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An evaluation on the effect of pre-training on cognitive workload & task performance in VR task

Abstract
The rise of virtual reality-based (VR) technology has prompted the gradual adoption of VR-based
simulation training in the maritime industry. However, there is limited research on strategies to
improve the effectiveness of VR training through cognitive workload reduction, especially with
the pre-training strategy that is rooted in Cognitive Load Theory (CLT). This study investigates
whether a low-fidelity mock-up pre-training prior to a VR sailing simulation improves task
performance and reduces cognitive workload. Two groups of participants (z = 16) completed a
VR sailing task. The experimental group received a low structural fidelity mock-up pre-training
before performing the VR sailing task, while the control group did not. Task performance was
measured by a performance index including time, distance, and error rate. Cognitive workload was
subjectively measured with the NASA Task Load Index (TLX) and Klepsch et al.’s (2017)
differentiated cognitive load (DCL) questionnaire. Results indicated that pre-training did not
significantly improve performance, though performance increased significantly over the three VR
sailing trials. NASA TLX revealed no significant reduction in cognitive workload, and the DCL
measure indicated that pre-training increases intrinsic cognitive load. We attribute these findings
to limited skill transferability between pre-training and VR simulation, individual differences in
spatial and psycho-motor abilities, factors related to pre-training design, target cognitive workload
type, and other factors. On a positive note, results show the benefit of repeated exposure to the
task leading to automaticity-based performance improvement. Several limitations and future

directions are also discussed.
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1. Introduction

Learning often extends beyond the confines of traditional classrooms. Learning strategies are
constantly evolving to keep pace with changes in the technological landscape. In recent years,
mixed-reality (MR) technology, including virtual reality (VR) devices has rapidly advanced both
in quality and commercial availability. This has prompted the rise of using VR as a tool for
“Serious Games”, in which the primary goal of a game is education and training, rather than
entertainment (Breuer & Bente, 2010; Checa & Bustillo, 2020). VR devices have been increasingly
incorporated as a tool to offer immersive and hands-on learning experiences in high-risk domains
as they can offer a realistic, interactive, but controlled environment for learning, without exposing
learners to real-world risks (Jensen & Conradson, 2018). This is particularly appealing for safety-
critical domains such as aviation, military, medicine, emergency response, energy, and the
maritime sector, where the cost of human errors can be catastrophic, and where training in real-
life operational settings such as complex control rooms isn’t always a viable option (Buttussi &

Chittaro, 2017; Xie et al., 2021).

The rise of VR-based interactive simulation training warrants further research to determine the
optimal approach to effectively leverage this technology as an educational tool. Cognitive
workload has been a fundamental research area in human factors research in safety-critical sectors
(Hollands et al., 2019). Understanding cognitive workload in high-risk and complex workplaces
is crucial to ensure operators can maintain an optimal level of attentional vigilance to manage
dynamic work situations. Similarly, from a training point of view, investigating learners’ cognitive
workload allows training and instructional designers to better tailor training material to maximize

productive learning within the limited time and resources in the training period.

While the use of VR technology has gained widespread popularity in maritime training and
education in recent years, there has been minimal research done to explore its educational potential
from the perspective of cognitive load optimization (Mallam et al., 2019; Miyusov et al., 2022).
In light of the brand new Maritime eXperience Lab (MX-Lab) constructed at MARIN, there is a
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need to tap into the potential of using MR and VR technology for training and concept development
purposes. This study employs principles in Cognitive Load Theory (CLT), with a focus on utilizing
pre-training — a cognitive load reduction strategy rooted in the well-established Cognitive Theory
of Multimedia Learning (CTML), to attempt to explore ways to optimally design and utilize VR
technology for educational purposes in the maritime industry. The effectiveness of the low-fidelity
(LF) pre-training is determined by, first, its ability to reduce cognitive workload, and second, the

extent to which it enhances procedural knowledge acquisition, measured by task performance.

2. Literature Review

2.1. VR for Procedural Knowledge Acquisition

VR technology is commonly used for learners to acquire different types of knowledge. Knowledge
is generally divided into two types, procedural knowledge, the knowledge of ‘knowing how to do
something’, such as sailing a boat; and declarative knowledge, the ‘knowledge of facts’, such as
knowing what wind speed is (McCormick, 1997; Anderson, 1990, p. 219). VR has become
increasingly integrated into various learning environments that are aimed at procedural knowledge
acquisition, which is highly relevant to maritime operational tasks. The application of VR has also
been widely studied in the field of educational science, mainly due to its highly graphical,
interactive, and adaptable characteristics, which are essential for effective knowledge transfer
(Meyer et al., 2019; Cooper et al., 2021). Along with simulators such as desktop-based simulators,
full-mission simulators, and cloud-based simulators, the maritime industry is increasingly adopting
VR simulators teaching various skills such as marine communication and navigation equipment
maintenance (Bingchan et al., 2018; Kim et al., 2021). This indicates a growing acceptance of VR
technology, warranting the need to further research how to best use VR for maritime educational

training purposes.

2.2. Cognitive Workload

"Cognitive workload" is frequently employed as a crucial research topic in human factors and
human-computer interaction (HCI) domains. However, as suggested in a recent review by Kosch
et al. (2023) on the state of cognitive workload assessment, a universally accepted definition and

standardized measurement method for cognitive workload remains a subject of controversy in
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psychology. HCI research frequently employs the definition of “mental workload” as the main
analysis approach, which, as Kosch et al. (2023) note, comes from a task demand and human-
computer interface design perspective. However, this approach alone doesn't fully address the
separate types of cognitive resources needed for effective learning and skill acquisition. To provide
a comprehensive view of cognitive workload and to take human working memory capacity into
account, this study adopts Sweller et al.’s CLT (1998) as the main conceptual framework to
investigate cognitive workload in the VR learning environment, along with support from the task
resource demand perspective. To ensure consistency, terms such as "cognitive workload,"

"cognitive load," "mental workload," and "mental demand" are used interchangeably in this study.

2.3. Cognitive Load Theory

2.3.1. Cognitive Load Theory Fundamentals

CLT has a pedagogic origin, and it emphasizes that human working memory (WM) has an
inherently limited capacity and can easily be overwhelmed by a large amount of information being
processed (Sweller et al., 1998; Paas et al., 2010; Klepsch et al., 2017). Figure I shows a visual
breakdown of the WM model — when new visual, auditory, or other sensory information enters the
WM as sensory inputs, they are temporarily stored in the WM, which has a limited capacity. WM
can process the information inputs effectively within the WM limits, but contrarily, if the amount
of information exceeds these limits, an overload situation may happen and hinder information
processing (Orru & Longo, 2019). In an optimal task-learning situation, information is processed
by WM, and then stored in the form of schemas in long-term memory (LTM) in ways they will be
retrieved and used in the future (Klepsch et al., 2017). LTM does not only have the ability to store
a significantly greater amount of information, but it can also host highly complex interactions
between schemas, allowing for complex reasoning and skill development processes to take place

(Swellers et al., 1998) (See Figure 1).
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Figure 1 A diagram representing the mental architecture and the role of CLT in relation to WM

and schema construction (Orru & Longo, 2019).

2.3.2. Types of Cognitive Workloads

CLT suggests that there are three separate types of cognitive load — intrinsic cognitive load (ICL),
extraneous cognitive load (ECL), and germane cognitive load (GCL). ICL is the inherent difficulty
associated with the learning task (Sweller et al., Reedy, 2015). ECL is the difficulty presented by
the learning environment (Sweller et al., 1998; Reedy, 2015). GCL represents the effort that
contributes to the construction of schemas, which is an important component of a learning task's
intrinsic difficulty that is beneficial to learning (Sweller et al., 1998; Reedy, 2015). In the context
of designing learning material, design based on CLT principles aims to minimize the cognitive

workload presented by the learning environment (ECL) and maximize productive learning (GCL).

2.4. Pre-training

2.4.1. Pre-training as a Form of Scaffolding

Rooted in the Cognitive Theory of Multimedia Learning (CTML), an extension of CLT in the
context of multimedia learning, pre-training is an effective learning strategy to reduce cognitive
load and improve learning outcomes. In general, the purpose of pre-training is to familiarize the
learner with certain content before the to-be-learn system to reduce intrinsic cognitive load (Nelson
& Erlandson, 2008; Mayer & Moreno, 2010). The concept of pre-training aligns with the concept

of scaffolding, in essence, means adjusting instructional delivery methods or material to guide
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learners through a gradual skill acquisition process toward full competency (Salcedo et al., 2015).
Pre-training can be presented in different forms with different target knowledge or skills. One way
to present it is to show the names and characteristics of the components of a to-be-learn material.
This could help learners to make necessary connections between components to construct a mental
model prior to the task (Mayer & Pilegard, 2005; Mayer & Moreno, 2010; Klepsch & Seufert,
2020). Meyer et al. (2019) found that pre-training had a positive effect on knowledge acquisition,
transfer, and self-efficacy. Jung et al.’s study (2021) found that pre-training is effective in reducing
unnecessary intrinsic cognitive load in early phases of collaborative learning, particularly when
pre-training is guided and contains definitions of key elements, to explain element
interactivity. This forms the basis of the pre-training for this study, which will be covered more

extensively in the Pre-training Design and Set-up in the Method section.

2.4.2. Low-fidelity Pre-training

Fidelity level is an important consideration for the pre-training design. Fidelity generally refers to
the degree to which a simulation replicates real-world conditions and practices (Dieckmann, 2007,
Liu et al. 2008). It is a common belief that higher fidelity results in better learning outcomes, but
CLT research indicates that high-fidelity (HF) immersive simulation can lead to cognitive overload
and can make learning more difficult (Dieckmann, 2007; Reedy, 2015). Cognitive overload in HF
learning environments and its negative effects have been extensively studied in the field of clinical
medical education (Dieckmann, 2007; Reedy, 2015; Chen et al., 2015; Say et al., 2019; Rogers &
Franklin, 2021). A highly immersive learning environment may present an overwhelming number
of sensory stimuli, which may overload the learner's WM and prevent them from processing the
essential information they need to learn (Reedy, 2015). This is particularly true for novice learners.
Chen et al.’s study (2015) comparing the use of LF and HF clinical simulation reveals that too
much fidelity increases unnecessary cognitive load on novice learners, leading to ineffective
learning. Studies also found that nursing students who perform their tasks using LF simulations
outperform students in the HF simulation group, indicating that learning in HF settings does not
always lead to higher performance (Say et al., 2019; Rogers & Franklin, 2021). Fidelity level is

considered in the pre-training used in this study, more detail in the Pre-training Design and Set-

up in the Method section.
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2.5. CLT & CTML Application in the Maritime Sector

Studying cognitive load in the maritime industry, particularly focusing on cognitive workload
management is essential as the cost of cognitive overload in both operations and training could
lead to potentially catastrophic outcomes that could compromise the safety, efficiency, and overall
systems performance. Cognitive overload can decrease operators’ situational awareness, impair
their decision-making, and increase the likelihood of accidents caused by human errors
(McWilliams & Ward, 2021). In the context of safety-critical training and education, CLT provides
a systematic framework for understanding how cognitive resources are allocated during learning
and task execution, making it a valuable conceptual framework for designing training programs
tailored to the cognitive demands of the operational task, with the consideration of the limitations

of human working memory.

2.5.1. Maritime and Naval Training

Understanding cognitive workload in maritime training can help to optimize the design of training
methodologies, such as the use of immersive VR simulations, that are tailored to the needs of
maritime personnel. For example, exploring cognitive load-reduction strategies during complex
maritime-specific training tasks can help training developers to better design their training
curriculum to enhance student performance. By integrating CLT and CTML principles into the
design of VR training programs, developers can better control and analyze task difficulty, feedback

mechanisms, and instructional designs.

2.5.2. Concept Development

VR technology can be used to help with the visualization of abstract and future-oriented concepts
in the maritime and military sectors. It is important to determine optimal ways to introduce novel
concepts to seafarers without overwhelming them with excessive and irrelevant information.
Applying CLT and load-reduction strategies in CTML to the design of VR resources can help users
to better comprehend and internalize novel concepts, which may lead to an increase in the level of

acceptance, and can transform their attitude towards innovative concepts and technology.
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3. This Study
3.1. Main Research Question
Synthesizing theories and past research, the present study is an exploratory study to investigate the
effectiveness of a low-fidelity pre-training in facilitating procedural knowledge acquisition and
reducing cognitive workload in a VR learn-to-sail task. The main research question is: 7o what
extent is a low-fidelity pre-training prior to a VR learning task an effective cognitive workload-

reduction strategy?

3.2. Hypotheses
Effectiveness in this study is defined by two main metrics — task performance and cognitive

workload, which lead to the following sub-questions:

Sub-question 1: How does pre-training affect task performance?

Hypothesis: Pre-training helps to improve task performance in the VR simulation.

Sub-question 2: How does pre-training affect cognitive workload?
Hypothesis: Pre-training helps to reduce cognitive workload in the VR simulation, specifically on

intrinsic cognitive load.

A more detailed version of the hypotheses, including null and alternative hypotheses of each sub-

measure can be found in Appendix 6.

4. Method

4.1. Participants

This experiment was conducted following the ethical guidelines stipulated by the Ethics Review
Board of the Faculty of Social and Behavioral Sciences. Using a between-subject design, all
participants (n = 16) were randomly assigned into two groups, the experimental group with pre-
training (n = 8), and the control group with no pre-training (n = 8). Participants are adults with no
prior experience operating a rigid-hulled inflatable boat (RHIB). Participants were recruited within
MARIN via email and through word of mouth. 63% of participants are male and 38% are female.

Participants’ ages ranged from 20-49, the mean age for the pre-training group was 27.8 years, and

11
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25.9 years for the no-pre-training group. 50% of them are Dutch, the other 50% are made up of
other nationalities (Turkish, German, Polish, Indonesian, Taiwanese, and Chinese). 63% of them
have never used a VR device before, 31% have used it 1-3 times before, and 6% have used it 7+
times before, they are equally distributed between two experiment groups. No one has operated a
RHIB before, which is an eligibility requirement for this study. All participants passed the Landolt
C visual acuity test before the experiment and obtained above equal or greater than 1 with their

normal or corrected vision. None of the participants are colour-blinded.

4.2. Materials

4.2.1. VR Devices

The Steam Valve Index VR kit was used in this experiment. This set-up is equipped with a VR
head-mounted display (HMD), two controllers, left and right (see Figure 2), two SteamVR 2.0
base stations, a desktop computer to launch the Steam application, and a large standing display
monitor. The HMD device is equipped with dual 1440 x 1600 liquid-crystal displays (LCDs),
providing high-resolution visuals with full red, green, and blue (RGB) display per pixel (Steam,
n.d.). Inter-pupillary distance (IPD) was adjusted per participant within a range of 58mm to 70mm
(Steam, n.d.). In terms of audio, the HMD comes equipped with built-in 37.5mm off-ear balanced
mode radiators (Steam, n.d.). These audio components offer a frequency response ranging from
40Hz to 24KHz (Steam, n.d.). In VR optical systems, the visual perception of the environment is
determined by various factors — including the human pupil location (which encompasses eye relief
and IPD position); the aperture of the HMD lens; the focal length of the lens; the size of the display;
and the binocular relationship between the two eyes (Steam, n.d.). The Steam application was used
to launch the VR content. Another desktop computer was used for participants to fill out the

questionnaires prepared in Qualtrics.

12
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Figure 2 A photo of the Steam Valve Index VR HMD and the controllers, left and right.

4.2.2. VR Scenario

In the VR scenario, participants were asked to complete a sailing slalom task set within a gated
square area at sea using a RHIB. Within this environment, there are a total of 14 obstacles placed
throughout the course. These obstacles are identified by green laser projections with two white
poles on the sides, and participants must navigate their virtual RHIB to pass each obstacle and
deactivate the laser (see Figure 3, left). They will use a steering wheel to control the direction and
the throttle to control the speed of the boat (see Figure 3, right). The course layout comprises 12
obstacles of uniform width and height. They are equally spread out across the course, alternating
between the left and right sides. The remaining two obstacles indicate the start and finish obstacles
(see Figure 6, narrower obstacles near Start and Finish). This setup challenges participants’ virtual
maneuvering skills on a fast boat and requires precise control to navigate through the course

effectively.

13
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Figure 3 Screenshots of the VR scenario, and the various components (obstacles, steering wheel,

and the throttle in the RHIB.

4.3. Pre-training Design and Set-up

The design of the pre-training set-up draws on literature from both fidelity level and cognitive
workload. First, this pre-training focuses on reducing the structural fidelity (how the simulator
appears) and replicating the functional fidelity (what the simulator does) of the VR task (Hamstra
et al., 2014). Hamstra et al. (2014) suggest that the structural or physical fidelity of a learning
setting can be reduced without the loss of educational effectiveness of the training, given that there

is a sufficient relationship between the functional aspects of both settings.

Further, upon evaluation of the VR task, it was concluded that pre-training that aims to lower the
intrinsic cognitive load of the task would be beneficial. In line with CLT, the goal of this pre-
training is to reduce intrinsic cognitive load by familiarizing learners with the essential functional
information, such as task components, the interactions between the components to highlight causal
relationships (Fraser et al., 2015), and tips about sailing to further enhance the understanding of

interactions between components before beginning the actual VR task.

Utilizing concepts from Fraser et al.’s study (2015), this LF mock-up pre-training design attempts

to execute the following goals:

1. Display individual task components
2. Highlight the causal relationship between components

3. Provide multi-sensory (visual, auditory, tactile) learning for modality effect

14
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In the mock-up set-up (see Figure 4), The RHIB is represented by the black and white dice. The
multiple obstacles along the slalom course, are represented by the coloured dice. The start and

finish lines are also labeled. Participants were tasked to go between the two dice with the same

colour.
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Figure 4 A photo of the mock-up pre-training set-up.

Additionally, some instructional tips in the pre-training include:

o Slow down before obstacles — Allows for more precise turns, helps to prevent loss of control
and overshooting, and enhances situational awareness.

e Plan turns in advance — Anticipating maneuvers helps to reduce the risk of sharp turns and
maintains stability.

e Maintain steady boat speed — Helps to minimize instability, motion sickness, and VR-
induced cybersickness.

e Sail as close to the inner pole as possible — Helps to minimize the length.

e Back up if you miss a turn — Helps to save time and avoid unnecessary detours.

The goal of these tips is to depict the causal relationships between the components. The full pre-

training script can be found in Appendix 4.
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4.4. Procedure

When a participant came in for the experiment, they were first given a two-minute short
PowerPoint introduction about the experiment, including an introduction to the tasks and measures.
Then they read and signed the informed consent form, and continued with the demographic
questionnaire prepared on the computer in Qualtrics. They were then randomly assigned to either

the control or experimental group, as seen in Figure 5 below.

Experimental Pre-training PT Si VlRt.
Group (PT) Questionnaire fmutation

Questionnaire

Pre-test

Questionnaire
VR

Simulation
Questionnaire

Figure 5 Experimental process flow.

4.4.1. Mock-up Pre-training

For the experimental group, after completing the pre-test questionnaires, participants were asked
to complete the mock-up pre-training. First, they will get an introduction to the purpose, context,
task, and rules of the pre-training. The purpose of the mock-up pre-training is to help them
visualize the VR environment and get familiarized with the VR simulation task components and
the interaction between them before the actual VR task (see Figure 6 for mock-up set-up). The
context is to imagine they are the driver of a RHIB and they are tasked to operate the RHIB through
a slalom course. The task was they have to navigate through the course from start point to finish
point as fast as possible, take the shortest route possible, and miss as few obstacles as possible.
The course was marked by obstacles, indicating a zigzag path that they must follow. There were
five obstacles in total in the mock-up, but they were told that the VR task contained fourteen in
total. They were also pre-briefed on the layout of the mock-up and the VR task, and the discrepancy
between their layouts (the first obstacle is in the middle, then right, left, right, then the last one
(14th) is at the center), that the layout discrepancy is a result of the attempt to test if a LF, simple

mock-up design that contains all necessary information is already sufficient in producing an
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cognitive workload off-loading effect. One of the rules in the mock-up was that hitting an obstacle
is considered an error. This helps to build the concept of the error for the VR task. They were also
warned that the boat piece should be touching the map the whole time, they cannot lift it when
approaching an obstacle. Next, participants received the instructional tips. Following that, they
were instructed to navigate the sailing task three times, using their fingers to maneuver the boat
dice through the obstacles, while adhering to all rules and instructional tips provided previously.
After the mock-up task, participants were asked to complete the NASA Task Load Index
questionnaire on an iPhone (Hart and Staveland, 1988), the Differentiated Load questionnaire
(Klepsch et al., 2017), the Igroup Presence Questionnaire (IPQ), and the Simulator Sickness
Questionnaire (SSQ) on the desktop computer. More details about the questionnaires can be found

in the Subjective Cognitive Workload Measures and Other Measures sections.

4.4.2. VR Simulation

All participants in both the experimental (with pre-training) and control group (no pre-training)
were tasked to complete a VR slalom task. The control group immediately entered this step after
completing the demographic questionnaire. First, they were instructed to stand still between the
yellow lines for optimal signal detection of the base stations. Then, IPD was measured for each
participant using the EyeMeasure 1.22 version application on an iPhone. All participants’ IPD fell
within the 58mm to 70mm range of the VR HMD. The IPD measurement was used to adjust the
focal points in the HMD before putting it on the participant. The researcher then helped the
participant put on the HMD and the controllers and adjusted the size appropriately. The researcher
then explained to the participant how the VR set-up and the simulation task work. For example,
they had to make a grabbing motion (by opening and closing their hand) with the controllers to
hold the steering wheel for direction on the left and the throttle for adjusting speed on the right
(see Figure 3, right). There is a minor technical limitation to the steering wheel in the VR
simulation — there is no sensory feedback when the user oversteers the wheel to either left or right
passed around 120 degrees from the center top, unlike with physical steering wheels. This absence
could cause users to unintentionally oversteer, resulting in a sudden 180-degree change in course
direction. A white marking was present on the wheel to indicate the exact position that could

trigger the change in direction, and participants were warned that should avoid steering past this

17



An evaluation on the effect of pre-training on cognitive workload & task performance in VR task

marking (see Figure 3, right, white mark at the top of the steering wheel). This technical limitation

was explained during the task introduction.

Similar to the pre-training, in the VR simulation task, the goal is to sail from beginning to end as
fast as possible. Participants were asked to zigzag through the entire course and go through all of
the green obstacles, they had to pass through each of them to activate the next one. Each participant

was asked to complete the task three times, given their physical condition allowed them to do so.

After putting the HMD on, participants were asked if they could see their surrounding environment
clearly, including whether the environment appeared to be smooth and if there were delays in the
visual. All participants were given two minutes of familiarization time. During this time, they were
asked to try accelerating and steering to get through the obstacles. After that, the VR simulation
starts when the researcher starts the timer. Performance data such as participants’ time to complete
the course, length of course sailed, and errors were extracted from the system log files afterward,

more on it in the next section, Task Performance Measures.

4.5. Measures

4.5.1. Task Performance Measures

At the end of each run, the VR system produced a log file in JSON format with the position
coordinates of each frame recorded and the start and end times of each run. The coordinates of the
absolute position of the boat’s bow were used for calculating time and length. Python was used for

plotting, visualization, and calculation for the following performance metrics.

Time Calculation

A framerate, average frames per second was calculated by dividing the total time lapsed by the
number of frames in the log file. Then time was calculated by dividing the total number of frames

by the generated framerate. Frames before the start line and after the finish line were discarded.

Length Calculation

The following distance formula was used to calculate the Euclidian distance between each of the

x and y coordinates along the entire length of the course in Python.

18



An evaluation on the effect of pre-training on cognitive workload & task performance in VR task

d= /(22— 1)’ + (3 — 1))’

d = Distance
x = x coordinate

y =y coordinate

Error Calculation

Error was counted manually by using plotted graphs. There were three criteria for an error — first,
the boat enters the obstacle from behind (red circle in Figure 6); second, the boat passes the same
obstacle twice (green circle in Figure 6); third, hitting one of the obstacle poles (when sailing

course fully covers the obstacle pole in the plot). The third error was not made by any participant.
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Figure 6 A plotted route from one of the participants.

Task Performance Index

HitT  MinTime MinLength
X X
TotalT Time Length

Task Performance Index (TPI) =

Adapted from Marucci et al.’s formula (2021), the Task Performance Index (TPI) was used to
normalize the scores of the three performance metrics. The TPI is a combination of the three

measurements into a single score. It is calculated using the three measurements — Hit Target (HitT),
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participants’ time to complete the course (Time), and participants’ length of the course (Length).
Minimum time (MinTime) and length (MinLength) were the lowest time and length within the
sampled participants, yielding a relative performance ratio for this particular sample, rather than

an absolute ratio. The higher the TPI value, the better the performance.

4.5.2. Subjective Cognitive Workload Measures

Differentiated Cognitive Load Questionnaire

Klepsch et al. (2017) introduced a novel method for assessing three separate types of cognitive
load suggested in CLT. In their study, a series of reliability and validity analyses were conducted
and confirmed that the three cognitive load categories could be measured separately. Their study
yielded a version of differentiated cognitive load with Cronbach’s a = 0.81 for the ICL scale, a =
0.86 for the ECL scale, and a = 0.67 for the GCL scale (Klepsch et al., 2017). This final version
of the questionnaire from Klepsch et al.’s study (2017) is used to differentiate the three types of
cognitive load in this study. It contains 8 items on a 7-point Likert scale, ranging from “Absolutely

Wrong” to “Absolutely Right”. The full questionnaire can be found in Appendix 1.

NASA Task Load Index Questionnaire

Developed by Hart and Staveland (1988), the National Aeronautics and Space Administration Task
Load Index (NASA TLX) is a multi-dimensional rating scale that consists of 6 subscales of
workload to assess the level of perceived workload from a task demand perspective. The NASA
TLX 1.0.3 version iPhone application was used in this study. The NASA TLX dimensions each
contain a 0-100 rating scale, with increments ranging from “Very Low to “Very High”. Users rate
the contribution of each of the six dimensions of workload to identify the intensity of the perceived
workload. The subscales represent six independent clusters of variables: Mental Demand, Physical
Demand, Temporal Demand, Frustration, Effort, and Performance (Hart, 2006). While only mental
demand falls squarely into the cognitive workload definition, the other five dimensions are also
closely associated with cognitive workload. Therefore all dimensions are included in the analysis.

The full questionnaire can be found in Appendix 1.
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4.5.3. Other Measures

The following two measures are considered supplemental metrics for this study:

Igroup Presence Questionnaire

Given the mixed opinion on fidelity measurement in simulation literature, this study employs
Sense of Presence (SOP) as a proxy to measure the subjective level of immersion, primarily to
confirm that mock-up pre-training indeed offers a low level of immersion, and the VR simulation

offers a higher level of immersion (Liu et al. 2008; Hamstra et al., 2014).

This study used the Igroup Presence Questionnaire (IPQ) to measure the subjective SOP
experienced by participants in both the LF mock-up and the HF VR simulation. SOP is the
subjective sense of being in a virtual environment (Schubert et al., 2001). The IPQ consists of 14
items on a 7-point Likert scale, including four sub-constructs — spatial presence (SP), the sense of
being physically present in the environment; involvement (INV), the attention devoted to the
environment; and experienced realism (REAL), the subjective experience of realism in the
environment, and one question on general presence (G), a sense of being there in the environment
(Schubert et al., 2001). The Cronbach's alpha coefficients for each construct in the IPQ are as
follows: a = 0.77 for SP, o = 0.76 for INV, o = 0.70 for REAL, and a = 0.87 for all IPQ items
(Schubert et al., 2001). The original questionnaire was designed to measure SOP in virtual
environments only, therefore the wording in the questions was modified to adapt to both the mock-

up pre-training and VR simulation. The full modified questionnaire can be found in Appendix 1.

Simulator Sickness Questionnaire

The Simulator Sickness Questionnaire (SSQ) is a widely adopted self-report tool that is commonly
used to assess participants' cybersickness symptoms in VR simulations (Kennedy et al., 1993). The
SSQ consists of 16 items that measure the severity of simulator-induced sickness symptoms in
three sub-scales — nausea, oculomotor, and disorientation. The SSQ was administered both before
and after the VR simulation, and the pre and post-VR simulation score difference was analyzed.
Each symptom is rated by participants on a from 0 (none) to 3 (severe). The full questionnaire can
be found in Appendix 1.
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S. Results
Python was used to calculate the time and length, and to plot the coordinates to count the errors
made by each participant in each trial. IBM SPSS Statistics 29 was used for all statistical analyses.
Results are reported based on research questions on task performance, measured by TPI, and
cognitive workload, measured by NASA TLX and DCL questionnaires. Other supplemental

measures such as [PQ and SSQ are also reported.

5.1. Task Performance Results

5.1.1. Task Performance Index Mean Results

It was hypothesized that pre-training would lead to an increase in the TPI mean score. Since we
had a small sample size (n = 16), we needed to test the assumptions of equal variance and normality
to determine whether to use parametric or non-parametric statistical tests. Upon running a
Levene’s test for equal variance and a Shapiro-Wilk test for normal distribution, despite the small

sample size, the mean TPI scores met both of these assumptions (see Appendix 3 for results).

An independent samples t-test on the mean TPI scores indicated a very marginal mean score
difference between the no pre-training group (M = 0.398, SD = 0.227, SE = 0.080) and the pre-
training group (M = 0.399, SD = 0.115, SE = 0.041). There was no significant difference in mean
TPI scores between the pre-training and no pre-training groups (#(14) = -0.011, p = .496). The
effect size, as assessed by Cohen's d, was found to be d = 0.180, d < 0.300, suggesting a small
effect size. Therefore, the null hypothesis, stating that pre-training does not increase mean TPI

scores, was accepted.

5.1.2. Task Performance Index 1% Trial Results

Pre-training could have a greater effect on the 1% trial of the VR simulation than the mean score of
the three trials as the cognitive load reduction effect from the pre-training is expected to be the
most pronounced immediately after its completion, and it does not suffer from the learning effect.

It was hypothesized that pre-training would lead to an increase in the TPI of the 1% trial. Levene’s
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and Shapiro-Wilk tests showed that the TPI 1% trial scores met both the equal variance and
normality assumptions (see Appendix 3 for test results). An independent samples t-test indicated a
small mean score difference between the first trial TPI scores of the no pre-training group (M =
0.315, SD = 0.180, SE = 0.064) and the pre-training group (M = 0.282, SD = 0.124, SE = 0.044).
There was no significant difference in first trial TPI scores between pre-training and no pre-training
group (#(14) = -0.425, p = .677). The effect size, as assessed by Cohen’s d, was found to be d =
0.212, suggesting a small effect size. Therefore, the null hypothesis, stating that pre-training does

not increase 1% trial TPI scores, was retained.

5.1.3. Task Performance Index by Trial Sequence Results

A between-subject factorial analysis of variance (ANOVA) was conducted to examine the effects
of pre-training and trial sequence (first, versus second, versus third) on TPI scores (see Figure 7).
Table 1 in Appendix 5 displays the descriptive statistics of the ANOVA test. The analysis revealed
a significant main effect of the trial sequence on TPI scores (F(2, 38) =5.836, p = .006). However,
results showed that the presence of pre-training did not significantly affect TPI scores (F(1, 38) =
0.248, p = .621), meaning no main effect is found. There was also no significant interaction
between pre-training and trial sequence (F(2, 38) = 0.396, p = .675). Additionally, the Bonferroni
post hoc tests showed a significant difference in TPI scores between the first and third trial (p
=.006), but not between the first and second trial (p =.115) and the second and third trial (p =.542).
Overall, the factorial ANOVA suggested that a learning effect significantly influenced TPI scores

over the three trials, particularly from the first to the third trial, with a small to medium effect size
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(n?=.249, adjusted 2= .151). However, the presence of pre-training did not significantly moderate

this effect, therefore, the null hypothesis, was retained. (as seen in Figure 7).
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Figure 7 A line graph depicting TPI mean by trial sequence (order) and by condition (pre-training

and no pre-training). The error bars represent the 95% confidence interval (* = p < 0.05).
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5.2. Cognitive Workload Results

5.2.1. Differentiated Cognitive Load Questionnaire Results

The DCL measure met the assumption of both equal variance and normality, meaning a t-test can
be used for the DCL measure (see Appendix 3 for Levene’s and Shapiro-Wilk test results).
Descriptive statistics for ICL, ECL, and GCL are shown in Figure 8 and Table 3 in Appendix 5.

Condition

® No Pre-training
M Pre-training

DCL Mean

ICL GCL ECL
Error Bars: 95% CI

Figure 8 A bar chart showing the mean (bars) and standard deviation (error bars) of DCL scores

of both experimental and control groups (* = p < 0.05).

An independent samples t-test revealed that there was a statistically significant difference between
the two groups for ICL, (#(14) =-1.916, p = .038), but surprisingly indicating higher ICL scores in
the pre-training group, which contradicts the ICL hypothesis which hypothesized that exposure to
pre-training will decrease the ICL scores. The effect size estimates indicated large effects for ICL,

with d =1.10901.

For GCL, the t-test did not reveal a statistically significant difference (#14) = -0.297, p = .771),

suggesting similar GCL scores between groups. The effect size estimates showed large effects,
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with d = 0.84221. Similarly, for ECL, the t-test did not reveal a statistically significant difference
(#(14) = 0.000, p = 1.000), indicating comparable ECL scores between groups. The effect size
estimates showed large effects for ECL, with d = 1.14781. In summary, DCL results suggested
that while there were significant differences in ICL scores between the pre-training and no pre-
training groups, no significant differences were observed in GCL and ECL scores. However, as
shown in Figure 8, it was evident that both groups exhibited higher ICL (no pre-training M = 4.000;
pre-training M = 5.063) and GCL scores (no pre-training M = 5.125; pre-training M = 5.250) in
comparison to ECL (no pre-training M = 3.000; pre-training M = 3.000).

5.2.2. NASA Task Load Index Questionnaire Results

Upon testing the assumption of equal variance and normality for NASA TLX raw scores, results
from the Levene’s and Shapiro-Wilk tests showed most but not all dimensions meet these
assumptions (see Appendix 3 for test results). To maintain test consistency across all TLX
dimensions, a series of non-parametric independent-samples Mann-Whitney U tests were used for

the analyses. Descriptive statistics are shown in Figure 9 below and Table 2 in Appendix 5.
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Figure 9 A bar graph showing the mean (bars) and standard deviation (error bars) of NASA TLX
scores of both experimental and control groups.

26



An evaluation on the effect of pre-training on cognitive workload & task performance in VR task

The results showed that TLX cognitive load scores between the pre-training and the no pretraining
group were not statistically significant across all of the NASA TLX dimensions. Results were
shown as following: Mental Demand (U = 33.500, z = 0.166, p = .878), Physical Demand (U =
28.000, z = -0.422, p = .721), Temporal Demand (U = 33.500, z = 0.161, p = .878), Performance
(U=129.000, z=-0.317, p = .798), Effort (U = 48.000, z = 1.700, p = .105) and Frustration (U =
22.500, z = -1.018, p = .328). Therefore, all null hypotheses, stating that there is no significant
difference between participants who received pre-training and those who did not receive pre-

training in all cognitive workload dimensions in the NASA TLX, were accepted.

The effect size calculations for all NASA TLX dimensions were conducted to assess the magnitude
of differences between the pre-training and no pre-training conditions. The estimated effect size

was calculated using a z-score, with the following formula, as suggested in Field (2013, p. 227).

v
The results revealed a small effect size in Mental Demand (» = 0.042), Physical Demand (r = -
0.106), Temporal Demand (» = 0.040), Performance (» = -0.079), and Frustration (» = -0.255).
However, notably, the dimension of Effort presented a medium effect size (» = 0.425). This
indicates that although the statistical test did not yield significant results (p = .105), the difference
in Effort between the pre-training and no pre-training conditions was relatively more substantial

compared to other dimensions.

5.3. Other Measures Results

5.3.1. Igroup Presence Questionnaire Results

Upon running a one-sample t-test for the experimental group who experienced both the pre-
training and the VR simulation, the results showed that the SOP constructs in the IPQ questionnaire
— general immersion (#7) = 16.523, p < .001), involvement (#(7) = 15.513, p < .001), spatial
presence (#(7) = 18.158, p < .001), and realism (#7) = 14.634, p < .001) — all demonstrate

statistically significant mean differences (see Figure 10). These results indicated that there is
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indeed a significant difference between the level of presence experienced by experimental group

participants in the LF mock-up compared to the HF VR simulation.

Group
6 * * * * DMU
[ [ [ [ Bvr

Mean SOP Score

i

Immersion Spatial Presence Involvement Realism
SOP Dimension
Error Bars: 95% CI

Figure 10 A bar graph displaying IPQ results, comparing presence experienced by participants in
mock-up pre-training (MU) vs VR simulation. Four sub-dimensions, general immersion, spatial

presence, involvement, and realism, are shown (* = p <0.05).

5.3.2. Simulator Sickness Questionnaire Results

A correlation test was performed to investigate the relationship between cyber-sickness level,
measured by the SSQ and the TPI of the last trial, when participants should feel the highest level
of sickness induced by the VR simulation. The result was found to be not statistically significant
(r = -.029, p = .458). These results indicate that there was no significant relationship between
cybersickness symptoms experienced during the last trial of the VR sailing task and task
performance of the last trial, meaning the null hypothesis, cyber-sickness does not affect the task

performance of the last trial, is accepted.
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5.4. Other Qualitative Results

Out of all the participants in the pre-training group (n = 8), 50% of them responded on a 5-point
Likert scale stating the pre-training is “Somewhat Helpful”, 25% of the participants responded
“Very Helpful”, and 25% responded ““Slightly Helpful”. When participants were asked to describe
how the mock-up pre-training helped them to understand the task more effectively, they indicated
that the layout was helpful in multiple ways. It reminded participants to slow down when making
turns, gave them a basic understanding of the course, and boosted their confidence by providing a
clear idea of what to expect. Some mentioned it offered a basic understanding of the course,
emphasizing the tips such as staying close to the inner side of the course helped them to complete

the route in a short time. Full qualitative feedback received can be found in Appendix 2.

6. Discussion

Pre-training’s effect on task performance?

The first aim of the study is to explore the effect of pre-training on task performance. The results
suggest that pre-training has no statistically significant effect on the performance index, including
mean, 1% trial, and moderating the performance score over the three trials. One possible
explanation for the lack of effect of mock-up pre-training on VR sailing task performance could
be the limited transfer of procedural skills between the mock-up design and the VR environment.
Although both the VR and mock-up pre-training broadly require similar procedural skills related
to fine motor skills and hand-eye coordination, they also require distinct sets of psycho-motor
abilities. The visual, auditory, and haptic cues inherent to each setting differ, leading to limited
transferable learning effects. For instance, in the VR environment, participants manipulate
controllers to grab onto the virtual steering wheel, steer the virtual boat, adjust the speed with the
virtual throttle with precision, and engage in various arm extension motions. Quite distinctively,
in mock-up scenarios, individuals handle small dice, calibrating and controlling finger movement
to avoid obstacles and move the dice across a map board with precision. While the goal of the
mock-up is strictly to provide a mental model of the VR environment, the procedural motor and
spatial skill learning acquired from the mock-up pre-training may have been rendered irrelevant to

the VR task.
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Also, the error bars in Figure 8 and the standard deviations (SD) in Table I in Appendix 5 show
that all SDs are over 0.1 out of a 0-1 TPI ratio value, indicating a high level of variability between
individual’s task performance. The individual differences in cognitive mechanisms that underlie
learning in VR such as spatial and psycho-motor abilities were not systematically controlled. The
only skill-related eligibility requirement was that the participant must not have experience in
operating the specific type of boat used in the VR task. Their inherent cognitive and motor skill

level was not measured for baseline considerations.

In the case that certain participants have higher spatial and psycho-motor abilities, an expertise
reversal effect could be present. The expertise reversal effect suggests that the effectiveness of a
learning task varies depending on learners' prior skill levels (Kalyuga et al., 1998). In other words,
what may be beneficial and non-redundant for novice learners could become redundant for those
who are experts in a specific domain. In this study, for participants with higher levels of spatial
and psycho-motor abilities, their existing skills may override the effectiveness of instructions and
tips provided in the pre-training. Especially for skills as intuitive as steering and spatial navigation,
practice on a mock-up paper board is not expected to produce any considerable effect in addition
to the skills they already possess. The additional tips provided could all be tacit knowledge to
participants who frequently partake in activities that require these skills, such as operating a vehicle

in real life.

Pre-training increases cognitive load?

The results of the experiment contradict the hypotheses on cognitive load, revealing that 1) pre-
training does not affect any of the task load dimensions in the NASA TLX, as well as ECL and
GCL; and 2) pre-training did not lead to a decrease in ICL, but on the contrary, participants in the
pre-training condition exhibits higher ICL than the no pre-training group. While the results
challenge the theoretical assumptions backed by CLT, upon evaluation, this finding can likely be
attributed to the design of the study. There are a few reasons that can potentially explain these
findings — pre-training design, pre-training’s target cognitive workload type, and other factors such

as longer exposure time and the self-reporting subjective measures.

Pre-training design
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In addition to the limited skill transfer between the pre-training and the VR simulation, the
discrepancy between the design of the pre-training and the actual VR environment may have led
to the increase in cognitive workload. Literature suggests that when novice learners are faced with
a problem-solving task, they will first engage in solving problems that require a higher mental
effort (Sweller & Cooper, 1985). When participants in the pre-training group entered the VR
environment, it is possible that they spent additional cognitive workload to reconcile with, first,
the visual discrepancy between the pre-training mock-up, and the VR simulation environment; and
second, the tactile discrepancy between maneuvering with a dice and maneuvering with VR
controllers, resulting in higher ICL than participants in the control group. In the qualitative data,
some participants also mentioned their recommendation for improving the pre-training, including
providing the exact same layout of the course in the pre-training, and implementing a very simple
console-based game, e.g. on PlayStation or Xbox to allow for a more similar sensory experience
as the VR simulation (see Appendix 2). Future studies can consider that to reduce the ICL of a

novel VR simulation task.

Pre-training’s target cognitive workload type

Another potential reason behind the increase in ICL is that the pre-training did not target the most
cognitive workload-intensive task component. The design of the pre-training targets task difficulty,
which is a form of ICL. However, since most of the participants have never, or have only used a
VR device 1-3 times before, the most difficult part of the experience could be adapting to the VR
environment itself (a form of ECL) rather than the task. The sensory stimuli present in this
relatively high-fidelity VR environment, including visual, auditory, and tactile cues, can be
overwhelming for novices, overloading their working memory. Additionally, learning how to
effectively use the handheld controllers to navigate within the virtual environment can be complex
for individuals with limited experience with interactive gaming technologies, which presents a
high degree of ECL. Relating to literature, both Reedy’s (2015) and Say et al.’s (2019) studies
suggest that high-fidelity simulation does not always produce high performance, and that LF
simulations with simplified interfaces and interactions are easier for novice learners to form
necessary new schemas in early stages of the learning process. This is also confirmed by the data

as there is no significant difference in ECL between the two groups (see Figure §), as participants
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in both groups are likely experiencing the same level of ECL to adapt to the VR device

functionality and learn to navigate in the virtual environment.

Longer experiment time

Another potential factor is that the pre-training group session is simply longer than the control
group session. The experimental group session lasted for around 1.25-1.5 hours on average. Longer
experiment duration may increase fatigue and decrease attentional resources, affecting working
memory capacity. Participants may misattribute the fatigue experienced due to prolonged exposure

to the VR task, to the cognitive workload experienced.

Self-reporting Subjective Measures only

Using self-reporting subjective measures exclusively for cognitive load assessment also introduces
a considerable degree of subjectivity to the scoring measures. Participants' interpretations of their
cognitive load levels may differ significantly, and it requires learners to be highly aware of the
state of their cognitive workload, which varies based on individual knowledge, perceptions, and

subjective experiences (Klepsch et al., 2017).

Other Findings

Repeat Exposure is a favourable strategy

Despite the lack of effect of pre-training on task performance, we found that there was a significant
improvement in performance over three trials. The substantial performance improvement can be
attributed to the learning effect as a result of repeated exposure to the task. This phenomenon is
also called automaticity, where repeated practices lead to increased performance speed and reduced
the necessary cognitive load to perform the task (Haith & Krakauer, 2018). This finding also aligns
with Jensen and Konradsen’s study (2018), where they found that repeating the target task in the
same VR environment can positively affect memory retention, as well as visual-spatial and

psychomotor skills.

This result sheds a positive light on the practical implications of automaticity in the context of VR-
based learning. Repeated exposure, or practices, with VR devices and environment, is an intuitive

and highly desirable way to increase proficiency, decrease cognitive load, and increase
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performance (Haith & Krakauer, 2018). This relationship can help to inform the design of training
for high-risk and safety-critical tasks, where performance accuracy is crucial, and the cost of
human errors is high. Future research can be done to determine the optimal number of repeated
trials required to meet a certain performance threshold with the potential consideration of

individual baseline differences.

Correlation between TLX’s Effort and DCL’s ICL dimensions

To my knowledge, this is the first study to use both the NASA TLX and Klepsch et al.’s (2017)
DCL questionnaires to conceptualize and measure cognitive workload. While the goal of this study
is not to evaluate the construct validity of these two questionnaires, our results showed that the
Effort dimension in the TLX, although not significantly different between the control and
experimental groups, had a larger effect size than other TLX dimensions. This dimension showed
a similar level of sensitivity to pre-training as the ICL in Klepsch et al.’s DCL questionnaire (2017).
This result differs from the findings of Naismith et al. (2015), who compared TLX dimensions
with a cognitive load component (CLC) questionnaire they developed for simulation-based
procedural training. Instead of Effort, Naismith et al. found correlations between the TLX Mental
Demand dimension and the ICL dimension in their CLC questionnaire. The encouraging aspect is
that these dimensions—TLX Mental Demand, TLX Effort, and ICL in both Naismith et al. (2015)
and Klepsch et al.’s (2017) studies—are all direct or proxy measures for the inherent difficulty and
element interactivity of a task. Future studies should further cross-reference the performance and

the construct validity of the subjective cognitive workload measures used in this study.

Moderate intrinsic load and high germane load indicate productive learning

Also, as seen in Figure 8., GCL and ICL mean scores are higher in comparison to ECL mean scores.
Through this comparison, it is possible that a moderately difficult task, indicated by medium mean
ICL scores and high mean GCL scores in both groups, is an ideal learning environment that leads
to productive learning. GCL is high when learners effectively employ cognitive strategies to
process information in the working memory and construct schemas in their LTM, which is essential
for deep learning (Klepsch & Seufert, 2020). Kosch et al. (2023) also suggest that maintaining ICL
at a “sweet spot” helps to foster task engagement while reducing frustration on the task. For these

reasons, moderate ICL scores and high GCL scores indicate that participants are optimally
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challenged, and are not overwhelmed by the VR simulation. Thus, although pre-training had led
to slightly higher ICL scores, both groups appear to be exhibiting a high degree of productive
learning through the VR simulation alone, indicating that this high-fidelity VR simulation activity

is effective in engaging learners in this particular learn-to-sail task.

7. Limitations

Small sample size, low power, high variability

It is important to highlight that this study has a small sample size (n = 16), with a between-subject
experimental design. This could be the underlying reason for all the insignificant results. A small
sample size decreases statistical power, making it difficult to detect true effects between conditions.
Furthermore, the variability within a small sample can be higher as the effect of individual data
points can be disproportionately large. Several mitigating measures were in place to reduce the
impact of these outliers, such as the normality check to ensure data follows a normal distribution,
and the TPI calculation, to normalize task performance scores, making them less sensitive to
extreme values. Despite these measures, the low statistical power and high variability could still
be the main reasons for the lack of statistical effect, and should be taken into account when

interpreting the results.

No skill transfer is measured (no real-life testing of sailing)

The study did not evaluate skill transfer to real-world scenarios, such as actual sailing tasks, which
might have offered insight into the practical applicability of the training. Instead, the assessment
focused only on performance within the virtual simulation. Therefore, it cannot be used to validate
the efficacy of training interventions beyond the simulated environment (Jensen & Konradsen,
2018). Consequently, it remains plausible that the training design purely enhanced participants'
proficiency in navigating the virtual environment rather than developing skills transferable to

sailing in real life.

8. Future Research

Exploration of learning transfer — Application of procedural knowledge acquired from virtual

learning environments to real-world scenarios remains a promising direction for future research.
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Learning transfer is a crucial factor in measuring the acquisition of procedural knowledge. In
Cooper et al.’s study (2021), they found that VR training has a beneficial effect on learning transfer
and improving real task performance. In the context of using VR as a training tool, this particular
VR simulation can be used as a training tool to teach learners how to operate a RHIB performance
in real life. In terms of using VR as a concept development tool, VR simulation can also be used
as a visual aid, where the transfer can be measured by operators' understanding of the concept in
the real-life environment to determine if the VR simulation is effective in introducing a novel

concept compared to introducing the same novel concept through other methods.

Target reducing extrinsic load rather than intrinsic — as discussed, the insignificant results of
this study may be an indication that extrinsic load, adapting to the functionality of the VR device,
may be higher than the intrinsic load of the task. This is especially relevant for a relatively new
technology like VR, which many people do not have prior experience with. This could mean
implementing a practice session with the VR device on a simplified version of the learning task,
or simply a pre-session on VR familiarization could work. We also recommend future studies to
first analyze the target task difficulty to determine which task component(s) present a higher

cognitive workload, and subsequently decide which task to pre-train learners on.

Integrate in-task cognitive workload measures — We did not employ in-task subjective cognitive
load measure, but upon further research, in-task subjective mental state measures such as the
Instantaneous Self-Assessment (ISA) technique (Jordan & Brennen, 1992) would be appropriate
for this study, and should be considered for future research. In-task cognitive workload measure
allows for comparison between trials, and determines if automaticity-based improvement reduces
cognitive workload over the trials. We also did not employ in-task physiological measures because
of the cybersickness risk associated with the VR scenario used, as the task was initially designed
to induce cybersickness in a different experiment. Future studies with an appropriate VR scenario
could employ physiological measures such as gaze behaviour tracking using an eye tracker, heart-
rate tracking using an electrocardiogram (ECG) device, and skin conductance response using a
galvanic skin response (GSR) device, or brain electrical activity using electroencephalography
(EEG) to complement behavioural or subjective measures of cognitive load. If resources allow,

researchers can use VR HMDs with built-in or add-on eye-tracking capabilities, or incorporate
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wearable eye-tracking devices into mixed reality (XR) environments to measure users’ cognitive

load in a learning task in a VR environment.

Investigation of other load-reducing strategies — Future studies could delve deeper into
exploring other load-reducing strategies proposed by the CTML, such as off-loading — moving
some essential information from the visual channel to the auditory channel, or segmenting —
separating content into successive bite-size segments (Mayer & Moreno, 2010). Exploring ways
to combine different load-reducing strategies for different VR content and evaluating their
effectiveness in reducing cognitive load and improving the performance in the VR task could also

be a viable direction.

9. Conclusion
In conclusion, this study explored the pre-training method as an attempt to reduce the cognitive
load experienced in a procedural knowledge acquisition task in a VR simulation. Despite the
robust theoretical considerations on principles from CLT and CTML, the pre-training designed for
this task did not yield any statistically significant improvement in task performance and cognitive
load reduction. Regarding task performance, the lack of significant effect can be attributed to the
limited transferability of procedural skills between the mock-up pre-training and VR simulation
due to modal differences in psycho-motor abilities and sensory cues. Secondly, the individual
differences in spatial and psycho-motor abilities potentially cause an expertise reversal effect,
where individuals’ prior skills override the effect of pre-training instructions. Regarding cognitive
workload, the increase in intrinsic load can be attributed to pre-training design, target cognitive
workload type, and other factors such as longer exposure time and self-reporting subjective

measurcs.

Despite these limitations, this study provides meaningful insights into the benefits of repeated
exposure to a learning task in improving task performance. Future studies and training can consider
allowing novice learners ample time to practice the same simulation task in a particular VR
environment, especially for high-risk operational tasks that are crucial for safety. Moreover, results
suggest a similar sensitivity to pre-training between the TLX Effort dimension and the ICL in
Klepsch et al.’s DCL questionnaire, highlighting the need for future studies to cross-reference

these constructs. Finally, a moderate level of ICL and a high level of GCL indicate that meaningful
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learning took place in this study, that participants are optimally challenged, and this VR scenario

is a useful tool for procedural skill acquisition.

Overall, using VR as a “Serious Gaming” tool for training has tremendous potential to complement
the traditional learning paradigm in the maritime sector. This study serves as a starting point to
apply the pre-training cognitive load reduction strategy that is rooted in the well-established CLT
and CTML to guide the design of VR-aided learning. It is hoped that this approach can open up
future research directions to further optimize the use of VR technology as an educational tool in

the maritime sector.
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Additional Remark
This study was developed as an alternative research design of another more extensively researched
topic: novel maritime concept development and mental model assessment. The former question
aimed to study the effectiveness of different concept visualization tools and compare the
effectiveness of VR and mock-ups in helping end-users visualize a novel operational concept.
However, pilot testing revealed flaws in the original VR scenario, with experienced seafarers
noting it was under-developed, and identified missing information and impractical interfaces. Also,
upon evaluation with senior staff at MARIN, the original VR scenario was deemed to be too
complicated for the research question and would be counterproductive to the study goal. For these
reasons, the research topic was changed halfway through this thesis development process, resulting
in a relatively simpler experimental design to fit into the remaining allotted time for the Master’s
thesis. The literature review, experiment, and completion of the first draft were completed within

two months.
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Appendices

Appendix 1. Full list of questionnaire questions used in this study.

Differentiated cognitive load questionnaire (Klepsch et al., 2017)

Item# Typeof Load Question

1 ICL For this task, many things needed to be kept in mind simultaneously.

2 ICL This task was very complex.

3 GCL I made an effort, not only to understand several details, but to
understand the overall context.

4 GCL My point while dealing with the task was to understand everything
correctly.

5 GCL The learning task consisted of elements supporting my
comprehension of the task.

6 ECL During this task, it was exhausting to find the important information.

7 ECL The design of this task was very inconvenient for learning.

8 ECL During this task, it was difficult to recognize and link the crucial

information.

NASA TLX Questionnaire (Hart & Staveland, 1988)

Item # Dimension Question
1 Mental How mentally demanding was the task?
Demand
2 Physical How physically demanding was the task?
Demand
3 Temporal How hurried or rushed was the pace of the task?
Demand
4 Performance How successful were you in accomplishing what you were asked
to do?
5 Effort How hard did you have to work to accomplish your level of

performance?
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Frustration

How insecure, discouraged, irritated, stressed, and annoyed were

you?

Igroup Presense Questionnaire (IPQ) (Schubert et al., 2001)

G = General Immersion

SP = Spatial Presence

INV = Involvement

REAL = Realism

Item# Construct Questions

1 Gl In the learning environment, I had a sense of "being there"

2 SP1 Somehow I felt that the learning environment surrounded me.

3 SP2 I felt like I was just perceiving pictures.

4 SP3 I did not feel present in the learning environment.

5 I had a sense of acting in the learning environment, rather than
SpP4 operating something from outside.

6 SP5 I felt present in the learning environment.

7 How aware were you of the real world surrounding while navigating

in the learning environment? (i.e. sounds, room temperature, other

INV1 people, etc.)?

8 INV2 I was not aware of my real environment.

9 INV3 I still paid attention to the real environment.

10 INV4 I was completely captivated by the learning environment.

11 REALI How real did the learning environment seem to you?

12 How much did your experience in the learning environment seem
REAL2 consistent with your real world experience?

13 REAL3 How real did the learning environment seem to you?

14 REALA4 The learning environment seemed more realistic than the real world.

Simulator Sickness Questionnaire (SSQ) (Kennedy et al., 1993)

Item #

Symptoms

1

General Discomfort
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Fatigue

Headache
Eyestrain
Difficulty focusing
Increased salivation
Sweating

Nausea

Difficulty concentrating
Fullness of head
Blurred vision
Dizzy (eyes open)
Dizzy (eyes closed)
Vertigo

Stomach awareness

Burping
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Appendix 2. Qualitative feedback on pre-training.

Please describe how it helped you to

understand the task more effectively.

How can the pre-training mock up activity be

improved?

The general layout of the map/track

1t remind me to slow down when making a turn

Understand the parcour (course) I needed to
sail, make slow turns
Knowing more about what I'm going to face.

Feel more confidence!

It gave me a basic understanding of what I was

to expect

1 knew I had go to through gates frontally while
respecting a preceding order and possibly
completing the route in the fastest way
Explanation and directions made me have a
good idea of course outline

i know try to be close to the inner side

Possibly by having the same exact layout of
checkpoints
Explain how many turns, what the fastest way

of turning is

The distances between each of the gates could
be made more clear somehow, I was surprised
by how close together they were.

maybe implementing a very simple PlayStation
or Xbox game very close to the physical one
proposed by the researcher, so that the person
under examination would use both their hands
like it happens in the VR simulation

Pre training mockup should have a visual

representation of the throttle and wheel
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Appendix 3. Equal variance (Levene’s test) and normal distribution (Shapiro-Wilk test) check

scores.
TPI Mean scores:

Levene’s test revealed that the variance of the mean TPI is approximately equal (F=3.18, p =.082).
Shapiro-Wilk test revealed that the mean TPI scores are considered approximately normally
distributed (W = .870, p = .616). Based on the TPI mean scores can be interpreted using

independent samples t-test.
TPI 1% Trial scores:

Levene’s test revealed that the variance of the first trial TPI scores is approximately equal (F =
1.794, p = .202). Shapiro-Wilk test revealed that the TPI mean scores are considered approximately
normally distributed (W = .935, p = .289). Based on these findings, the first trial TPI scores can

be interpreted using an independent samples t-test.
NASA TLX dimensions:

For equal variance, physical demand (F'=5.497, p = .034) and effort (F = 6.512, p =.023) violated
the assumption of both equal variances and distributed normally. For normality, temporal demand
(W= .58, p = <001) and effort (W = .869, p = .026) didn’t meet the normal distribution

assumptions.

NASA TLX Dimensions Levene's Test (Equal Variances) Shapiro-Wilk Test (Normality)

Mental Demand .802 .080
Physical Demand .034* 263
Temporal Demand 377 <.001*
Performance 113 .688
Effort 023* 026*
Frustration 945 .106

Note: The significance level is .050.
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DCL:

Upon testing the assumption of equal variance and normality for the DCL measure, the Shapiro-
Wilk test showed that the data is normally distributed across all three cognitive load types, with
ICL (W = 0.941, p = 0.364), GCL (W = 0.948, p = 0.455), and ECL (W = 0.944, p = 0.401)
respectively. Also, Levene's test indicated that all variables have equal variances (ICL: p = 0.612;

GCL: p = 0.852; ECL: p = 1.000)., meaning a t-test can be used for the DCL measurement.
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Appendix 4. Full pre-training script.

Story/Setting (Individual Components):

Purpose: The purpose of this mock-up pre-training is to help you visualize the VR
environment and get familiarized with the VR simulation task components and the interaction
between them before the actual VR task.

Setting: Imagine you are the captain of a RHIB (the fast boat) and you are tasked to operate
the RHIB through a slalom course. The RHIB is represented by the black and white dice. The
slalom course contains multiple buoy obstacles, they are represented by the coloured dice.
Task: In this task, you have to navigate through this course from start point to finish point as

fast as possible, take the shortest route possible, and miss as few obstacles as possible. The

course is marked by buoys that indicate a zigzag path that you must follow.
There are 5 obstacles in total in this mock-up, but the VR task contains 14 in total. One center
in the beginning, then right, left, right, and then the last one (14th) is also at the center.
Rule:
e Hitting a buoy incurs a time penalty — you have to restart from the beginning.
e There will be 5 trials, the first 2 are for practicing, last 3 will be timed.
e Your ship should be touching the map the whole time, don’t lift it up

¢ You cannot pass through the obstacle from the back/from behind. That incurs an error.

Tips (to highlight element interactivity and indicate causal relationship between elements):

Here are some tips (structure: tip, then reasoning):

Be mindful of your speed and direction — Higher speeds increase the risk of losing stability,
especially during turns. Slowing down minimizes the chances of capsizing or losing control.
Slow down the boat before the obstacles to improve the precision of the turn — it gives you
more time to adjust the course accurately. Reducing speed also provides you with more time
to assess the surroundings and obstacles, improving situational awareness.

Look ahead and anticipate upcoming turns or obstacles. Planning your maneuvers in advance
allows for smoother adjustments and reduces the chance of sharp and sudden turns, which may

lead to overshoot and loss of control.
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e Avoid accelerating or decelerating sharply during a turn, and make smooth and controlled
steering movements, that help to maintain the stability and balance of the boat.

o Strive to maintain a steady and consistent boat speed throughout the course. — This may help
to reduce motion sickness, as well as cybersickness induced by the VR.

o Ifyoumiss a turn, the best way is to try again by backing up instead of going a big circle. This
is the best way to save time and length.

e In the actual simulation, waves could have an impact on the speed. Try to avoid hitting the
waves head-on. Avoiding hitting waves head-on can help you maintain your speed, provide

control, and reduce motion sickness and cybersickness induced by the VR.
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Appendix 5. Data tables.

Table 1. Descriptive Statistics for between-subject factorial analysis of variance (ANOVA) of TPI

over three trials.

Trial 95% Confidence Interval
Condition Sequence M SD Lower Bound  Upper Bound
No Pre-training 1 315 180 189 442

2 415 241 .289 541

3 566 225 420 712
Pre-training 1 282 124 156 409

2 450 .106 324 S77

3 483 150 337 .629
Note: n=16. The significance level is .050.
Table 2. Descriptive Statistics NASA TLX questionnaire.

Condition (1 Independent- Effect Size

= NPT; 2 = Samples Mann- (r)

PT) M SD Whitney (U)
Mental Demand 1 67.50 7.071

2 67.50 8.864 .878 0.042
Physical Demand 1 41.88 17.513

2 41.25 32.814 721 -0.106
Temporal Demand 1 61.25 22.160

2 65.63 17.410 .878 0.040
Performance 1 45.00 16.903

2 41.25 27.484 798 -0.079
Effort 1 64.38 9.425

2 76.25 15.980 .105 0.425%*
Frustration 1 61.25 19.226

2 50.00 17.113 328 -0.255

Note: n =16, significance level for independent-samples Mann-Whitney U is .050.
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Table 3. Descriptive statistics for DCL scores (Klepsch et al., 2017).

Group (1=ctrl, 2=exp) M SD
ICL 1 4.000 1.195
2 5.063 1.016
Combined 4.531 1.204
GCL 1 5.125 0.755
2 5.250 0.922
Combined 5.188 0.816
ECL 1 3.000 1.141
2 3.000 1.155
Combined 3.000 1.109
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Appendix 6: Detailed hypotheses.

To elaborate on hypotheses from This Study section, the following are the detailed sub-questions

and hypotheses that correspond to the main research question:

Task performance

o How does pre-training affect the Task Performance Index (TPI) mean score?
e Null Hypothesis (HO): pre-training does not lead to an increase in the TPI mean score.
e Alternative Hypothesis (H1): pre-training leads to an increase in the TPI mean score.
e How does pre-training affect the TPI of 1* trial?
e HO: pre-training does not lead to an increase in the TPI of the 1% trial.
e HI: pre-training leads to an increase in the TPI of the 1* trial.
e How does pre-training affect the TPI over the three trials?
e HO: Pre-training does not moderate an increase in the TPI over three trials.
e HI: Alternative hypothesis: Pre-training moderates an increase in the TPI over three

trials.

Cognitive Workload:

e How does pre-training affect each of the differentiated cognitive load types individually —
intrinsic, extraneous, and germane load?
e HO: ICL — Participants who receive pre-training experience the same level of ICL
compared to participants who do not receive pre-training.
e HI: ICL — Participants who receive pre-training experience lower levels of ICL
compared to participants who do not receive pre-training.
e HO: ECL and GCL — There is no significant difference in the levels of ECL and GCL
between participants who receive pre-training and those who do not.
e HI: ECL and GCL — There is a significant difference in the levels of ECL and GCL

between participants who receive pre-training and those who do not.

e How does pre-training affect each of the load dimensions in NASA TLX individually?
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HO: Mental load dimension — Participants who receive pre-training experience have the
same level of mental demand on the NASA TLX compared to participants who do not
receive pre-training.

H1: Mental load dimension — Participants who receive pre-training experience a lower
level of mental demand on the NASA TLX compared to participants who do not receive
pre-training.

HO: Other 5 dimensions — There is no significant difference in the levels of physical
demand, temporal demand, performance, effort, and frustration between participants
who receive pre-training and those who do not.

HI1: Other 5 dimensions — There is a significant difference in the levels of physical
demand, temporal demand, performance, effort, and frustration between participants

who receive pre-training and those who do not.

Other Hypotheses:

e How does SOP differ between low-fidelity (LF) mock-up pre-training and high-fidelity (HF)

VR simulation?

HO: There is no difference between the SOP level in the LF mock-up and the HF VR
simulation.

H1: The LF mock-up pre-training offers a low level of SOP, and the HF VR simulation
offers a high level of SOP.

e How does cyber-sickness affect task performance?

HO: Cyber-sickness does not affect the TPI of the last trial.
H1: Cyber-sickness affects the TPI of the last trial.
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