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Abstract: The development of immersive virtual environment (IVE) technologies has allowed for 

virtual simulations and exploration of architectural spaces before building the facilities. Although 

various researchers have implemented IVEs to demonstrate their effectiveness, these rigorous methods 

for evaluation have obtained little attention. For education facilities, learning environments are crucial 

factors influencing students' academic performance and attention. Previous studies have evaluated the 

capabilities of spaces in terms of the learning performance of students in actual conditions. However, 

various spatial features cannot be experienced in real-world situations despite the introduction of IVEs 

that can validate the learning performance. This study aims to propose a framework to compare learning 

abilities in real space and identical ones implemented by two different methods: Virtual Reality and 

Mixed Reality. To this end, various cognitive and creativity tests are conducted i.e., N-back, Go/No-go, 

Spatial working memory updating, and Torrance Test of Creative Thinking-verbal tests. Then, a 

comparison is conducted to show cognition and creativity between real and virtual experiences. 
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1. INTRODUCTION 

Thoring et al. [1] have highlighted the impact of spatial configuration on work efficiency and learning 

performance that led to significant research efforts aimed at defining spatial configurations. While 

studies on office environments and work efficiency have actively utilized diverse designs across 

companies, research on the learning performance of educational spaces faces challenges. This causes an 

issue of limited renovations within educational facilities and restriction in exploring diverse spatial 

configurations. Overcoming these limitations, immersive virtual environments (IVEs) offer a solution 

by enabling experiences beyond physical constraints. This has applications across various domains such 

as cafes, gaming, exhibitions, and cultural activities. The construction industry has validated the 

IVEsofeffectiveness on heritage restoration, safety simulation, and on-site experience [2]. Moreover, 

there is a growing body of research exploring the relationship between spatial configuration and work 

efficiency or learning performance through IVEs [3]. However, lack of research framework 

encompassing studies on spatial analysis, efficiency, toledhasIVEsofusetheand an uncertain trial-

and-error in research efforts. This study proposes a framework for assessing the learning performance 

and creativity in spatial configuration by virtual reality (VR) and mixed reality (MR). By understanding 

the characteristics of VR and MR, cognitive tests can be designed to measure outcomes under identical 

conditions across virtual and real environments which offers a structured process for efficient 

experimental setup. 
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2. LITERATURE REVIEWS 

2.1. Spatial configuration and learning performance, creativity in educational facilities 

The spatial configuration of educational facilities significantly impacts the academic performance 

and creativity of students [4-5]. The analysis of indoor spatial elements affecting learning performance 

primarily utilizes the indoor environmental quality (IEQ). The relative standards exist in the American 

Society of Heating, Refrigerating, and Air-Conditioning Engineers (ASHRAE) [5-6]. IEQ comprises of 

ambient environment, elements that includes: air quality, thermal comfort, acoustic conditions, lighting, 

and outdoor air supply in open-plan offices, and spatial features such as spatial layouts, furniture, views, 

and configuration [5]. Spatial features are fundamental to IEQ elements that influence the performance 

and behavior of space users [7]. Unlike the ambient environment, which can be controlled through 

product selection or intensity adjustment, spatial features are determined through construction and 

require further construction for modifications that results in significant increase in cost and time. 

Therefore, it is necessary to conduct evaluations to verify their effectiveness prior to deciding on spatial 

features. 

Spatial features such as furniture arrangement and layout have shown to correlate with students’ 

learning performance [8]. However, given the nearly infinite options for furniture arrangements and 

layout configurations, scholars have conducted reviews to highlight their impacts. It has been 

established that the color of the room, material of floors and wall finishes, room types, views, and 

furniture all influence overall academic performance [3, 5, 9]. Nonetheless, the results vary depending 

on the type of study activity (individual study, group work, working alone in a group setting) presenting 

challenges in determining their effects. 

The relationship between spatial configuration and creativity is a theme explored constantly within 

space design, with empirical studies confirming their connection. However, it still faces challenges in 

delineating a clear relationship or conducting in-depth analyses [1]. Factors such as spatial openness, 

furniture types and arrangements, greenery, indoor climate, and open spaces have been identified as 

significant [10-13]. With studies confirming that these aspects, including: spatial layout, color, finishes, 

and lighting has an impact on creativity. Moreover, the importance of environments in encouraging 

interactions among knowledge workers to stimulate creativity and innovation has been underscored 

[14]. Alongside the role of space and furniture configuration enhances creativity, productivity, and 

facilitates collaborative tasks through adaptable arrangements [15]. The indoor environment’s quality 

has been linked to occupant productivity, with satisfaction levels that correlates to cognitive productivity 

and the physical working environment’s satisfaction [6, 16]. This highlights spatial features such as 

layouts as critical [4, 6]. 

Table 1. Spatial features of educational facilities related with learning performance and creativity 

Category Contents Factors References 

Configurations Color of room Learning performance [3, 9] 

 Creativity [11] 

Material of floor finish Learning performance [3] 

 Material of wall finish Learning performance [3] 

Layouts Open space Learning performance,  [5] 

  Creativity [4, 6, 11, 12] 

Furniture Unusual furniture, activating furniture Learning performance [5] 

  Creativity [11, 15] 

Types Personal space, incubation space, 

collaboration space, experimentation space, 

analysis space, exhibition space, learning 

space, social space, relaxation space, 

illumination space, exploration space 

Creativity [17] 

Views Open views Learning performance [5] 

  Creativity [10] 

To investigate the influence of variations in spatial features on learning performance and creativity, it 

is imperative to conduct a comprehensive analysis for the relevant content. Evaluating learning 

performance and creativity involves measuring key aspects such as working memory, attention, and 

cognition. Working memory, a critical component of human cognitive capacity, plays a significant role 

in learning efficiency [18]. Distinguished from short-term memory, working memory comprises of 
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multicomponent system segmented into storage and executive attention control functions [19]. 

Techniques for assessing working memory include Span tests, Recall tests, and tests of spatial working 

memory which predominantly assess the ability to store and manipulate information during tasks; 

involving new knowledge acquisition, comprehension, and problem-solving [20]. These tasks 

necessitate sustained and focused attention for the selective retrieval of information pertinent to 

solutions [21]. Another crucial cognitive function is attention that can be quantified using tests such as: 

the Go/No-go test and D2-R that is based on times and accuracy that can be evaluated [3, 22]. The 

Stroop test is primarily utilized for measuring attention and cognition [3, 9, 32]. It is particularly 

effective in assessing momentary attention and cognitive abilities based on the interpretation of the 

meaning and color of displayed words. Creativity assessments offer insights into creativity across 

general domains through diverse methodologies, while also examining specific skills and abilities (e.g., 

mathematical skills including spatial abilities, algebraic reasoning, and number sense) to further validate 

the impacts on learning performance and creativity [23]. A detailed review of these elements is shown 

in Table 2.   

Table 2. Test to identifying learning performance and creativity 

2.2. Immersive virtual environments 

Studies on the urban environment evaluation comparing VR technology with real environments [35] 

and the research on subjective soundscape assessments in MR technology and real environments [36] 

demonstrate that the introduction and development of virtual environments can create immersive 

experiential spaces that mimic real spaces. In the architectural field, VR and MR are being used to 

provide diverse spatial experiences. VR technology, utilizing head-mounted display (HMD), completely 

isolated the user from the real-world and provides information and experience from the virtual 

environment only [37]. This offers the advantage of allowing users to experience a variety of scenarios 

without the constraints of physical surroundings. However, a limitation is that experiences are confined 

to the virtual information provided by the creators, as the real environment is entirely blocked out. MR 

technology, on the other hand, features an HMD with a transparent display, overlaying virtual 

environment information on the user’s view of the real-world. This allows for interaction between the 

real and virtual environments, highlighting its distinct characteristics. 

3. Framework 

A framework for validating the learning performance in educational facilities utilizing virtual 

environments requires the following processes: 1) spatial features analysis. 2) virtual environments 

modeling, 3) tests design for analyzing learning performance in virtual environments, 4) experimental 

process 

3.1. Spatial features analysis  

The analysis of spatial features in planned educational facility spaces is crucial for identifying the 

elements within these spaces. Utilizing the spatial features index classified through prior theoretical 

review, it is necessary to determine which spatial elements related to learning performance and creativity 

are present in the space. The spatial features employed in educational facilities are organized into space 

configurations, layout, furniture, space types, and views. The analysis of a sample space is presented in 

Table 3. 

Category Test References 

Working memory Span test [3, 24-28] 

Recall test [29] 

Spatial working memory [3, 30] 

N-back test [31] 

Attention Go/No-go test [3] 

D2-R [22] 

Cognition Stroop test [3, 9, 32] 

Creativity Alternate Uses Test (AUT) [33-34] 

Torrance Test of Creative Thinking (TTCT) [32] 

Remote Associates Test (RAT) [22, 28] 
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Table 3. An example of educational facilities spatial features analysis 

Category Contents Space option 1 Space option 2 

Configurations Color of room Beige, green White, grey 

Material of floor finish Wood Tile r 

 Material of wall finish Fabric Wallpaper 

Layouts Open space Face-to-face meeting X 

Furniture Unusual furniture X X 

 Activating furniture X X 

Types  Collaboration space Learning space 

Views Open views X X 

3.2 Virtual environments modeling 

 To utilize virtual environments for simulating abstract spatial experience similar to the real-world, 

undertaking modeling work for the construction of VR and MR spaces identical to the planned space is 

essential. This process involves fixing the spatial plan using architectural blueprints (2D CAD plan) or 

3D modeling utilized in actual space construction. These models are converted using Unity engine to 

establish the virtual environments. The process of virtual environments modeling is shown in Figure 2.  

3.3 Tests design for analyzing learning performance in virtual environments 

VR necessitates the complete occlusion of real-world stimuli and the engagement with virtual content 

through handheld controllers. This immersive environment introduces limitations to the range of tests 

that can be effectively administered within a VR setting. Notably, tasks that require interactions similar 

to those found in the real-world or MR environments, such as typing tests employing a keyboard (e.g. 

the Stroop test, Span test, and AUT), face challenges due to discrepancies in reaction times and the 

physical interaction models provided by VR. Given the inherent constraints of VR environments, a 

careful selection process is essential to identify assessments that accurately reflect cognitive and 

learning performances without being unduly influenced by the VR interface. Therefore, the N-back test, 

Figure 1. An example of educational facilities spaces 

Figure 2. Virual environments modeling process 

(a) Space option 1 (b) Space option 2 
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Spatial working memory updating, Go/No-go test, and TTCT-verbal test were chosen for measuring 

learning performance and creativity, respectively.  

3.4. Experimental process 

The following content is based on the constructed framework and discusses the efficient experimental 

process in IVEs and real spaces: (1) pre-assessment, (2) VR experiment, (3) MR experiment, (4) real-

world experiments. 

(1) Pre-assessment: To describe participants’ perception status, Short Portable Mental Status 

Questionnaire (SPMSQ) was conducted initially [3]. Subsequently, the adaptation information to 

the virtual environment is assessed through simple operations within both the VR and MR 

environments. 

(2) VR experiment: This stage involves conducting experiments within a VR environment providing 

comprehensive virtual environmental information to enhance the quality of experimental data. 

Tests, N-back test, go/no-go test, spatial working memory updating, and TTCT-verbal test, are 

administered randomly to each participant to maintain consistent experimental quality. After each 

experiment, a minimum of 3 minutes is allocated to ensure participants are not overstressed before 

proceeding to the next stage. 

(3) MR experiment: Experiments using MR are conducted in the same space provided by the 

completed layout modelling. The experimental conditions and processes are identical to those in 

the VR experiment phase. 

(4) Real-world experiment: Experiments are conducted within the real-world environment. This 

stage utilizes data to compare significant differences between the outcomes from the IVEs 

experiments and real environments. 

4. CONCLUSION 

This study proposes a framework for assessing the learning performance and creativity in educational 

spaces undergoing spatial configurations by IVEs. The methodology encompasses a series of steps. 

Firstly, analyzing the spatial elements of educational facilities to predict their impact on learning 

performance and creativity. The next step is to create analyzable environments by developing VR and 

MR modeling’s. The analysis process is designed to eliminate potential response time gaps that may 

occur due to VR environmental factors, employing cognitive such as the N-back test, Go/No-go test, 

Figure 3. Cognitive tests for identifying the learning performance and creativity 

625



 

and Spatial working memory updating. In addition, the TTCT-verbal for assessing creativity. The final 

stage involves a comparative analysis of three environments’ experimental data to identify differences. 

By conducting a differential analysis of learning performance and creativity, the research aims to 

explore the feasibility of applying virtual environments on educational spaces. The insights gained from 

utilizing virtual environments in spatial planning are expected to be instrumental in aiding decisions 

before the construction. 
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