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Abstract: For workers, the exposure to on-site hazards can result in fatalities and
serious injuries. To improve safety outcomes, different approaches, namely
traditional tools (TT), and innovative tools such as serious games (SG), have been
implemented into the construction industry. However, evidence suggesting which
one is more effective is not apparent. To bridge this gap, a systematic review was
conducted to evaluate the literature on TT and SG in this study, and the strengths
and weaknesses between them were discussed. The literature findings suggest that
the conclusion regarding which one may be more effective is yet inconclusive due to
the limitations of existing studies. However, it is noted that the overall performance
of SG seems to be superior in several technical aspects mentioned in this paper
compared to TT. Based on the findings of this research, we could see the implication
that SG may have the potential to become an effective approach for delivering safety
training in the construction industry.
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1 INTRODUCTION

1.1 Safety and Safety Training

Poor health and safety performance of frontline workers has become a global concern in
the construction industry. In 2015/2016, there were 144 fatal claims among all industries
in the UK, and the construction sector was responsible for the largest portion with 43
fatalities (HSE, 2016). Similarly, the New Zealand construction sector has become one of
the largest industries in causing work-related injuries with claims rising from 25,034 in
2011 to 31,141 in 2015 (ACC, 2016). Serving as the final defence against hazardous
environments, the safety behaviour of workers is seen to be critical. Heinrich (1959)
reports that 88% of on-site accidents are induced by risky behaviours.

Safety training is fundamental to enhance safety knowledge and skills of frontline
workers. Guo et al. (2012) pointed out that the lack of proper safety training is a key factor
to rise on-site injuries. Safety training has been first delivered through traditional tools
(TT). The term engaging, which refers to the property of an intervention that entertains
potential participants, is utilised to reflect the intrinsic motivation (e.g., enjoyment,
interest) of TT. Burke et al. (2006) argues that TT can be distinguished as follows: least
engaging (lecture, video, toolbox talk, handout), moderately engaging (computer-based
instruction, feedback intervention), and most engaging (hands-on training).
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In recent years, virtual reality (VR) and serious games (SG) have emerged as innovative
approaches for safety training. VR refers to the virtual experience in computer-simulated
virtual environments delivered through the collaboration of hardware and software (Sacks
et al., 2013). SG refers to a type of video game developed with the idea of addressing real-
life issues (Harteveld, 2010). In SG and VR, trainees are able to accumulate knowledge
transfer and develop safety skills by confronting different challenges in virtual
environments (e.g., Rippel and Schatz, 2011). Harteveld (2010) stated the three-world
theory to describe the theoretical constructs of a SG: meaning, reality, and play. The world
of meaning concerns the learning achievement of users during the gameplay session. The
world of reality concerns the realism of simulated virtual environments compared to the
actual situations. The world of play concerns the methods used in the game design process
with respect to the entertainment aspect. So far, SG have already been extensively used in
different areas, such as aviation safety (e.g., Chittaro and Buttussi, 2015), fire drills (e.g.,
Riippel and Schatz, 2011, Kobes et al., 2010), healthcare (e.g., Whyte et al., 2015), and
construction (e.g., Lin et al., 2011, Guo et al., 2012).

1.2 Objectives

The aim of this study is to compare strengths and weaknesses of TT and SG for
construction safety training. This aim takes place through the following research
objectives:

e To search and review existing literature on safety training utilising TT and SG in
construction industry;

e To discuss strengths and weaknesses of the remarkable features between TT and
SG, and draw the conclusion on which may be superior.

2 SYSTEMATIC REVIEW FINDINGS
2.1 Research Method

A systematic review was conducted in July 2016. Search keywords were appended for TT
and SG respectively as follows: (construction) AND (safety training) AND (traditional OR
passive OR education); (construction) AND (safety training) AND (serious game OR game
OR video game). This search was performed on the following databases: ASCE Library,
Google Scholar, Taylor & Francis Online, Scopus, IEEE Xplore, and ScienceDirect.
Publications recommended by Scopus and ScienceDirect were also considered. Besides, we
marked references and citations from highest cited publications as the second source.
During the search round, 569 articles on TT and 132 articles on SG were retrieved. Then,
a two-round visual examination was carried out to evaluate the characteristics of the
retrieved articles. In this study, the term characteristics represent not only the main
content but also the level of relevance. In the first round, we focused on evaluating the
titles and abstracts. To reconfirm, full text was examined in the second round. Eventually,
16 articles on TT and 20 articles on SG were included into the final analysis. Due to space
limitations, only key publications are mentioned in this paper.

2.2 Discussion

In literature, we found that TT for safety training suffer from serious limitations: ignoring
the real on-site physical environments (Choudhry and Fang, 2008), failing to take care of
workers who have low English proficiency (LEP) and low literacy (LL) (Choudhry and
Fang, 2008), failing in attracting trainees' attention (Cherrett et al., 2009), and limited in
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developing workers' spatial awareness ability (Bhoir and Esmaeili, 2015). Instead, the use
of SG is perceived to fill in the gaps and bring benefits. The following section discusses TT
and SG in a range of technical aspects, and ends up with a comparison of strengths and
weaknesses (Table 1).

2.2.1 Representing the Actual Workplace Situations

Considering the risk of exposing workers to real situations for hands-on safety training,
managers would rather offer off-site training such as lecturing than participating (Guo et
al., 2012). As construction process is commonly regarded as rapid and disordered, workers
are merely trained to memorise safety materials written in technical jargon in a short time
range to raise production efficiency (Guo et al.,, 2012). Safety knowledge learned in this
way seems to be impractical (Guo et al., 2012). In a Hong Kong-based case, interviewed
workers claimed that safety meetings, toolbox talks, and on-site morning assemblies were
not helpful, stating not only the fact that working on real construction sites was entirely
different from how they were trained but also the strong desire that the contents regarding
job associated hazards should be mainly considered in safety training (Choudhry and Fang,
2008). In fact, on-site operations of frontline workers appear to be accompanied by various
subjects such as disordered housekeeping of materials, and diverse construction equipment.
Li et al. (2012) argues the ability of SG in representing unsafe site conditions that "this
virtual environment contains all available details, including both temporary and
permanent structures, building services, construction material storage, waste, construction
equipment and tools." Besides, the state-of-the-art VR and SG techniques have been
dramatically improved to perform complex scenarios. By coordinating modelling toolkits
(e.g., 3D Studio Max, Sketch Up) and game engines (e.g., Unity 3D), designers can simulate
a large variety of on-site elements (Li et al., 2012). Apparently, since TT fail to recreate
jobsite realities (Cherrett et al., 2009), SG are superior in this aspect compared to TT.

In terms of the appearance of workplace in SG, two different solutions have been
observed in literature: scenario-based, and sandbox-based. Scenario-based solution refers
to the style in which users can have limited interaction with fixed scenarios or confined
spaces in linear virtual environments, while sandbox-based solution refers to the style in
which users can freely explore an extensive landscape in non-linear virtual environments
(Dawood et al., 2014). The authors also suggest that sandbox-based solution has
advantages in increasing the realism of SG. To the best of our knowledge, the majority of
previous efforts of SG identified appear to be built in scenario-based style (e.g., Guo et al.,
2012), with the exception of one case (Newton et al., 2013). In this study, users are provided
with a virtual space about approximately 1,000 m? for extensive exploration.

2.2.2 Text-free Graphical Interfaces

In New Zealand, there are 7,485 Asian workers, who might suffer LEP and LL, serving in
the construction industry (ACC, 2016). In the US, the ratio of LEP workers was more than
71% in the construction industry according to the Salary Survey run in 2003 (Vazquez and
Stalnaker, 2004). Loosemore and Andonakis (2007) found that construction workers tend
to have lower educational backgrounds compared to workers in other industries. Having
LEP and LL in both English and native languages could lead to knowledge transfer
difficulties. In literature, TT are shown to be heavily text-based while delivering safety
knowledge with video, lecture, handout, and toolbox talk. Especially, written materials
seem to be fruitless in educational interventions (Gagliano, 1988). Being interviewed, an
uneducated worker stated that he could not understand the safety documents and found
difficulty in communicating during safety meetings (Choudhry and Fang, 2008). To
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address this issue, a number of construction corporations have translated safety materials
into required languages and hired dual-language instructors (Sokas et al., 2009). However,
Medhi et al. (2006) observes that users tend to prefer text-free interfaces to text-based
appearances. For instance, in a SG based study in construction safety, one participant, who
uses English as the second language, claimed that his learning process was well
commenced in the game approach due to the few texts included (Greuter and Tepe, 2013).
The evidence seems to indicate that the use of 3D virtual workplaces in safety training
should be able to mitigate the language issues. Thus, SG are perceived to deliver new
possibilities for workers who are struggling with LL and LEP issues (e.g., Guo et al., 2012).

2.2.3 Engagement

The evidence suggests that TT are ineffective in terms of knowledge transfer, which is
highly because TT are less engaging and trainees' attention is poor at best (Cherrett et al.,
2009). Instead, it is argued that SG immerse players well in scenarios by maintaining their
interests with the senses of presence, flow, and character identification (Bachen et al.,
2016). In particular, presence refers to players' psychological illusion of feeling involved.
Flow refers to the phenomenon that players are shown to lose the track of time while the
game contents challenge largely their knowledge and skills. Character identification refers
to the instinctive behaviour in which players adopt the identities and goals from virtual
avatars as personal attributes. We were not able to fully support the advantages of using
SG instead of TT for safety training using the existing literature, due to the fact that TT
and SG studies were developed under different methodological, conceptual and practical
assumptions. Besides, studies analysed are spread across 20 years while VR and SG
technology were in its infancy 20 years ago. Therefore, valid comparisons are difficult.
However, Chittaro and Buttussi (2015) found promising evidence of the SG application in
the aviation area, where the group treated with immersive SG reported higher engaging
levels and knowledge retention scores compared to the control group treated with TT.

2.2.4 Situational Awareness

Accidents often happen when workers focus the required attention on tasks and forget to
account for hazards in the surroundings, such as unguarded floor openings, uncovered
scaffolds, among others. Workers' situational awareness, which refers to the ability of
perceiving surroundings, copes with accidents caused by distraction (Bhoir and Esmaeili,
2015). The authors also note that frequently being exposed to virtual environments
contributes to the development of this ability among workers. Besides, Green and Bavelier
(2006) suggest that playing video games may contribute to the improvement in players’
capability in allocating attention, which represents the ability of tracking two items at the
same time. Based on this finding, we consider that well-thought-out SG should have the
analogic potential in equipping workers with spatial perception and attention allocation
capability, instead of TT.

2.2.5 Other Technical Aspects
In addition, we investigated other SG technical aspects when compared to TT.

e A large number of on-site tasks occupy more than one worker at the same time.
SG can offer multi-collaboration experience to trainees (e.g., Guo et al., 2012).

e In SG, the egocentric interface allows trainees to be in charge of their learning
experience by exploring and progressing at their own will (Bhoir and Esmaeili,
2015), which is supported by the use of game managers including restart, exit, load,
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save, and pause (Thorn and Arer, 2014). Thus, learning should be more proactive
in SG.

e In SG, the reward system is able to raise trainees' motivation (Cruz-Cunha, 2012),
including incentives such as cash and health power-ups (Thorn and Arer, 2014).

e Movement trackers can be utilised to trace behaviours during the gameplay process
(Kobes et al., 2010). The reliability of data collected can be better guaranteed in SG
compared to the self-report method used in TT.

e In SG, the storyline can effectively engage players by letting them participate as
protagonists (Baranowski et al., 2008).

e InTT, the arrangement of safety drill should risk trainees' safety at danger. In SG,
workers can encounter hazards without carrying heavy psychological burden of
getting injured, which brings new opportunities in analysing human behaviours
under extreme conditions (Riippel and Schatz, 2011).

e In SG, hazards can be designed at different challenging levels on the basis of users'
safety knowledge demand (e.g., Lin et al., 2011). Learning in this way appears to
be perfectly tailored.

e Since SG are accessible at home, the repetitive exposure can consolidate the
knowledge transfer (Chittaro, 2012).

e Since not every worker is skilled in using computers, the complex 3D navigation
controllers in SG could be confusing (e.g., Guo et al., 2012). Thus, age is a factor to
be considered in the SG design.

e In some SG, the 3D navigation controller is too complex to raise players' cognition
of operating in an artificial game environment, which might negatively impact
players' supposed actual reactions towards hazards (e.g., Guo et al., 2012).

e Skilful game players already get used to fierce scenarios. The educative nature
might have little influence on this type of crowd (Smith and Trenholme, 2009).

2.2.6 Costs

SG: The evidence seems to indicate that the making of SG, which commonly comes with
a non-commercial development, requires some capital investment mainly in hardware. For
software development, game engines (e.g., Unity 3D), 3D models (e.g., building elements,
avatars, vehicles) and 2D textures (e.g., weather, particle systems) are particularly
economical for developers. For hardware purchase, however, funding is mostly spent on
workstations, gameplay platforms (e.g., PlayStation), virtual reality sets (e.g., head-
mounted display, trackers). Newton et al. (2013) pointed out that the budget taken to
accomplish a video game in construction education in their case was approximately
$50,000 for software development and $600 apiece for basic hardware purchase, covering
the payment for students as developers from Architectural Computing and all the
aforementioned expenditures. However, when developed, SG can be distributed as low-
priced mobile apps or video games for workstations. When VR is introduced, head-
mounted display can imply some investment ($600 Oculus Rift) plus a workstation with
suitable graphic capabilities. This is increasingly more accessible technology for users at
reasonable prices.

TT: However, the related evidence towards the costs on TT has been elusive, with one
study suggesting a slight hint of a $500 enrolment fee for each trainee (Forst et al., 2013).
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2.2.7 Effectiveness

It appears that the statistical proof towards the effectiveness of TT and SG is scarce and
confusing. The work of Girard et al. (2013), including a meta-analysis of recent SG studies,
suggests that the affirmation of the effectiveness towards SG is seen to be challenging due
to serious limitations of existing studies included in their study. In literature, we could see
the same difficulties on TT and SG studies in the construction safety area, such as the lack
of rigorous assessment, the use of different intangible indicators between studies, and the
research basis of qualitative rather than quantitative. Therefore, reliable evidence
suggesting the effectiveness of TT and SG is still lacking.

2.2.8 Comparison

In this section, strengths and weaknesses between SG and TT were compared using
aforementioned findings (Table 1).

Table 1: Summary of Strengths and Weaknesses

Approach Strengths Weaknesses
SG Simulate actual workplace dynamics. Computer skills required.
Text-free Graphical Interfaces. Complex 3D navigation.
Higher knowledge retention. Less effective for skilful players.

Engagement and interactivity.

Stimulate situational awareness.
Multi-collaboration.

Egocentric interface.

Reward system and storyline.
Data reliability.

Risk-free and accessible at home.

Alternative challenges levels.

TT Suitable for unskilled computer users. Inapplicable for on-site situations.
Instructors interpret safety knowledge. Difficult for LL and LEP.
Hands-on practice allows interaction. Less engage.

Easy-carrying educational materials. Unsatisfied knowledge retention.

3 CONCLUSION

In this study, a systematic review has been conducted to address the characteristics of TT
and SG. Given that, the effectiveness of TT and SG has not been justified due to a couple
of serious limitations of previous studies included in this research. However, the
qualitative comparison made between TT and SG leads us to think that SG are more
powerful than TT in improving safety training in a number of technical aspects. Since the
SG virtual environments can represent site dynamics, safety knowledge learned in this
way can be more effective and applicable. By interacting with a game environment,
trainees are able to raise their spatial awareness abilities significantly. Besides, SG could
offer new opportunities not only for trainees facing LL and LEP issues, but also for
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researchers to investigate human behaviour under extreme conditions. In conclusion, SG
research is a promising area to construction safety training based on the findings and
deeper investigation on the SG effectiveness is required to unfold the real potential of SG.
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