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Abstract—This paper delves into enhancing cybersecurity
training efficacy through an in-depth examination of gamified
learning, behavioural strategies, and the deployment of digital
twins. It identifies the critical role of behavioural strategies
in bolstering cybersecurity defences by influencing human be-
haviour. The study explores the benefits of gamified learning
in engaging participants and improving knowledge acquisition,
alongside applying digital twins and cyber ranges in offering
practical, hands-on experience. By analysing these methodologies,
the paper aims to bridge the gap between theoretical knowl-
edge and real-world application, encouraging the researchers to
work on a forward-looking approach to cybersecurity training
using these innovative methodologies that are both effective and
engaging. Our findings suggest that by creating an immersive,
interactive learning environment, it is possible to enhance the
cybersecurity competencies of individuals, making them better
prepared to navigate the complexities of the digital age. This
paper contributes to cybersecurity training by offering insights
using innovative approaches for effective training programs that
are both engaging and informative, ultimately aiming to bolster
organisations’ cybersecurity posture.

Index Terms—Cybersecurity, Training, Gamified Learning,
Behavioral Strategies, Digital Twins, Cyber Ranges.

I. INTRODUCTION

The widespread adoption of digital technology in modern
society has made cybersecurity a critical problem in many
industries. The boundaries between the digital and physical
worlds are becoming more hazy due to the growth of Indus-
try 4.0, autonomous cars, and the Internet of Things (IoT),
which increases the potential consequences of cyber attacks
beyond only data integrity and confidentiality. It demands
more sophisticated cybersecurity education. Since cyber risks
are becoming more sophisticated and can vary from data
breaches to cyber addiction, effective cybersecurity training
is more crucial than ever.
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The primary obstacles to improving the effectiveness of
cybersecurity training are keeping the curriculum current with
the ever-evolving nature of cyber threats, involving students in
meaningful experiences, especially through practical applica-
tion, and making sure that the material is appropriate for and
relevant to all technical skill levels. Measuring the impact of
training programs on enhancing cybersecurity practices and
behaviours inside enterprises and their efficacy also poses a
significant problem. The use of gamification, digital twins,
and adaptive learning technologies, as well as a dedication
to continual development and alignment with current cyber-
security trends and threats, are some of the creative ways to
train design that are needed to address these difficulties.

The use of digital twins in conjunction with gamification
and virtual reality (VR) to improve training and learning is
examined in [1]. It emphasizes the need for effective ways to
manage complicated digital twins by proposing a gamified and
VR-enhanced training environment. In addition to outlining
the challenges with design and implementation, the research
offers a plan for enhancing the efficiency and user engagement
of digital twin learning. Creating a shared learning experience
repository, providing adaptive and tailored feedback, and de-
signing cooperative and individualized learning environments
are all crucial elements. This innovative approach intends to
revolutionize the use of digital twins in training and education
by bridging the theoretical and practical implementation gaps.

In the Industrial Control Systems (ICS), particularly for
systems that employ Programmable Logic Controllers (PLC),
Tharota et al. suggested a training framework to enhance
cybersecurity understanding [2]. Recognizing that traditional
networked production systems are vulnerable to cyberattacks,
the concept offers an interactive, game-based learning en-
vironment inside an industrial training setting. Through the



integration of attack and defensive strategies in the curriculum,
participants get a complete understanding of cybersecurity
measures pertinent to industrial systems. Emulation cards,
actual PLCs, and simulation tools are used to put this concept
into reality, creating a more hands-on learning experience than
typical classroom settings. According to participant comments,
theoretical knowledge is clearly preferred over practical learn-
ing, and suggestions for improved simulation tool support and
a more structured educational sequence were suggested.

Digital twins have played a key role in supporting advanced
cyber defence training in several international cybersecurity
exercises, such as the NATO Locked Shields [3]. The twin
provides a unique combination of scalability, configurability,
and usefulness through its deployment, whether dispersed
for training exercises or centralized for development. Chan-
drashekar et al. presents an innovative solution to enhance
cybersecurity awareness and preparedness within critical in-
frastructure sectors, focusing specifically on a wastewater
treatment facility [4]. Through utilising VR and IoT, the
research presents a full digital twin system that replicates real-
world cybersecurity risks and intrusion detection techniques
in an immersive setting. This comprehensive testbed, called
SmartWater, aims to give staff members, researchers, and
students practical training by enabling them to watch over,
manage, and react to fictitious cyberattacks instantly. The
effort seeks to improve the cybersecurity competencies of
individuals who maintain these vital systems by bridging the
knowledge gap between the digital threats that wastewater
treatment facilities confront and their physical operations.
Through this immersive and interactive platform, the paper
demonstrates a novel approach to cybersecurity education,
emphasizing the importance of practical, experiential learning
in defending against the increasing prevalence and complexity
of cyberattacks on critical infrastructure.

This paper analyses behavioural strategies, gamified learn-
ing, testbeds and cyber ranges, and digital twins to en-
hance cybersecurity training efficacy by addressing the above-
mentioned critical needs. The remainder of the paper is
organized as follows: Section II delves into the behavioural
strategies employed in cybersecurity training, emphasizing
the importance of influencing human behaviour to strengthen
cybersecurity defences. Section III explores the benefits and
methodologies of gamified learning in engaging learners and
enhancing knowledge acquisition in cybersecurity. Section IV
discusses the application of testbeds and cyber ranges in
providing hands-on experience and practical skills essential for
combating cyber threats. Section V focuses on the transforma-
tive role of digital twins in cybersecurity training, highlighting
their scalability, customizability, and potential to bridge the
gap between theoretical knowledge and practical application.
Finally, Section VI concludes the paper.

II. BEHAVIORAL STATEGIES

In the contemporary landscape of cybersecurity, the human
element remains a critical factor in safeguarding digital assets
against evolving threats. While technological advancements

continue to bolster defensive capabilities, the effectiveness of
cybersecurity measures ultimately hinges on the behaviours
and decisions of individuals within organizations. Thus, there
is a growing recognition of the importance of behavioural
strategies in enhancing cybersecurity training efficacy. Table I
illustrates the skills gap in cybersecurity training efficacy. It
highlights the transition needed from current cybersecurity
skills to the required future skills to address deficiencies and
effectively counter emerging threats.

Behavioural strategies encompass a diverse array of tech-
niques aimed at influencing human behaviour towards desired
security outcomes. These strategies often draw from princi-
ples of behavioural psychology and organizational behaviour
to encourage security-conscious habits and decision-making
among individuals. For instance, Adams et al. highlight the
efficacy of personalized feedback, social norms, and incentives
in promoting adherence to security policies and procedures
within organizations [5]. By addressing the cognitive biases
and social dynamics that influence behaviour, behavioural
strategies can effectively complement technical controls in
mitigating cybersecurity risks. Similarly, Herath and Rao de-
veloped a framework based on protection motivation theory to
enhance security policy compliance through the manipulation
of perceived threat severity, vulnerability, and self-efficacy [6].
These studies highlight the potential of behavioural strategies
to influence human behaviour and strengthen cybersecurity
defences.

Several theoretical models underpin the design and imple-
mentation of behavioural strategies in cybersecurity training.
One prominent model is the Protection Motivation Theory
(PMT), which posits that individuals are motivated to engage
in protective behaviours when they perceive a threat to their
security and believe that they are capable of effectively mit-
igating that threat [7]. PMT has been widely applied in the
development of cybersecurity training interventions aimed at
increasing threat awareness and promoting proactive security
behaviours [6]. Additionally, the Extended Parallel Process
Model (EPPM) offers insights into the interplay between
threat severity, efficacy, and message framing in shaping
individuals’ responses to security messages [8]. By leveraging
these theoretical frameworks, cybersecurity trainers can design
targeted interventions that resonate with learners and facilitate
behavioural change.

Effective implementation of behavioural strategies in cyber-
security training requires careful consideration of best prac-
tices gleaned from empirical research and industry experience.
Some key best practices include:

o Personalization: Tailoring training materials and inter-
ventions to individual learners’ preferences, knowledge
levels, and learning styles can enhance engagement and
motivation [5].

o Social Norms: Leveraging social influence mechanisms,
such as peer pressure and social comparison, can encour-
age adherence to security policies and foster a culture of
shared responsibility [6].



TABLE I
CYBERSECURITY TRAINING EFFICACY SKILLS GAP

[ Cybersecurity Skill Area [ Current Proficiency Level

[Desired Proficiency Level

[ Gap Description |

Threat Detection Medium High

Needs improvement in advanced threat
detection techniques and tools

Incident Response High High

Adequate current levels, but continuous
training is necessary to keep up with
evolving threats

Secure Coding Loa High

Significant gap in secure coding prac-
tices and understanding of security by
design principles

Network Security Medium High

Requires enhancement in network de-
fense mechanisms and threat monitoring

Risk Assessment Low High

Lacks comprehensive risk evaluation
methods and mitigation strategies

o Incentives and Rewards: Providing tangible rewards
or recognition for demonstrating security-conscious be-
haviours can reinforce desired actions and motivate sus-
tained compliance [5].

¢ Ongoing Evaluation: Regular assessment of training ef-
fectiveness through metrics such as knowledge retention,
behaviour change, and security incident rates enables
trainers to identify areas for improvement and refine
training interventions accordingly [9].

By integrating evidence-based behavioural strategies, lever-
aging theoretical models, and adhering to best practices, cy-
bersecurity training programs can effectively engage learners,
promote security awareness, and foster behavioural change to
enhance organizational resilience against cyber threats.

The recognition of human factors in cybersecurity has
prompted a paradigm shift towards a more human-centric
approach to security. Gerber et al. argue that while techno-
logical solutions are essential, they must be complemented by
efforts to understand and influence human behaviour effec-
tively [10]. Without the active engagement and cooperation of
individuals, even the most robust technical controls may prove
insufficient in thwarting sophisticated cyber threats. Thus,
cybersecurity training programs must prioritize behavioural
change initiatives to cultivate a security-aware culture and
empower employees to become proactive defenders against
cyber attacks.

Gamified learning represents a promising approach to cy-
bersecurity training that leverages game design principles to
motivate and engage learners. By integrating elements such
as competition, rewards, and progression, gamified platforms
encourage active participation and knowledge retention among
trainees [11]. Xioa et al. conducted a systematic literature re-
view highlighting the positive impact of gamification on cyber-
security education, including increased motivation, knowledge
acquisition, and behaviour change [12]. Furthermore, gamified
simulations enable learners to practice cybersecurity skills in
a safe and controlled environment, facilitating the transfer of
learning to real-world scenarios.

Digital twins offer a novel approach to behavioural anal-
ysis within cybersecurity training environments. By creating
virtual replicas of individuals or organizational processes,
digital twins enable trainers to observe and analyze human

behaviour in response to simulated cyber threats [13]. This
iterative feedback loop allows for targeted interventions and
personalized coaching to address behavioural weaknesses and
reinforce desired security behaviours. Furthermore, digital
twins facilitate the exploration of complex cyber scenarios and
the assessment of trainees’ decision-making skills in a risk-free
setting, ultimately enhancing the effectiveness of cybersecurity
training programs.

To maximize the impact of cybersecurity training, organiza-
tions must adopt a holistic approach that integrates behavioural
strategies into comprehensive training frameworks. Von Solms
and Van Niekerk advocate for multifaceted training programs
that cater to diverse learning styles and preferences [9]. By
combining gamified learning, digital twins, simulations, and
other interactive modalities, organizations can create immer-
sive learning experiences that foster a culture of security
awareness and compliance. Moreover, ongoing assessment and
reinforcement mechanisms are essential to sustain behavioural
change and ensure the long-term effectiveness of cybersecurity
training initiatives.

III. GAMIFIED LEARNING

Over recent years, there has been an increased focus within
research on the benefits of applying game architecture and
mechanics to non-gaming contexts such as learning, with
largely positive results [14]. The key objective of gamified
learning is to increase engagement with and participation in
pedagogical content, to help motivate learners and improve
learning outcomes. Research suggests that the benefits of
gamified learning reach far further than the intervention itself,
improving general attitudes towards a given subject as well as
helping users understand how to confidently apply the skill
within their own environment [15]. The gamified learning
approach is of particular interest within domains such as
cybersecurity, where knowledge is often technical or complex
as well as dynamic due to continual adaptations to the tech-
nologies, processes and techniques utilised by cybercriminals.
It is the potential gamified learning has in motivating users
to continuously engage with exigent knowledge that makes its
application so suitable to cybersecurity.

Human behaviour is believed to be determined by the
level of psychological motivation assigned to a particular act
[16]. For example, should motivation to complete a course of



training be low, it is unlikely an employee will independently
allocate the effort required to ensure the action is under-
taken. Motivation can be defined as energy or urge towards
completing a specified goal and can be experienced along a
continuum from amotivation, through extrinsic motivation to
intrinsic motivation [17] [18]. Amotivation is defined as an
absence of drive to complete an action, extrinsic motivation is
where the drive is determined through fundamental reasoning,
and intrinsic motivation whereby an action is completed due
to genuine interest or pleasure. Intrinsic motivation is believed
to be the most superior form of motivation due to its self-
determined nature and is particularly influential within educa-
tion and learning [19] [18]. Despite its supremacy, there are
some tasks humans are expected to undertake that are unlikely
to naturally elicit interest or pleasure and, therefore, evoke
intrinsic motivation. This includes cybersecurity education,
training and awareness programmes that many organisations
request their employees undertake to help reduce the proba-
bility of attack.

Self-determination theory [18] considers this challenge by
addressing how extrinsic motivation can become more self-
governed in the absence of intrinsic motivation. Generally
speaking, extrinsic motivation can be determined in two ways
- either externally via the use of rewards or punishments or
internally whereby employees are educated about the true
value of conducting a behaviour. Whilst rewards are useful
in driving behaviour, it is the internalisation of an action’s
genuine importance that is more likely to result in an employee
independently opting to engage with training despite a lack of
interest in its content [20]. Self-determination theory posits
three antecedents as key to encouraging self-governed motiva-
tion: competence, autonomy and relatedness [18]. These pre-
requisites suggest that in order for employees to engage with
training, they must feel it enables them to achieve personal
growth, feel they are trusted to set their own goals in relation
to this growth and that the intervention opens doors to further
social connection [17] [18]. Any cybersecurity education,
training and awareness programme deployed must, therefore,
seek to provide employees with the tools required to target
these constructs directly. Serious games and gamification, two
complementary aspects of gamified learning, have been found
to improve motivation and increase competency by providing
a fun and engaging learning experience that directly targets
self-determined motivation.

Games are ordinarily defined as structured forms of play
undertaken by humans for the purpose of fun, e.g., in the
form of physical sports such as football or board games such
as Chess. In particular, the online gaming industry is a prolific
market, with around 40% of the total world population online
gamers and 88% of young adults immersed in the online
gaming world [21]. Games are, however, now being utilised
for more than just pleasure, with their structure and mechanics
applied to non-gaming contexts in attempts to evoke similar
pleasurable game-like experiences in learning (Hew & Du,
2024). A number of examples include Anti phishing Phil —
a mobile application used to educate on the identification of

malicious links, CyberCEIGE - training within a 3D virtual
world, and Control — Alt- Hack a puzzle card and board game,
targeting both end-users and security specialists [22].

Serious games are defined as the use of game architecture in
learning to increase player skill in areas such as cybersecurity
training, including educational instructions, observation, strat-
egy planning and response simulation [23]. The application of
a game-like structure aims to help users consolidate the many
elements of cybersecurity behaviours in one space, allowing
them to achieve skill mastery through experimentation, often at
a much faster pace [24] [25]. Serious games can support self-
determined motivation by providing a pleasurable experience
that can help increase perceptions of competency and auton-
omy, e.g., freely practising skills such as the identification
of phishing emails under the intervention conditions until
the desired behaviours become automatic. Augmented reality
has been found to further increase the benefits of serious
games as an intervention by fully immersing participants in
the learning experience by combining both real and computer-
generated worlds [24]. It is, however, important to note that
such additions will be a cost to organisations, perhaps making
it difficult for small to medium-sized enterprises to deploy.

A compatible yet different concept is gamification, whereby
game mechanics are applied to the architecture of a serious
game to help improve engagement and productivity and in-
crease motivation to interact [26] [27]. A common example of
gamification is seen within the mobile application Duolingo©,
where mechanics such as badges, levels, leaderboards, awards,
progress bars and challenges are used to support engagement
in language education. The use of gamification to support
cybersecurity awareness interventions has been found to in-
crease self-determination by providing users with the feedback
required to improve perceived competence, an array of options
that increase the perception of autonomy, alongside the offer
of an online community that helps foster shared learning and
competition [28]. For example, user self-efficacy in relation to
password generation can be increased by providing progress
bars to encourage self-referenced ability and leaderboards to
support other-referenced ability [26]. By providing employees
with a platform to undertake dynamic cybersecurity exercises
via gamified learning, users will be encouraged to continue
to engage with content that supports the prerequisites for
improved motivation and skill development, driving successful
behaviour change.

IV. TESTBEDS AND CYBER-RANGES

One of the most critical assets of a company or a system
lies in the experience and expertise of the individual users
who interact with or control the system. These individuals
can be either administrators of the systems, members of staff
who interact or who have a certain level of control over
several applications on a daily basis or external users or
partners. Many recent reports state the lack of properly trained
cybersecurity experts who could play a vital role in securing
those systems. Except for this scarcity of professionals, a
noticeable shortage of essential cybersecurity skills that are



related to their specific roles exists among digital system users
[29]. Having identified these needs, Europe has developed
the European cybersecurity skills framework that provides a
practical tool to support the identification of the skills that are
needed for each cybersecurity role [30].

Some years ago, the majority of educational programs
within the cybersecurity sector had been awareness campaigns
that included lectures or presentations with the main purpose
of delivering content to a wide audience without offering
tailored training to specific audiences. These campaigns were
focused on delivering a lot of information in a short period
of time, failing to transfer specialized knowledge. Even if
training had achieved an immediate increase in understanding,
it had been demonstrated that it did not reflect the long-term
understanding of the audience [31]. It was correctly identified
that the issue was not the content of the cyber awareness
program but the nature of the delivery [32]. It was found
that serious games were more engaging and effective than
presentations, and thus, many educational programs engaged
such activities in their learning programs. One of the major
tools to support the enhancement of these skills is the use of
hands-on exercises either within an academic environment or
through academies, agencies and professional training.

Cybersecurity exercises have become one of the most im-
pactful and efficient methods for instilling essential skills and
expertise within the cybersecurity domain, especially when
simulating high-stress cyberattack scenarios. These exercises
can be tailored to specific domains like energy, transport
or aviation and can focus on the technical [33] or business
level [34] also covering the NIS5 requirement for corporate
accountability [35]. According to [36]-[38], Cyber Range
Exercises (CRXs) play a pivotal role in addressing the cy-
bersecurity workforce gap for organizations. Their findings
emphasize how CRXs effectively enhance professionals’ skills
to combat evolving cyber threats, strengthening overall orga-
nizational resilience and security measures. Organized within
cyber ranges, these exercises empower organizations to train
their personnel to respond effectively during cybersecurity in-
cidents that jeopardize their assets or the entire organizational
framework.

A cyber range can be implemented using various technolo-
gies spanning from Local Network Virtualization to cloud-
based solutions and contained-based platforms. Local network
virtualization is ideal for producing customizable environ-
ments regarding the network and can be used to offer special-
ized labs for onsite trainees. Virtualization technologies such
as VMware and VirtualBox allow for isolated environments
on local machines [39], providing a controlled setting for
training. Implementing such ranges requires a large initial
financial investment while simultaneously comes with limited
scalability. For better scalability, accessibility and efficiency,
cloud-based platforms like AWS or Azure are used for many
academic institutions and companies [40]. Many scholars use
open-source platforms like OpenStack, which offer flexibility
and customization capabilities. These platforms can be easily
tailored to specific sector scenario requirements [41]. Finally,

container-based platforms like Docker can offer lightweight
[33] and Kubernetes [42] can offer lightweight, portable so-
lutions. Each platform choice carries implications regarding
resource utilization, scalability, ease of use, and security,
choosing each one as a cost-benefit exercise that includes
available resources and training needs.

V. DIGITAL TWINS

With the advent and integration of digital twin technologies,
cybersecurity training is experiencing a radical transformation.
Digital twins are highly developed virtual models replicating
real-world systems, networks, or processes [43]. A basic
digital twin configuration consists of a physical object and its
virtual equivalent connected via a bidirectional data transfer.
Understanding the relationships through intensive data gather-
ing and analysis is the core of digital twin technology. When
data is transferred from the physical to the digital realm, it
is raw and needs to be cleaned up to provide insights that
can be used [44]. Digital twins need the integration of many
critical technologies, each ranked according to its degree of
development and sophistication. This includes the Internet of
Things (IoT) from a networking and Information Technology
(IT) perspective, the Cyber-Physical System (CPS) approach
from a system engineering and controls viewpoint, and the dig-
ital twin concept from a computational modelling perspective,
incorporating ML and AI methodologies [45].See Table II on
digital twins technologies.

Digital twins are becoming essential in cybersecurity edu-
cation and training beyond their original industrial use. This
innovative method uses simulation to provide an immersive
learning environment that gives cybersecurity experts a dy-
namic platform to develop their abilities against constantly
changing cyber threats [46]. In cybersecurity training, digital
twins represent the fusion of theory and practice by allowing
learners to interact with and react to simulated cyber threats in
a virtual setting that mirrors their real-world IT and network
systems. This methodological innovation makes possible the
practical experience necessary to understand the nuances of
cyberattacks and the complexity of security procedures [47].
In a safe and virtual environment, trainees are put in ac-
tual situations and given the responsibility of navigating the
complexities of cyber events, from detection and analysis to
containment and remediation. Along with honing technical
abilities, this creates a thorough awareness of the cause-and-
effect relationships that are fundamental to cybersecurity.

Among the most noteworthy features of digital twins are
their scalability and intrinsic customisation. This flexibility
allows training programs to be carefully tailored to meet the
specific security architecture and threat landscape that apply
to a given organization or learner. Digital twins may be scaled
and adjusted to fulfil various training purposes, whether it’s
a simulation of a small business’s network or an intricate
digital architecture of a significant firm. By enhancing training
efficacy and operational preparation, this degree of personal-
ization guarantees that the training is not only pertinent but



TABLE 11

CONDENSED OVERVIEW OF DIGITAL TWINS TECHNOLOGIES

[ Technology Type

[ Applications

[Key Features

[ Benefits

[Chal

Manufacturing Digital Twins

Production lines, machinery,
and product lifecycle manage-
ment

Real-time monitoring, predic-
tive maintenance, and process
optimization

Increased efficiency, reduced
downtime, and enhanced prod-
uct quality

High initial setup costs, com-
plexity of integration

Healthcare Digital Twins

Patient monitoring, personal-
ized treatment plans, and med-
ical device design

Simulations for treatment out-
comes, virtual patient monitor-
ing, and device testing

Improved patient outcomes,
personalized treatments, and
accelerated device develop-
ment

Data privacy concerns, accu-
racy of virtual models

Urban Planning Digital Twins

City infrastructure planning,
traffic management, and envi-
ronmental monitoring

Dynamic simulations of urban
environments, resource man-
agement, and disaster planning

Optimized city planning, re-
duced environmental impact,
and improved emergency re-
sponse

Scalability, data collection and
management challenges

and safety improvements

Energy Sector Digital Twins | Power generation, distribution | Optimization ~ of  energy | Enhanced energy efficiency, | Complexity of energy systems,
networks, and renewable en- | production, predictive | grid reliability, and integration | data security concerns
ergy systems maintenance, and grid | of renewable resources
management
Automotive Digital Twins Vehicle design, manufactur- | Prototyping, safety testing, | Reduced time to market, en- | Integration with existing work-
ing, and performance testing |and lifecycle management hanced vehicle performance, | flows, high computational de-

mands

and vulnerabilities that learners
real world.

also in line with the dangers
are likely to encounter in the

Cyber ranges are advanced, secure virtual environments
essential to cybersecurity education because they provide a
hands-on method for people, such as cybersecurity profes-
sionals, to gain practical skills [48]. ML techniques are being
progressively integrated into these virtual training grounds to
better address the developing risks within 5G networks, espe-
cially in mission-critical scenarios. Under the Horizon 2020
framework, the SPIDER project provides a specialized cyber
range to give cybersecurity specialists in the telecoms industry
thorough training across a range of 5G network cybersecurity
scenarios using digital twins [49]. The SPIDER program fo-
cuses on developing people’s capabilities and providing them
with training similar to ethical hackers. An optional red team
may also be charged with finding vulnerabilities and carrying
out attacks, while the blue team’s job is to identify threats and
protect the network during an ordinary SPIDER cyber range
training session. In an alternative scenario, automated assault
simulations might assume the role of the red team and offer
a training sequence of actual attack occurrences. By creating
the SPIDER cyber range with digital twins, Rebecchi et al.
offered a novel solution to the severe lack of highly qualified
cybersecurity specialists, especially for 5G networks [50]. It
is possible to conduct cyber exercises that provide interactive
communication, information exchange, and real-time feedback
from network equipment by simulating a personalized 5G
network environment. The ultimate objective is to improve
cybersecurity professionals’ capacity to anticipate and man-
age vulnerabilities, sophisticated attacks, and security events.
To meet real-world learning objectives, this paper describes
the architecture of the SPIDER cyber range, highlighting
its dependence on sophisticated network management, data
processing pipelines, and machine learning. Use scenarios
that illustrate the platform’s validation and highlight how
drastically it might alter cybersecurity readiness and training
in 5G.

The development of a sophisticated reconfigurable digital

twin aimed at advancing cybersecurity in industrial control
systems is presented [51]. Initially conceived as a personal
project on the SWaT water treatment plant at iTrust, SUTD,
this digital twin was operational and has since developed to
assist training, teaching, and research. During cyber exercises
like NATO’s Locked Shields, it stands out for its ability to
quickly replicate different industrial areas and overcome the
restrictions of physical testbeds. The design of the digital twin
makes it possible to reconfigure seamlessly between domains,
improving knowledge of the effects of cyberattacks and the
efficacy of defensive programs. The importance of flexible
digital twins in safeguarding vital infrastructure is highlighted
by this breakthrough, which also opens the door for in-depth
cybersecurity research and functions as a critical educational
tool.

University production-based engineering courses are the
subject of the investigation into the integration of digital
twins into academic frameworks [52]. It highlights the role
that context awareness plays in improving learning and high-
lights the ways in which digital twin experiences align with
cognitivism, behaviourism, and humanism, three well-known
theories of learning. The conceptual design of a pedagogical
digital twin, as demonstrated by the research, allows digital
twins to accommodate different learning theories and styles.
In doing so, it makes the case that digital twins live up
to their potential as a valuable educational resource by of-
fering a flexible teaching aid that might enhance students’
understanding of and engagement with intricate engineering
systems. Digital twins have several educational advantages
when used in cybersecurity education. Digital twins provide
an effective and interesting interactive learning environment
that aligns with modern educational ideals, with a focus on
problem-solving, critical thinking, and active learning. To
successfully navigate through simulated cybersecurity diffi-
culties, trainees must apply their knowledge and abilities as
active participants rather than just as information consumers.
This method facilitates the gradual acquisition and retention
of knowledge by encouraging a deeper comprehension of



cybersecurity principles and practices.

Moreover, digital twins’ integrated instantaneous feedback
mechanism functions as an effective learning aid since it
reflects each decision and activity in the system with a corre-
sponding response [53]. Trainees may immediately observe the
fruits of their labour, understand the implications of various
approaches, and adjust their strategies as needed. This real-
time feedback loop helps ensure that students understand
concepts and grow in their capacity to apply them in real-
world contexts. Digital twins are essential to cybersecurity
education because they facilitate the development of soft skills
such as leadership, teamwork, communication, and technical
proficiency in trainees. Digital twins replicate the collaborative
aspect of cybersecurity work, which sometimes necessitates
collaboration across multiple teams and departments, by en-
abling trainees to work together when responding to cyber
disasters. Trainees gain from this collaborative learning envi-
ronment by sharpening their technical abilities and developing
the multidisciplinary teamwork required to successfully man-
age the complexities of real-world cybersecurity operations.

A forward-thinking approach to preparing cybersecurity
professionals for the needs of the modern digital environment
is to incorporate digital twin technology into cybersecurity
training. Digital twins offer a dynamic, realistic, and immer-
sive learning environment that has the potential to change
cybersecurity education drastically. Training programs main-
tain program efficacy by staying up to date with the rapidly
evolving cybersecurity requirements, ensuring that learners are
ready to confront emerging cyber dangers. One of the best
ways that cutting-edge technology can transform education
and training while setting new standards for cybersecurity
readiness and resilience is through the use of digital twins.

VI. DiscUSSION & CONCLUSION

This research investigated the various approaches—such
as gamified learning, behavioural strategies, and inventive
usage of digital twins—that can enhance the efficacy of
cybersecurity training. Our research suggests that these tactics
could significantly boost cybersecurity postures for firms and
increase the efficacy of cybersecurity training initiatives. The
usage of behavioural techniques in cybersecurity training has
brought attention to the significance of human behaviour in
the ecosystem. These strategies mould people’s decisions and
behaviours in a security-conscious way by utilizing principles
from behavioural psychology and organizational behaviour.
Our research indicates that when training programs are created
to address the cognitive biases and social dynamics influencing
behaviour, cybersecurity risks may be significantly reduced.

Gamified learning has emerged as a powerful method for
enhancing cybersecurity knowledge acquisition and motivating
pupils. The integration of game design features into edu-
cational settings promotes engagement, motivation, and the
application of knowledge to practical situations. Our research
validates the idea that gamified learning environments, with
their dynamic and competitive nature, can greatly enhance
students’ engagement and retention of complex cybersecurity

ideas. One important step in closing the knowledge gap
between theory and practice in cybersecurity training is the
use of digital twins and cyber ranges. Digital twins give
students a controlled environment in which they can research
and respond to cyber threats through simulated, real-world
encounters. This interactive learning environment fosters a
deeper comprehension of the cybersecurity situation while
also improving technical abilities. Our research indicates that
digital twins are a priceless resource for creating customized
training programs that faithfully represent the wide range of
danger scenarios that businesses may encounter. They provide
unmatched scalability and adaptability.

In conclusion, gamified learning, digital twins, and be-
havioural techniques in cybersecurity training programs pro-
vide a comprehensive way to train people about the subtleties
of the digital era. By demonstrating how these cutting-edge
methods could strengthen cybersecurity skills and promote
proactive, security-aware cultures, this study advances the
discipline. It is crucial that training programs change to
give employees the knowledge and abilities they need to
protect against these ever-evolving risks in an era of in-
creasingly sophisticated cyberattacks. We strongly advocate
for the execution of further research to delve into the long-
term effects of these strategies on the cybersecurity forti-
tude of organizations. It is essential to explore innovative
methodologies for augmenting cybersecurity training, aiming
to identify groundbreaking techniques that significantly im-
prove resilience against cyber threats. This future research
should focus on assessing the sustainability of current practices
and their adaptability to evolving cyber threats, ensuring that
businesses can maintain a robust defense mechanism in the
digital age.
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