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ARTICLE INFO ABSTRACT

Keywords: The aim of this paper is to investigate how commonly used 2D digital layouts can be transformed
3D environments into 3-dimensional dashboards with the effect of reducing cognitive load. To this end, we
Desktop VR

compared user performance metrics, pupil dilation data as well as subject-reported qualitative
measures in a Web 2.0-based 2D scenario and two different versions of a desktop 3D virtual
reality scenario. All three scenarios focused on a use case involving the most prevalent 2D digital
formats and designs encountered in digital education, making use of e.g. textual information
(PDF files, PPT files), images and videos. Based on the assumption that cognitive load differences
can be validated based on pupillometry measurements, we showed that it is possible to develop
3D virtual reality scenarios where users experience less cognitive load while achieving the same
performance metrics as in commonly used 2D environments. At the same time, our experiment
also showed that such improvements do not come automatically; instead, 3D workflows that
require less locomotion — even at the expense of increased camera rotations — seem to result in
more effective cognitive load reduction.

Human cognitive capabilities
Spatial workflow management
Digital workflow effectiveness

1. Introduction

A large body of scientific research, along with the rapid evolution of practical approaches has shown that virtual reality (VR)
holds a unique transformative potential in the way people learn, whether as children and young adults in school, or as adults in
a professional context [73,13,97,36,53,16,57]. First and foremost, the ability to visualize spatial structures in three dimensions,
regardless of scale, offers a key improvement over traditional text-based descriptions or 2-dimensional drawings. Second, the fact
that VR allows such structures to be dynamically interacted with helps support constructive learning approaches [35,29], increasing
users’ motivation to learn in general [107,55]. A third, and perhaps less often cited advantage of VR is that it provides users with
the ability to lay out 2D documents with more flexibility, allowing for more information to be viewed at the same time in a spatial
arrangement that strongly reflects associative and semantic relationships [90,19,54].

At the same time, despite considerable research attention having been dedicated to VR ergonomics in specific use-case scenarios
(see e.g. [21,28]), few general principles have been formulated with respect to the effects of VR design on user capabilities in practical
digital scenarios. This observation is related both to objective capabilities (e.g., ability to learn and carry out knowledge-based digital
workflows) as well as to more subjective, latent factors (e.g., willingness to make the effort required for learning). In this paper, we
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focus specifically on such questions, by assessing users’ effectiveness as well as cognitive load experienced within an ecologically
valid learning scenario in 2 versions of a desktop VR environment, as well as in a Web-based 2D environment. We demonstrate
through these experiments that although the objective performance of the users is similar in the 3 cases, in one of the 3D cases,
users are able to achieve this performance at a significantly lower cognitive load compared to the other two cases. The differences
between the 3D environments, then, allow us to formulate specific design recommendations for the development of educational and
work-related 3D virtual spaces.

The novelty of this paper is two-fold. First, although several studies have demonstrated the capability of VR to provide more
information to users at lower cognitive load than 2D environments e.g. [98,42], few studies have tested this in the context of a
practical use-case scenario with multi-modal information being presented to users [66,56,45]. Second, even fewer studies have
tested the same use-case in different VR environments to uncover the decisive factors that can lead to the success or failure of a VR
solution [24]. In this paper, we show that the cognitive load experienced by users is significantly lower in one of the two VR scenarios,
which allows us to draw novel conclusions as to the factors which influence the effectiveness of VR applications in knowledge-based
digital workflows. We also note that a large majority of existing studies focus on immersive VR applications e.g. [52,47], whereas
our study centers around desktop VR solutions [1,46]. While the former can be appealing in simulating environments where physical
interactions are paramount, the latter offer a more affordable and practical alternative for digital workflows, and can therefore
potentially be applied in a somewhat broader scope of applications.

The paper is structured as follows. In Section 2, we provide an overview of some of the key motivating factors behind this work,
including the benefits of VR in general and in education, and those parts of cognitive load theory which are relevant to this work.
In Section 3, we present the experimental framework which we have developed and utilized to obtain the results reported in this
paper. Finally, the experiments themselves are presented in Sections 4 and 5. Note that the first of the two experiments (comparing
one of the two 3D environments with a 2D scenario, described in Section 4) has already been reported in detail in [89]; however,
in this work, we have complemented that experiment with a follow-up experiment involving a different 3D space and a greater
number of test subjects. Together, the two experiments enable us to perform a principled comparison between users’ performance
and cognitive load experienced in a Web-based 2D environment and two different desktop VR scenarios. Results of this comparison,
and a discussion of the implications are provided in Sections 6 and 7.

2. Basic concepts

In this section, we provide an overview of the background behind this research — both in terms of VR technology in general and
in an educational context, as well as in terms of the relevant aspects of cognitive load theory.

2.1. Benefits of desktop 3D virtual reality over classical 2D solutions

Virtual reality (VR) is a technological framework that aims to present users with simulated 3D environments. It typically involves
the use of specialized equipment, such as headsets or goggles (head-mounted displays, HMDs), that present a three-dimensional
virtual world in front of the user’s eyes. Such immersive displays are designed to create a sense of presence by tracking the movements
and head orientation of the user, as a counterpart to desktop 3D applications that generally employ more abstract forms of locomotion
and offer a lower degree of (physical) immersion [85].

Fully immersive VR has a lot of advantages and is also preferable to desktop 3D environments in certain fields, such as healthcare
and the life sciences, where high visual and environmental fidelity, and a convincing first-person experience are essential. In other
fields, such as education, there can be less of a need for full immersion; further, given the potentially inhibitive cost of immersive
equipment, combined with the possible discomfort caused by motion sickness on lower-end devices, desktop-based 3D visualizations
may offer a more practical alternative [40]. As a result, desktop VR solutions are gaining increasing traction, and several studies
have confirmed that even in the case of desktop VR, a sense of presence can still be experienced, even if not to the same extent as in
fully immersive VRs (see e.g. [7,69]).

Numerous scientific studies have explored the benefits and comparative effectiveness of desktop virtual realities over classical
computing interfaces in terms of reduction of mental strain [34,33], enhanced memory retrieval [6,32,48,23,18,74,86,46], improve-
ment of digital guidance in workflows [88,87] and improved possibilities for content management [79,81,80]. However, few if any
previous works have proposed a general theory as to how such benefits can be achieved in a systematic and dependable way.

The focus of this research is on the connection of virtual reality to cognitive load, and on the question of how specific design
choices can lead to reliable differences in cognitive load experienced by users. Although our primary focus is on desktop VR spaces,
conclusions drawn from our experiments may carry over to more immersive variants of VR as well.

2.2. Virtual reality for educational purposes

Virtual environments have emerged as a dynamic tool in modern education, providing a multifaceted approach aimed at enriching
learning experiences.

In the past decade, many researchers have addressed the question of how VR can be used to good effect in education [76,41,
25,29,108]; thus, solutions have been developed for different levels of education, including primary education [83,91], secondary
education [65,8,14], higher education [73,63,58], and private education centers [51].
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It has been argued that VR in education is beneficial because such systems enable learners to engage with content in real time,
and encourage them to actively apply their knowledge in simulated scenarios, which results in a deeper understanding as well as
better retention. Additionally, VR can transcend geographical barriers and promote collaborative learning by allowing learners to
communicate in real time and share their experiences irrespective of geographical distance. By exchanging ideas, problem-solving
together, and collectively constructing knowledge, learners enhance the learning process within virtual environments [77].

Skill acquisition is a central focus within virtual environments, which can provide better support for both cognitive and practical
competencies [62,22]. Whether learners are engaged in procedural or declarative learning contexts, virtual environments stimulate
higher mental effort, thus accelerating skill mastery through immersive engagement [22]. To mitigate cognitive overload, textual
annotations can play a crucial role within virtual environments [50,1]. By highlighting relevant information amidst the visual stimuli,
annotations can help guide learners’ attention and enhance comprehension, ultimately optimizing learning outcomes [1]. In addition,
the integration of game elements further enhances the immersive learning experience within virtual environments. By incorporating
performance metrics, personalized features, and social dynamics, game elements foster motivation and engagement within these
environments [31].

2.3. Cognitive load theory

A highly relevant theory in educational psychology, Cognitive Load Theory (CLT), seeks to describe and demonstrate how the
human cognitive system processes information and what this means for instructional design. The goal of cognitive load theory in this
context is to clarify how increased information processing demands during learning tasks can impact students’ capacity for taking in
and storing new information in long-term memory [95,96,93,72].

To be able to learn something, humans need to process new information and this requires the use of working memory, which
is well-known for being limited in its capacity and for its general ability to process no more than a few information elements at a
given time [17,99,100]. In cases where learners exceed these limitations, cognitive overload occurs [98]. Generally, this happens as
a result of inadequate teaching strategies, or arises due to the presence of additional external distractions [95]. In order to be able to
design and create appropriate educational environments and learning frameworks, it is therefore necessary to understand the types
and effects of cognitive load.

2.3.1. Categories and effects of cognitive load

Sweller and his colleagues identified 10 cognitive load-related effects, which arise to a different extent within different fields such
as digital workspace design, education, user interfaces and communication [93]. Three of these effects are particularly relevant to
this paper, given that the reduction of cognitive load is especially pertinent to the design of digital content and environments:

« The worked example (problem completion) effect is a phenomenon whereby students who are given working examples to study
perform better on future tests than those who are required to solve the same problems independently.

The split-attention effect occurs when the learners have to split their attention (spatially or temporally) between at least two
related information sources which cannot individually be understood without mental integration. Generally speaking, more
effective learning can be observed in the case of instructional strategies where the materials are in an integrated format as
opposed to a split-attention format.

The modality effect is closely related to the split-attention effect and relies on the structure of working memory, which processes
visual and auditory information on different channels. Based on this structure, it could be advantageous and can reduce the
extraneous cognitive load if, for example, the textual information that accompanies images and animations is presented in an
auditory form. In this case, the information that is presented separately can also be interpreted separately, without integration.

We note that although some of the findings of this paper can be explained in terms of these effects, the experimental results
themselves do not rely on cognitive load theory itself, other than being derived based on pupil dilation measurements (for more
details, see section 2.3.2).

2.3.2. Measuring cognitive load

Historically, cognitive load was conceptualized rather than directly measured. Breakthroughs during the last four decades, how-
ever, have led to both indirect and direct methods for assessing cognitive load and its impacts.

Indirect measures include computational models developed by Sweller and his colleagues [94]. These models quantify distinctions
between candidate proxies for cognitive load, such as analyzing knowledge acquisition or learning performance. While useful, these
measures lack continuous monitoring capabilities throughout the learning process [9,72,11,67].

Direct measures can be further categorized into subjective and objective approaches. Subjective measures rely on self-reported
task difficulty and cognitive load through specialized questionnaires, such as Paas’s subjective rating scale [68] and the NASA TLX
[30]. Despite offering a viable approach in diverse situations, such questionnaires may nevertheless suffer from subjective bias and
low data resolution [4,9,102,15].

In contrast, objective measures, often seen as the gold standard, provide continuous and high-resolution data. These measures
encompass physiological data like eye-tracking and pupillometry [37,109,27,106,82,71], electrodermal activity [12,49] and EEG
[3,26], heart-rate measurement [84,103] as well as performance metrics like secondary task performance [10,20,70]. Such objec-
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tive measures offer a more reliable alternative to subjective self-reports, enhancing our understanding of cognitive load in various
contexts.

2.3.3. Cognitive pupillometry

In this study, we focus on pupil dilation as an objective measure, which has been recognized for decades as a reliable indicator of
cognitive effort. Originally observed by Kahneman and Beatty over 60 years ago [39], pupil dilation has been linked to cognitive load
particularly in tasks requiring memory. This association remains relevant today, with numerous studies confirming the relationship
between pupil size and cognitive demands [38,101,104,43].

Pupil dilation reflects three types of stimuli: it constricts in response to light and near objects, and dilates with increased cognitive
activity, such as arousal or mental effort. Controlled by the sympathetic nervous system, the iris dilator muscle governs pupil size,
explaining its enlargement during heightened arousal [59].

Advancements in technology, particularly affordable eye trackers, have facilitated precise measurement of pupil dilation, offering
enhanced temporal resolution and accuracy in detecting even subtle changes in pupil diameter [105,78]. The size of the human
pupil typically ranges from approximately 2 to 8 mm in diameter [61,105]. In recent times, measuring pupil dilation has become
comparatively straightforward. The availability of affordable eye trackers has made it feasible to obtain sufficient temporal resolution
and accuracy for detecting even minor alterations in pupil diameter.

2.3.4. Cognitive load in virtual spaces

As discussed earlier, there is a limit to the amount of information the brain can process at a given time. Cognitive load theory
suggests that if this limit is exceeded, performance will be reduced and mental strain will increase [95,93,96,72].

Aside from the many benefits of virtual reality, its use oftentimes requires active engagement and presents users with an active
and rich immersive experience, therefore potentially leading to increased demands on cognitive processing. However, it can be
assumed that with careful design, such factors can be controlled even in virtual reality spaces.

In recent years, many researchers have made efforts to measure the cognitive load associated with learning, task-solving, and
problem-solving in virtual and augmented reality. Several measurements have shown that it is possible to reduce cognitive load by
using such 3D technologies [98,42,24,44], while other works have measured an opposite effect [2]. Still other researchers have found
no significant differences in cognitive load between VR and non-VR scenarios (e.g., [5]). Based on this, the case could be made that
much depends on the particular use-case and the particular technological solution that is being used. At the same time, arriving at
a deeper understanding of the key factors that could be used to predict cognitive load would nevertheless be important, especially
in cases where the results of a virtual reality experiment are relied upon to determine whether and how a real-world environment
should be built [5,24]. Such measurements are also highly relevant to the world of education, within which online learning and
remote training have gained increasing traction in the past years.

Prior to this work, we expected that the impact of content arrangement and distracting visual elements would have a significant
effect on our results. Thus, we hypothesized that when it came to designing virtual spaces with integrated 2D content, the modality
effect, and also a popular effect connected to multimedia learning called the seductive details effect — according to which interesting
yet irrelevant details, known as seductive details, are unnecessary for achieving the instructional objective [60,75,92] — would have
a key role to play in explaining the cognitive load experienced by users [64]. For this reason, we aimed to manipulate the number of
visual distractions and the geometries of content arrangements in our experiments.

3. Experimental design for this study

In order to assess differences in the effectiveness of user workflows, as well as the cognitive load they entail in 2D digital interfaces
and different kinds of 3D environments, we chose to develop a specific workflow and a set of experimental guidelines that could
be replicated in both 2D and 3D environments. The experiments revolved around subjects having to read through / look through
various kinds of digital content relevant to a topic, and to then answer a set of questionnaires related to the materials they studied.

3.1. Experimental setup

In the 2D case, we used a classical Google Sites page (https://sites.google.com/view/2deyetracking-egyoldalas/f%C5%91oldal,
accessed on 10 March, 2024), loaded into a Chrome Browser, which included all of the learning materials serially embedded into it,
interleaved with the questionnaires (also in the form of embedded Google Forms within the Google Sites page). Here, the documents
pertaining to each of four different topics and the associated questionnaire were embedded strictly in order; hence, users could study
3 documents—PDF files, images or YouTube videos—and then fill out the associated questionnaire for each of the topics, before
proceeding to the next topic (Fig. 1).

In the 3D case, the same documents and questionnaires were laid out in two different 3D spaces within the MaxWhere platform
(https://maxwhere.com) — a desktop 3D platform that allows for 3D spaces to be created with freely arranged display panels (so-
called “smartboards” in MaxWhere jargon). Importantly, such smartboards can contain any kind of document that a desktop browser
could normally display (e.g., webpages, PDF files, images, audio-video files).

Whereas in the 2D case, the learning materials were serially embedded into a Google form and users had to scroll up and down to
view different documents and to access the questionnaires, in 3D, free navigation was allowed and expected. Two examples of how
documents were laid out in 3D can be seen on Figs. 2 and 3.
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Mérés az (irhajon (2D)

Fig. 1. Layout and design of the 2D webpage using which the 2D scenario experiments were conducted.

It is important to note that the exact same documents and questionnaires which appeared embedded into the Google Sites page
in the 2D case were presented to users in the 3D case, with no content added or removed in either case. The only difference was that
the content appeared serially, from top to bottom in the 2D case, whereas it was presented in a spatial layout in the 3D case. The
relationship between the 2D and 3D cases is shown in Fig. 4.

3.2. Tasks and scenarios

In order to model participants’ abilities in independent topic processing and comprehension across different environments, par-
ticipants were given question answering tasks across four distinct thematic groups within the domain of astronomy. Astronomy was
chosen as the topic of focus based on the expectation that the participants would have little, if any familiarity with it, ensuring equi-
table task engagement irrespective of prior knowledge. The study design incorporated common task and content types encountered in
both educational practice and digital contexts, ensuring ecological validity across educational levels. Detailed task instructions were
provided to participants at the outset to mitigate experimenter influence, followed by non-intervention during task completion. All
materials were presented in Hungarian to align with participants’ language proficiency. Materials included PDF documents contain-
ing comprehensible professional content, videos sourced from the Hungarian-language National Geographic channel on YouTube,
and custom-created images elucidating various astronomical phenomena.

The workflow to be carried out by test subjects consisted of reading and / or viewing learning materials pertaining to 4 different
subtopics within the field of astronomy (“Universe”, “Planets”, “Satellites” and “Space Research”), and answering a questionnaire with
respect to each of the subtopics. Each of the subtopics were introduced to the subjects through 3 different documents - including
PDF files, images, or YouTube videos.

The questionnaires corresponding to each of the subtopics consisted of true-or-false questions, multiple choice questions and
questions requiring short answers of one or two words. Three examples of typical questions are:

« True or false?—Black holes can be observed based on the gravitational effects they have on surrounding gases, dust and stars;
« What are the rings of Saturn made of (select all that apply)?—ice, rocks, space debris, gases, asteroids, and/or moons.
» Why were Hubble’s mirrors polished at night?

3.3. Data collection and measurements

The results of the questionnaires were compared in terms of the percentage of questions answered correctly and the time taken to
answer all of the questionnaires. However, in the 3D case, time spent with navigation between the thematic groups was discounted
from the latter metric, so that the actual time spent on the perusal of the content and the filling out of the questionnaires could
be compared directly. Hence, completion time data was logged based on an analysis of the screen recordings, with the timer being
started when the participant stopped in front of a content group and interacted with a display, and stopped when they clicked on the
submit button on the questionnaire associated with the content group.

In the meantime, eye gaze and pupil dilation data were also recorded to assess test subjects’ focus of attention and cognitive
load experienced. The latter measurements were obtained using the EyeTribe eye tracker (https://theeyetribe.com/dev.theeyetribe.
com/dev.theeyetribe.com/general/index.html, accessed on 10 March, 2024) and its accompanying OGAMA (Open Gaze and Mouse
Analyzer) Version 5.1 software.
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Fig. 2. Spatial arrangement of 2D content in a 3D virtual space.

Fig. 3. Spatial arrangement of 2D content in a second 3D virtual space.

In addition, the frequency of certain interaction patterns was recorded, including when:

+ Users viewed content on a group of smartboards simultaneously from some distance (“holistic overview mode”)
+ Users alternated focus between different smartboards while remaining in a stationary position but frequently changing their
camera orientation (“alternating mode”);

Finally, in a post-experiment questionnaire, subjects were asked for demographic data, as well as presented with questions about
their digital leisure habits, and about their subjective assessments of immersion in the virtual space (in the 3D case). Subjects were
also asked to rate the difficulty of the 4 different subtopics and the most difficult questionnaire from all four. For those subjects who
completed the tests on the two-dimensional interface, the final questionnaire did not include questions on the 3D space.

3.4. Procedure

Prior to the experiments, written consent was obtained from all participants to use the collected data as follows. All data collected
was anonymized and used solely for the purpose of the statistical analyses reported in this paper. All of the experiments were
conducted in accordance with the ethical principles laid out in the Declaration of Helsinki.

At the start of the session, test subjects carrying out the required task in 3D indicated whether they were familiar with the
MaxWhere software and, if so, approximately how much time they had spent using the software. Participants who were not familiar
with the software spent approximately 30 minutes learning about it and acquiring basic user skills. Basic knowledge includes confi-
dent VR navigation using the software, activating and deactivating the smartboards (display panels) and interacting with the content
that is displayed on them. Mastery of confident use of the software was assessed by the test administrators.

Following this, the participants were seated in a quiet room in front of a laptop computer. The room was dimly lit without any
direct light source so as not to introduce unwanted artifacts into the eye tracking data. For each test subject, the eye-tracker was
calibrated prior to the experiment.
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Same learning material in 3D and 2D)

Vilagegyetem

Same questionnaire (Google Form) in 3D and 2D

Fig. 4. This figure shows by example that the same documents and questionnaires were used in both the 3D case (left-hand side) and in the 2D case (right-hand side).
No materials/questionnaires were added to or removed from the experiment in either case. Here, we can see that the PDF document on the topic of the “Universe”
appears on the tilted panel at the back in the 3D case as well as on the upper half of this specific view of the 2D case. Whereas in the 2D case, the questionnaire
appears directly below the learning material, in the 3D space, it can be found on the left-hand side of the screenshot.

Fig. 5. Layout and design of the 3D space in which the first experiment was conducted, as reported in [89].

Following the calibration, the test administrator explained the task to be carried out. The order in which the questionnaires were
filled out, with the selection of the first and the last questionnaire, was left up to the participants (in the 2D case, this was less of an
issue, although no strict order was enforced in the 2D case either, regardless of the fact that the documents on the subtopics and the
corresponding questionnaires followed each other in a serial order).

4. Comparison of 2D environment with the first desktop VR space

In a first experiment, we compared measurement data obtained from the 2D scenario and one particular 3D space, based on the
experimental framework described in Section 3, and as reported in [89]. The space in which the experiment was carried out was a
spaceship-themed environment, as shown on Fig. 5.

4.1. Participants

In this experiment, a total of 14 test subjects participated carried out the task in 3D. However, video data were corrupted for
one person. The results from a further four subjects had to be discarded due to there being breaks in pupil dilation measurements
midway during the experiment. The remaining nine subjects (three women, six men) were aged between 17-55 years, with a mean
age of 32.5 years (SD: 14.15).

A total of seven test subjects (four women, three men) participated in the 2D measurement, and were aged between 25-33 years,
with a mean age of 27.83 (SD: 2.93).

The mean age for all participants was 30.84 (11.39) years. All participants were neurotypical Hungarian native speakers who
participated in the experiment on a voluntary basis. Informed consent was obtained from all participants prior to the experiment,
which was carried out based on and in accordance with the institutional endorsement of the authors’ affiliation. All of the data
collected during the experiment was anonymized and used exclusively as input to the statistical analyses detailed in later parts of
this paper.
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4.2. Results

When comparing results from the 2D scenario and this 3D scenario, the data showed that the correctness of answers provided
by subjects in the 2D and 3D case was very similar, with no statistically significant differences. At the same time, within the topic
of Satellites, subjects completed the questionnaire significantly faster in 3D than in 2D (while there was no significant difference
in completion times within the other topics). These results failed to confirm, in a general sense, the hypothesis that subjects would
perform better in 3D than in 2D (save for the completion time in the case of the Satellites topic)—although they certainly did not
perform worse.

The fact that the 3D environment included a high volume of visual clutter led us to the conclusion that reducing this clutter —
perhaps by using a more minimalistic 3D space with less need for navigation, other than rotation of view — could lead to higher
yields in performance in the 3D case.

Regarding subjective evaluations of difficulty and pupil diameter measurements, it was observed that there was no correlation
between the two. This was a surprising result. Leaving aside the possibility that the tasks were actually more difficult when the
subjects perceived them to be easier, this counter-intuitive finding may have also been due to the amount of visual clutter, and thus,
a degree of excitement experienced by the test subjects.

5. Follow-up experiment in a second VR environment

Our second experiment was carried out using the same 2D scenario (however, with more test subjects) and in a second 3D VR
space which contained a circular arrangement of content clusters (Fig. 6). In the 3D virtual space, the contents were placed on a total
of 21 display panels. The questionnaires were placed in the middle of each cluster, above them was the title slide, and to the right,
left and bottom were the documents that contained the answers to the questions contained in the questionnaires.

5.1. Motivations behind follow-up study

Based on our tentative conclusions from the first experiment (Section 4), and our prior experience in designing 3D spaces with
custom layouts (see also [90]), we performed the same experiment using a different VR space and a larger number of test subjects.
Our goal was to use a second virtual space in the follow-up study that would more adequately address the following principles based
on the idea that in the case of virtual spaces containing many visual details, the pupil measurements may have been particularly
wide as a result of heightened arousal:

+ The need for navigation and the amount of visual clutter should be limited in order to lower cognitive load

« The size of the documents should indicate their importance

+ The arrangement of documents into clusters should allow the user to conclude that the content placed there form a content unit

+ By creating the same layout for every subtopic, such that the content types are the same in corresponding locations in each case
(with only the particular topic differing), users should be able to understand semantic relationships more quickly and at a lower
cognitive load

« The digital content inside the virtual space should be displayed vertically or on panels that are only minimally tilted, as users
have been shown to prefer vertical surfaces for documents [90].

Thus, for our follow-up study reported in later parts of this paper, we opted for a virtual space in which there were no unnecessary
disruptors, which was much smaller, in which less navigation was needed, and in which the display panels (“smartboards”) holding
the content were also more purposefully organized.

5.2. Participants

A total of 40 test subjects participated in this experiment, with an average age of 26.57 (SD: 6.96), and an equal distribution of
20 women and 20 men.

All of the participants were Hungarian native speakers and individuals with neurotypical development, who participated in the
experiment on a voluntary basis. Informed consent was obtained from all participants prior to the experiment, which was carried
out based on and in accordance with the institutional endorsement of the authors’ affiliation. All of the data collected during the
experiment was anonymized and used exclusively as input to the statistical analyses detailed in later parts of this paper.

Participants were divided into two groups. 20 subjects (14 women, 6 men), average age of 27.35 (SD: 6.72) participated in the
measurement in the 3D virtual space. 5 out of the 20 subjects wore glasses during the experiment. 20 subjects (14 men, 6 women)
participated in the 2D measurement, average age of 25.8 (7.29), and 2 of them wore glasses during the measurement.

5.3. Data collection and measurements

The methods employed in the second experiment were the same as in the first experiment, as described earlier in Section 3 on
the framework used for our experiments.
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Fig. 6. Exterior of the 3D space in which the 3D case of the second experiment was conducted.

In particular, the subjects participating in the 2D and 3D also measurement had to provide feedback on which subtopic they
found to be the most difficult in retrospect, as well as some demographic data (gender, age, highest education) — as described in
Section 3.3. In addition to the data listed above, the participants in the 3D measurement also had to fill out a series of questions
related to their navigation experiences, as well as an IPQ questionnaire consisting of 14 questions, in which they had to evaluate
their General Presence, Spatial Presence, Involvement, and Experienced Realism experiences on a 7-point Likert scale. However, this
data is not the subject of this research.

Similarly to the earlier experiment, descriptive statistics were calculated to summarize and describe the main features of the data.
Statistics that were collected included the completion time, pupil dilation, and difficulty of the questionnaires. Completion times
were measured based on screen recordings of the experiment (here, again, discounting the locomotion between content groups), and
pupil dilation was measured using the EyeTribe eye tracker and its accompanying OGAMA Version 5.1 software.

On the basis of these statistics, group differences were assessed using an Independent Samples T-Test to determine the differences
in completion time and in pupil size in 2D and the second 3D scenario. The Mann-Whitney U test was used to determine the
differences between the final scores of the groups and the pupil dilation differences between the two 3D scenarios. Spearman
correlation analysis was utilized to examine relationships between the difficulty of the questionnaires and pupil dilation as well as
completion time. All statistical analyses were conducted using SPSS and JASP, with a significance level set at 0.05.

5.4. Key hypotheses

Prior to conducting our experiment, we formulated the following key hypotheses:

1. Subjective assessments of lower cognitive load, along with lower pupil dilation would characterize the 3D case as opposed to
the 2D case;

2. Questionnaires would generally be filled out faster and with more correct answers in 3D compared to 2D.

3. Compared to the previous measurement, the current 3D group would perform the task with a lower pupil dilatation than the
previous 3D group;

4. Subjective assessments, by the test subjects, of the difficulty of questionnaires would correlate with pupil dilation and correctness
of answers;

5. Lower cognitive load would correlate with a faster completion time.
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Table 1
Descriptives of the pupil dilation data of the 2D and 3D groups.
Group N Mean SD SE Coefficient of variation
Pupil Dilatation 3D 20 19.464 2902  0.649  0.149
2D 20 22204 3971 0.888  0.179

Pupil diameter by tasks

Universe Planets Satellites Space_research
m3D m2D

Fig. 7. Pupil diameter sizes grouped by tasks.

Table 2
Descriptives of the pupil dilation data of the previous 3D and current 3D (referred to as “3D
sublimus” group in the table) groups.

Group N Mean SD SE Coefficient of variation

PupilTasks 3D sublimus 20 19.464 2902 0.649 0.149
3D spaceship 9 26.203 4.371 1.457 0.167

6. Results

We used the Mann-Whitney U test to determine whether there were differences in the final scores of the four tasks. The test
revealed no statistical difference in the final scores between the 3D (M=22.387, SD=2.167) and 2D (M=22.125, SD=1.879)
groups.

We used the Independent Samples T-Test to determine whether there were differences in completion times in the context of the
four tasks. The test revealed no statistical differences in the completion times of the four tasks between the 3D (M =36.7, SD =6.959)
and 2D (M= 37.8, SD=9.059) groups.

Regarding pupil dilation, the group descriptives and differences between the two groups are displayed in Table 1 and in Fig. 7. An
Independent Samples T-Test revealed that the group which performed the measurement in 2D had significantly larger pupil dilation
(M =22.204, SD =3.971) than the 3D group (M =19.464, SD =2.902), (t(34.792) =-2.492, p < 0.018), (Cohen’s d=0.788).

The results showed that the group which filled out the questionnaire in the 3D space (N =20) had smaller pupil dilation with the
mean rank of this group being 11.30, while the group which used the Spaceship 3D space for the same task (N=9) had a mean rank
of 22.23. A Mann-Whitney U test revealed that this difference was statistically significant, U=16, p < 0.001, r=0.65 (Table 2 and
Fig. 8).

The Spearman coefficient obtained did not show a correlation between the perceived difficulty of the questionnaires and pupil
dilation; nor was any correlation detected between pupil dilation and completion time.

7. Discussion

In the main experiment presented in this paper, 40 subjects were examined, divided into 2 groups (3D experimental, 2D control).
One group of 20 subjects had to fill out four questionnaires on a classical 2D dimensional Web-based interface, such that the answers
to the questions were found in related documents integrated into the same webpage. The other group of 20 subjects had to perform
the same tasks in a 3D virtual space, with the difference that the related documents did not follow one another linearly, as in the
case of the 2D webpage, but were instead spatially spread out in a 3D space surrounding the questionnaires.

Among the cognitive load effects mentioned in the introduction, the split-attention and the modality effect typically play an
important role in the case of online teaching materials, as teachers often share information in the form of documents that are related

10



A. Suddr and A.B. Csapé Heliyon 10 (2024) 31717

3D measurement comparison in pupil dilation

Al

Universe Planets Satellites Space_research
M 3D sublimus 3D spaceship

Fig. 8. Comparison of the pupil diameter size between the previous 3D research results and the current ones (referred to as the “3D sublimus” case).

in content but are separate from each other. The aim of our research, then, was to create a virtual environment that can reduce the
cognitive load for students, as well as soften the impact of these two effects.

The results of our pupillometry measurements showed a significant difference between the two groups, as expected. Therefore,
we are able to conclude that based on the results of prior research, it was possible to create an educational virtual space that enabled
subjects to study the same learning materials at a reduced cognitive load.

In the case of the space we developed, users were able to interpret the learning materials as belonging to well-defined thematic
units or blocks, despite the information coming from different documents and modalities. Based on the data we collected, we observed
that the subjects often positioned themselves in such a way that they were able to view multiple documents simultaneously from a
suitable distance and orientation. We refer to this as an overview type mode of interaction that is not possible to achieve with the same
flexibility on classical 2D user interfaces, but which nevertheless mirrors the way people often interact with documents in real life.

In addition, we observed a mixing of modalities such that, for example, subjects played the videos in the virtual space while
navigating to the questionnaires to fill out the relevant questions as they were listening to the answers to them. While this could also
be done in 2D, it is less natural than in 3D, where users simply have to “turn their heads” to temporarily focus on a different display
panel.

Since the virtual space lacked any specific decorative elements, it was assumed that users could focus on the content and on
solving the task at hand. Even so, there were no significant differences in completion time and overall score between the two groups.

Comparing these results to an earlier experiment reported in [89] and summarized in Section 4, in which the 2D scenario was the
same and the VR scenario involved a more spacious environment with more visual disruptors, we were able to conclude that indeed
the factors of less visual clutter and a preference towards camera rotations as opposed to spatial locomotion were instrumental in
reducing cognitive load. Particularly in the prior experiment, increased visual clutter may have accentuated the split-attention effect.

When it comes to assessing cognitive load within VR, past literature has predominantly focused on immersive VR solutions
[52,47] and in some cases, researchers have compared these measurements to 2D interfaces as well [1,46]. The majority of these
studies have reported results that point in the same direction as the results presented in this paper. However, the results we have
presented in this paper are unique in that our comparison focused on a 2D environment and two desktop VR environments (thereby
leading to a comparison of the two 3D environments as well). The results presented here may also allow us to draw more general
conclusions, given that they were derived based on everyday digital workflows (i.e., studying and answering questions based on
multimedia content) rather than based on any specific laboratory environment, which is typical in this field [24,42,98,14]. To the
best of our knowledge, there have been no previous studies measuring cognitive load in the context of such a commonly encountered
digital task and in a comparable desktop 3D environment. Further, our results suggest that with the application of certain design
principles, 3D spaces can be developed that have a higher chance of reducing cognitive load.

Limitations of the study include the relatively fewer number of test subjects in our preliminary experiment, based on which
we implicitly compared the first VR scenario to our second, enhanced VR scenario. Nevertheless, our comparison between the 2D
environment and the second VR scenario, as well as between the 2D environment and the first VR scenario still holds as valid.

Further research would also be necessary to determine whether the negative influence of disruptors carries over to scenarios
where long-term memorization is required and e.g. the principles of the memory palace technique could come into play. In order to
investigate this, we plan to use not only eye-tracking but also to carry out EEG measurements in the future.

The results reported in this paper allow us to conclude that desktop VR environments can serve as a good alternative to 2D
interfaces in distance learning, and it is worth considering their introduction into the broader public education system.

8. Conclusions

In this paper, we focused on comparing the effectiveness and cognitive load associated with different desktop 3D virtual reality
learning scenarios and a 2D Web-based e-learning scenario. Based on the observation that researchers have previously come to
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partially conflicting conclusions about the relative effectiveness of virtual reality compared to classical 2D interfaces, our goal was to
experimentally investigate the effects of different spatial parameters such as the amount of visual clutter and the types of navigation
methods required. During the process, we used the metric of pupil dilation as an objective measure, and we also linked our results
to some of the core effects within cognitive load theory.

Results obtained confirmed our hypothesis that fewer decorative elements in a VR space, and a relative reliance on camera
rotations as opposed to camera movement when navigating between content can lead to the reduction of cognitive load, both
compared to other VR scenarios and to classical Web 2.0 based 2D scenarios. Further, the 3D space allowed users to exhibit interative
behaviors that are more akin to physical interactions with printed documents, e.g. by positioning themselves relative to multiple
documents at the same time.

Our findings suggest that well-designed desktop VR environments can offer a promising alternative for learning as well as digital
work, with the potential for enhanced cognitive outcomes. Through active learning, collaborative engagement, skill acquisition, and
the integration of game-like elements, virtual environments can lead to transformative educational practices that can significantly
shape the future of learning.
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