research. The two results were very close
and the noise fluctuations in adjacent areas were very low, with the highest value being
+3.4 dB. According to the Department for Environment Food and Rural Affairs, this sound
was very similar to the characteristics of a regular office space [85]. This situation causes
quiet learners to sit away from the discussion area. In future optimisations, relevant spatial
barriers, such as whiteboards, tall plants, large displays, and glass barriers, can be added
to improve this mutual interference phenomenon [77] to create a more discrete spatial
organisation pattern [38].

Table 8. Comparison of noise with the same spatial organisation pattern (‘group embedded”).

Different Scholars Average Noise in the Average Noise in the Overall Average Average Noise Fluctuation
Quiet Zone Dynamic Area Noise Level in Adjacent Areas

Harrop and Turpin 51.6 dB 55.0dB 53.1dB +3.4dB

This study 50.2 dB (ILS-2), 52.4 dB (ILS-1) 53.2 dB (ILS-3), 56.6 dB (ILS-4) 53.1dB +0.8-3.4dB

To provide a more precise explanation of the problem, this study conducted noise
measurements on another university library operating in an ‘independent separation” mode.
Table 9 presents a statistical comparison between the two libraries. The presence of spatial
barriers caused significant fluctuations in the average noise between different types of ILS,
reaching over 10 dB. Simultaneously, this study measured the ILS of the ‘boundaryless’
mode in Guangzhou; the results showed that the average noise in the ‘boundaryless’ mode
was much higher than that of the learning cluster, and the minimum fluctuation value in
adjacent areas was 0.6 dB.

Table 9. Comparison of noise with different spatial organisation patterns.

Different Libraries Average Noise in the Average Noise in the Overall Average Average Noise Fluctuation
Quiet Zone Dynamic Area Noise Level in Adjacent Areas

. , 50.2 dB (ILS-2), 53.2 dB (ILS-3), g

Group embedded’ mode 524 dB (ILS-1) 56.6 dB (ILS-4) 53.1dB +0.8-3.4dB

‘Independent separation’ mode  44.5 dB 57.9 dB 51.2dB +13.4dB

‘Boundaryless’ mode 62.0 dB 66.9 dB 64.2 dB 0.6-2.5dB *

* The ‘boundaryless’ library is a mixture of all types of ILS without specific boundaries; therefore, the fluctuation
value was the smallest among the three organisational models.

Regarding illuminance, the actual measurements showed that for most of the day, the
average illuminance within the cluster did not meet the standard requirement of 300 lux [73]
and only met the requirement at noon. Both the southern and eastern sides of this cluster
had external corridors, and the illumination of their internal spaces relied more on artificial
lighting. The lighting mainly came from the top strip lights, which were spaced apart
and had low illumination, resulting in insufficient illumination and uneven distribution.
ILS-4 could take advantage of the atrium for lighting; therefore, its overall illumination
was better. Natural light was favoured by students [86]. Directly receiving solar radiation
was more conducive for learners to relax their minds [87]. The optimisation of this cluster
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mainly included the following measures: First, the skylight material in the atrium should
be replaced with materials of higher transparency to introduce more natural light. Second,
full use should be made of the outer corridor, with doors added for entering the corridor,
and several sofas placed to allow students to experience natural sunlight and air. Third,
different types of lighting fixtures should be added [88], such as desk lamps on the tables,
and switches should be configured for different illumination.

In terms of illumination, the ‘group embedded’ mode was not significantly different
from the other two patterns. Illumination was closely related to orientation and space
scale. When natural lighting is poor and depth is large, the use of artificial lighting should
be strengthened. When the space faces west, measures must be taken to prevent direct
sunlight from causing glare.

The temperature within the cluster only met the requirements in the morning and
evening and exceeded the prescribed 27 °C at noon. Despite the use of air-conditioning
and refrigeration equipment, the indoor temperature was not maintained in a constant
state. An increase in temperature would cause a decrease in users’ comfort [47]. The
satisfaction rate of users with the temperature was only 26.47%. Ramu et al. found that
the average temperature of ILS was higher, and the higher the temperature, the lower the
humidity, which made users feel drier and uncomfortable [47]. Thomas et al. confirmed
that at a normal temperature (25 °C), students’ attention was most concentrated [45].
Rising temperatures not only affected learning performance but also led to health and
emotional issues [49]. Juan and Chen concluded that uncomfortable temperatures had the
greatest impact on anxiety [84]. The above studies indicated the urgency of improving the
temperature, and that passive methods should be used for cooling and insulation in future
optimisation [63]. Tukiran et al. found that plants can increase humidity and decrease
temperature [89]. In future optimisation, green plants could be used as barriers to separate
spaces, and the atrium could also be used to regulate the temperature by opening air holes
in the skylight of the atrium to promote air circulation [90]. Intelligent temperature control
systems could also be introduced to adjust the indoor temperature according to the amount
of sunlight.

In terms of CO, content, the overall level of CO; in this cluster was maintained within the
prescribed level of 800 PPM. Students had a high satisfaction rate with this factor (approaching
50%). The concentration of CO, was higher in ILS-1 and ILS-2 and lower in ILS-3 and ILS-4.
Yang et al. reported that the impact of air quality in ILS was lower only than that of high
temperatures [40]. When the CO, content was high, students” attention would decrease.
When the concentration of CO; increased from 690 to 2900 PPM, the decrease in attention
was 5% [42]. The discussion attempted to explore the factors related to CO; concentration
to find the key to optimising air quality. Turunen et al. found that air quality was closely
related to the ventilation rate of the ILS [41]. Coley et al. found that the ventilation rate
of the ILS in many schools did not meet these requirements [42]. During testing, the air
conditioning was turned on and the external windows were closed. The indoor ventilation
relied mainly on a fresh-air system. The increase in CO; concentration was mainly related to
user density. When personnel density increased, the oxygen content decreased, and students
might experience symptoms such as dizziness and chest tightness [43]. The perception of
air quality was affected by thermal perception. When the CO, content remained constant,
users would feel that the air quality was decreasing as the temperature increased [43]. When
improving ventilation, attention should be paid to the temperature.
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5.3. Exploration of Subjective and Objective Evaluation Results

Among the 20 factors, only two factors had a satisfaction rate lower than the complaint
rate, that were spatial openness and nature-friendly design, which further illustrated
the students’ need to enhance these two points. Based on both subjective and objective
evaluations, pro-nature design was a mutually recognised area for improvement by both
users and designers. In the objective evaluation, the rating for ‘windows and view’ was
very low; in the subjective evaluations, the openness of the ILS was also criticised by users.
These two factors were also somewhat associated with “pro-nature design’. Research has
shown that learners prefer to engage in informal learning activities in free spaces related to
nature, such as courtyards and terraces [30]. These spaces enhance interactions with nature,
making them conducive to collaborative learning and participation [50]. Zandvliet and
Broekhuizen suggested that such spaces could serve as transitional spaces for interaction
and socialisation [91]. Taib stated that such spaces could help users with psychological
recovery and emotional regulation [39]. The learning cluster can be improved using the
enhancement method presented in Table 10.

Table 10. Optimisation methods for pro-nature designs.

Method

Specific Measures

1. Natural materials
2. Natural light

3. Green plants or plant walls
4. Open space layout

5. Soft furnishings and
handicrafts

6. Colour combinations

Choose natural materials such as wood, stone, and bamboo for decoration, and use wooden furniture.
By designing large windows or folding doors, natural light can enter and create a bright and
comfortable natural atmosphere.

Install green plants and plant walls in shared spaces or corners, such as foliage plants or fresh flowers.
Create environments that can be in contact with nature, utilising courtyards for multi-level design.
Choose abstract soft furnishings with natural imagery, such as trees or flowers. Use handicrafts
such as weaving and embroidery to add natural elements.

Use natural colours such as wood brown, light brown, and green.

In the subjective and objective evaluations, the adequacy of the equipment was the
most controversial issue. Users had high satisfaction, whereas designers had low satisfac-
tion. There were three types of equipment and facilities that users in this study required
the most, ranked in descending order of demand: network, power sockets, and storage
space. More than 80% of users came here to study for postgraduate and civil service exams
and often needed to search online; therefore, network and power were essential [48]. They
brought many review materials and did not need to borrow books; therefore, they needed a
sufficiently large desktop or drawer to store them. Harrop and Turpin mentioned that a new
policy in the learning centre was to use desks with a length exceeding 1100 mm, because
desks that were previously 800 mm wide were no longer sufficient for use [38]. The study
also found that whether students could access the plug at any time was an important factor
for them to stay [38]. This explains why an Internet connection and sockets ranked among
the top two in the ranking of users’ needs. This cluster was equipped with four types of
seats, including hard seats, soft seats, seats with composite function and sofas, which could
meet different learning needs. This was also the reason for the high scores for facilities
and equipment. Not everyone liked comfortable seats and some students preferred formal
environments to stay alert [38]. The designers targeted all users when grading. Therefore,
they believed that the cluster still needed to be equipped with computers and monitors
as well as public service equipment such as water dispensers, retrieval computers, and
borrowing and returning machines.
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5.4. Exploration of Key Factor Weights

This study obtained the ranking and specific weights of the four major determinants
of ILS in a “group embedded’ library. Physical determinants ranked first, accounting for
over 30%, and environmental atmosphere determinants were second, accounting for ap-
proximately 26.76%. The spatial ontology elements and equipment facility determinants
ranked third and fourth with proportions of 25.03% and 17.56%, respectively. This study
also determined the specific weights of each factor, with the first six factors being privacy,
illumination, noise, temperature, spatial scale, and equipment facilities. Psychologist Alvin
Osman proposed that privacy is a dynamic regulatory process rather than a static state, and
when individuals feel insufficient privacy, they will adopt boundary control behaviours
to restore balance. This was the intrinsic reason why learners chose to lean against walls,
partitions, or stack books to create learning boundaries. Therefore, libraries should pro-
vide diverse spaces with physical barriers to support and simplify the privacy adjustment
process for users, reducing their psychological burden. Juan and Chen confirmed that
temperature had the greatest impact on learning status, noise had the fastest impact on
learning status, and uncomfortable lighting distracted students [90]. This demonstrated the
important role of physical environmental determinants and supported the results of the
present study. This Section 5.3 mainly compared the differences between ‘group embedded’
and the other two modes. Guo et al.’s study on coffee shops explored the ‘boundary-
less” model and concluded that noise ranked first, illumination second, and temperature
third [46]. The biggest difference between these two modes is ‘noise’. Privacy was also
worthy of attention, especially in ‘group embedded’ libraries, where it was prominent in
‘personal public ILS’. Harrop and Turpin mentioned that learners who prefer quietness
hope to have their own small space [38]. Li et al.’s study on ‘independent separation’
libraries found that the highest factor affecting users’ learning status was light, followed by
spatial accessibility, and then noise [44]. The scale of an ‘independent separation’ ILS was
usually larger than that of a ‘group embedded’ ILS, and accessibility became important.
However, “accessibility’ was ranked 17th in our case. This is also a clear difference.

5.5. Research Limitations

There were some limitations and shortcomings in this study.

The first limitation was that the sample size was insulfficient. In this study, we selected
only one learning cluster from university libraries in Guangzhou. This might affect the
specific weights of the factors. This method could be extended to all learning clusters.
Owing to the limited length of this paper, this study only explored one learning cluster as a
case study. The research should include additional learning clusters in the future.

The second limitation was the applicability of the research conclusions. The relevant
conclusions of this study were only applicable to ‘group embedded’ libraries. This study
mainly focused on this pattern because it is currently the most common in libraries. The
organisational model of ILS within some new libraries was different from that of renovated
libraries, often manifested as two types: ‘independent separation’ mode and ‘boundaryless’
mode. Follow-up research should explore these two patterns. Therefore, this study’s
conclusion cannot be applied to all library designs.

Finally, this study has not yet considered the impact of cultural factors, as it was
conducted in the Chinese context. Culture is one of the essential elements that cannot be
ignored. In the exploration process of this study, it was found that students from different
countries have different learning habits. In the future, cultural factors will be taken into
account when comparing global cases.
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6. Conclusions
6.1. Main Conclusion

This study constructed a multi-factor impact model. It obtained the weights and
rankings of four major determinants, with physical determinants ranking first (30.65%),
atmosphere determinants ranking second (26.76%), ontology determinants ranking third
(25.03%), and equipment and facilities determinants ranking fourth (17.56%), respectively.
The specific weights and rankings of the 20 factors were obtained, with privacy ranked
first (10.34%), illumination ranked second (9.20%), and noise ranked third (8.62%). In the
future, the library can use partitions, bookshelves, storage cabinets, or large green plants
for appropriate separation, thereby improving spatial privacy. Secondly, measures such as
strengthening top lighting, installing desktop lamps, and using more transparent materials
in the atrium can effectively improve the current uneven illumination. Thirdly, using
more woollen materials such as carpets and soft cushions can effectively reduce noise. In
addition, this cluster should focus on optimising nature-friendly designs and strengthening
targeted equipment configurations.

This study compared the differences between ‘group embedded’ ILS and ‘boundary-
less” ILS and “independent separation” ILS and found that more attention should be paid to
the impact of noise if users are learning in ‘boundaryless’ ILSs, whereas the focus should
be on privacy if they are studying in ‘group embedded’ ILSs. The key factors affecting the
space quality of the “independent separation” ILSs were ‘illumination” and ‘accessibility’.

6.2. Optimisation Strategy

Based on the ranking of various factors, subjective and objective evaluation, and some
urgent points of the current ‘group embedded” mode that need to be corrected, this study
proposed optimisation strategies for the learning cluster (Table 11).

Table 11. Optimisation strategy of ‘group embedded’ ILS.

Optimisation Strategy

Main Improving Factors Auxiliary Improving Factors

1. Use partitions, bookshelves, storage cabinets, or
large green plants for separation.

2. Strengthen the top lighting, install desk lamps,
use more transparent materials for the atrium, and ~ P4. Illuminance
add doors to enter the outer corridor.

3. Add sound insulation materials around the

P3. Noise; P1. Temperature
A2. Space privacy E3. Storage space;
A6. Pro-nature design;

S5. Landscape view;
A3. Space openness

discussion or collaboration area. P3. Noise interference A2. Space privacy
4. Air vents should be opened at the top of the

atrium, and the internal space should adopt an P1. Temperature P2. Air quality
intelligent temperature control system.

5. Improve the fresh air system and enhance air flow. P2. Air quality P1. Temperature

6. Use natural materials and handicrafts; use natural
colours more in colour matching; add green plants ~ A6. Pro-nature design
to introduce natural scenery.

P1. Temperature;
A3. Space openness

6.3. Future Outlook

This study is a sub branch of the topic ‘Informal learning spaces in libraries with
different organisational models’. This study compared ILS and its characteristics of three
different organisational models. The main innovations and contributions of this study are
as follows: The organisational models of ILS within the library were divided into three
categories and their characteristics summarised. An analysis was conducted on the spatial
quality of the ILS in ‘group embedded’ mode, and a multi-factor model was constructed.
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The ranking of the four major determinants and 20 factors was obtained, and the order in
which spatial quality was promoted was determined. Necessary optimisation measures
were proposed.

There are still certain limitations to this study. In the future, we will strive to draw
more accurate and guiding conclusions by improving the sample size and delving deeper
into the comparison of the three organisational models.

Due to the fact that only one library case was analysed in this study, the conclusions
drawn regarding gender and disciplinary differences in preferences still require further
research. In the future, more university libraries should be analysed to obtain more
universal and generalizable conclusions.
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Appendix A

Table A1l. Overview of the 20 Research Libraries.

1. Group Embedded Library (17 Libraries)

Abbreviation for Representative floor plan
University Library p p

Photo of library

The area, number of users,
characteristics, and floor of the
learning cluster.

ZDDXQ-L
(Renovated)

From the third to the fifth floor,
490 m?, 164 users. A typical
learning cluster module located
on the north side of the atrium,
which included various learning
methods such as exhibitions,
individual learning, and
group discussions.

GDDXC-L
(Renovated)

From the third to the fifth floor,
576 m2, 136 users. The coffee
learning cluster located on the
north side of the atrium included
coffee sales functions, as well as
various learning methods.

GKDGZ-L
(Renovated)

ning Cluster

Individual Public Learning

s G

S, From the second to the fifth floor,

i 300 m2, 140 users. Fully utilising

m‘””‘,‘w‘H“”HHw‘”‘Lir\“yw\!!‘\‘ll\‘ll\ll‘[l\ll‘l‘l = the space around spiral staircase,
‘lI’;I!;!}:\;\‘\’fl\‘\‘{'le\j}l}\:\\? creating learning cluster with

various ILS.

First floor, 192 m?2, 45 users. On
one side of the courtyard, a
discussion and learning space that
was close to nature has been
created, fully utilising the green
scenery of the courtyard.

ZDNXQ-L Es
(Renovated) [
0]
fni} 1 Learning Cluster
HSSP-L
(Renovated)
W

0}

B -

L9 T Learning Cluster
Individual Public Learning . * +

First floor, third floor, and sixth
floor. 700 m?, 625 m? and 208 m?.
125, 80, and 40 users. The latest
renovation has added innovative
learning spaces to meet the
diverse learning needs of users.
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Table Al. Cont.

1. Group Embedded Library (17 Libraries)

Abbreviation for
University Library

Representative floor plan

Photo of library

The area, number of users,
characteristics, and floor of the
learning cluster.

HSPY-L
(Renovated)

The top floor. 770 m?, 260 users. A
mixed learning space for coffee
learning has been set up between
two traditional reading rooms.

JDSP-L
(Renovated)

CD T Learning Cluster
Individual Public Learning

First floor, the top floor.

980 m?2, 240 users. A smart
learning space has been set up on
the west side of the entrance hall,
which included various ILS and

advanced equipment
and facilities.

GMD-L
(Renovated)

' 41212

Second, third, and fourth floors.
456 m?, 120 users. In 2023,
multiple learning clusters were
renovated, including four types of
ILS, to fully meet the learning
needs of students.

GZCLO-L
(Renovated)

Y

T Learning Cluster
S

Individual Public | . 2 R NS TP T §
earning

First floor, 178 m?2, 80 users. A
mixed learning area has been set
up using the lobby space of the
entrance hall, which could also be
used as an exhibition or small
lecture hall.

GZCLN-L
(Renovated)

Individual Public
Learning

TN
R

Third floor, 215 m?, 24 users. On
the west side was a learning
cluster that includes coffee sales,
and on the east side was a
learning cluster that includes art
exhibition functions.
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Table Al. Cont.

1. Group Embedded Library (17 Libraries)

Abbreviation for

University Library Representative floor plan

Photo of library

The area, number of users,
characteristics, and floor of the
learning cluster.

.

HN-L —— - | -
(Renovated) U .

First floor, 490 m2, 145 users.
Although the library has a
relatively small area, it still

utilised the first floor space to
create a learning cluster and also
served as an exhibition venue.

HGWS-L
(Renovated)

L T Learning Cluster
Individual Public Learning

Second, third, and fourth floors.
317 m?, 66 users. A learning
cluster has been created in the
hub area between the east and
west sides, which has been well
received by a large
number of students.

GDUT-L
(Renovated)

L3 U5 Learning Cluster
Individual Public

Third, fourth, and fifth floors.
200 m?, 68 users. There were
7 learning clusters with different
themes, and this paper explored
one of them.

HGGJ-L '
(New library)

Learning Cluster
Individual Public Learning

Second floors. 245 m?, 50 users.
The design concept of the library
was a “knowledge valley”, which
utilised the middle “valley” space

to create a learning cluster.

GGLD-L
(Renovated)

Learning Cluser
Individual Pubii Learning O

First floors. S1 = 115 m?2, 16 users.
S2 =280 m?, 45 users.

By utilising the buffer space on
the first floor of the atrium and
the secondary entrance, a diverse,
free, and mixed learning cluster
has been created.

JDPY-L
(Renovated) brrrmimrimipr i

Project-Based Learning L

Second floors. 256 m?, 40 users.
Utilised the hub areas of
transportation on both sides to
create learning clusters with
various informal learning options.
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Table Al. Cont.

2. Independent and Separate Library (Two Libraries)

The area, number of users,
characteristics, and floor of the ILS.

Abbreviation for

University Library Representative floor plan Photo of library

ST el ILS1 = 940 m?, 200 users.
DA P ILSZ=250m§,50users.
T : ’ ILS3 = 203 m?, 40 users.
(Uiﬁzzit]; 4 [ s ILS4 = 145 m?, 25 users.
Library) o b Y g Third to sixth floors.
&Y B Four different types of ILS existed
independently with partitions
between them.

Personal Private Learning Project-Based Learning
Individual Public Learning Open Communicable Learning

ILS1 = 140 m? and 360 m?,
90 users and 200 users.
ILS2 = 61 m?, 16 users.
LS4 = 86 m?, 24 users.

The first floor consisted of ILS1
and ILS2, located in two separate
rooms. The second floor consisted
of ILS4 and ILS1, which were also

independently configured.

GDGHG-L o
(Unrenovated
Library) s

2oorplan

Second floor. ILS1 = 792 m?,
80users. ILS3 = 108 m?, 15 users.
ILS4 = 72 m?, 15 users. Partition

informal learning spaces through
different rooms.

GMCG-L
(Renovated) [ ¢ R =

Project-Based Learning
=] Open Communicable Learning O
Personal Private Learning
Individual Public Learning

3. Borderless Library (One Libraries)

The area, number of users,
characteristics, and floor of the ILS.

Abbreviation for

University Library Representative floor plan Photo of library

ILS = 2300 m2, 360 users.
fourth to sixth floors.

An academic and creative centre
that served as a library in the
school and the place where
students spent the longest time in
their daily studies. All informal
learning was mixed together.

GKG-SC
(New library)

TTI0 Diverse and blended informal learning space |
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