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funded by Boğaziçi University Research Fund (BAP) coded 17A04D5 and 14A0SUP1.



v

ABSTRACT

A MODEL TO EVALUATE THE EFFECTIVENESS OF

VIRTUAL CONSTRUCTION SAFETY TRAINING TOOL

Construction projects have become more complex. Due to this complexity, con-

struction projects are exposed to more risks and the probability of occupational acci-

dents on the site increases. So, the provision of safety on the construction field becomes

more challenging, and the number of occupational accidents and fatalities remains high

all around the world. The literature highlight that human-related factors play a crucial

role in the safety management process, so, improving behavior-based skills of workers

by adequate safety training method has become important to provide on-site safety.

Previous literature states that an effective safety training method should cover (i) infor-

mation transfer, (ii) instructional feedback, (iii) knowledge development, (iv) hands-on

practice, (v) behavioral modeling and (vi) hazard identification. Due to the low level

of engagement, conventional safety training methods fail to provide an effective safety

training. In order to bridge this gap, a high level of engagement between the safety

training method and the participant should be provided. In this regard, the main aim

of this study is to quantitatively analyze the effectiveness of virtual construction safety

training tool entitled Virtual Safety Analysis For Engineering applications (V-SAFE).

During evaluation, eye tracking technologies have been also used to test the attention

level and safety awareness of participants. Analysis results show that V-SAFE pro-

vides all the essential features of effective safety training. The present study makes

a significant contribution to the field of safety training, since it is the first and only

study that evaluates all safety training parameters rather than focusing on a single

parameter. It has also developed a conceptual model that examines the effectiveness

of virtual safety training methods. This model offers great insights for future studies

on how to measure the effectiveness of safety training.
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ÖZET

SANAL İNŞAAT İŞ GÜVENLİĞİ EĞİTİM ARACININ

ETKİSİNİN DEĞERLENDİRİLMESİ İÇİN BİR MODEL

İnşaat projeleri daha karmaşık hale gelmektedir. Bu karmaşık yapı sebebiyle,

inşaat projeleri daha fazla risk içermekte ve şantiyelerdeki iş kazaları olasılığı artmak-

tadır. Bu nedenle, inşaat sahalarında etkin bir iş güvenliğinin sağlanması zorlaşmak-

ta ve tüm dünyada inşaat sektöründe iş kazalarının ve ölümlerin sayısı artmaktadır.

Literatür, insan odaklı faktörlerin iş güvenliği sürecinde çok önemli bir rol oynadığını

göstermektedir, bu nedenle, çalışanların davranış temelli becerilerini etkin bir iş güvenli-

ği eğitimi ile geliştirmek, sahada güvenliği sağlamak için önemli bir unsur olmuştur.

Literatür, etkili bir iş güvenliği eğitimi yönteminin (i) bilgi aktarımı, (ii) eğitim geri

bildirimi, (iii) bilgi birikimi gelişimi, (iv) aktif uygulama, (v) davranış modellenmesi ve

(vi) tehlike tanımlaması unsurlarını kapsaması gerektiğini belirtmiştir. Düşük etkileşim

seviyesinden ötürü geleneksel yöntemlerle etkin bir iş güvenliği eğitimi sağlanamamakta-

dır. Bu eksiğin giderilmesi için, iş güvenlik eğitim yöntemi ile katılımcı arasında daha

yüksek bir etkileşim sağlanmalıdır. Bu bilgilerin ışığında, bu çalışmanın amacı, Virtual

Safety Analysis For Engineering applications (V-SAFE) adlı iş güvenliği eğitim aracının

etkinliğini, nicel olarak analiz etmektir. Ölçüm sırasında, katılımcıların dikkat se-

viyesini ve güvenlik farkındalığını ölçmek için göz izleme teknolojileri de kullanılmıştır.

Analiz sonuçları, V-SAFE’in etkin güvenlik eğitiminin tüm temel özelliklerini sağladığı-

nı göstermiştir. Tek bir unsura odaklanmak yerine, tüm etkin iş güvenliği eğitimi

unsurlarını değerlendiren ilk ve tek çalışma olduğundan, mevcut çalışma iş güvenliği

eğitimi alanında literatüre önemli bir katkı sağlamaktadır. Ayrıca, sanal iş güvenlik

eğitim yöntemlerinin etkinliğini ölçümünü inceleyen kavramsal bir model geliştirilmiştir.

Bu model, sanal iş güvenliği eğitimi yöntemlerinin etkinliğinin nasıl ölçüleceği adına

sonraki çalışmalar için faydalı görüşler sunmaktadır.
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1. INTRODUCTION

The report of World Economic Forum states that the construction sector con-

stitutes around 6% of world gross domestic product (GDP) in 2018 (World Economic

Forum, 2018), while it is forecasted to reach 14.7% by 2030 (Oxford Economics, 2015).

In addition, Renz and colleagues (2016) reported that, 1% improvement in the pro-

ductivity around the world could achieve savings around $100 billion in one year term,

when it potentially contributes to the competitiveness of country and sustainable de-

velopment (Schwab, 2017; Despotovic et al., 2016).

The construction sector has an essential role in the economy of any country. In the

European Union (EU), the construction industry accounts for around 9% of gross do-

mestic product (GDP) and offers 18 million employment opportunities, which makes

construction a strategically important sector for the European countries (European

Commision, 2016). Similarly, in the United States (US), the construction industry is

worth around $781.4 billion, which corresponds to more than 4% of the US national

economy in 2017 (US Bureau of Economic Analysis, 2018). Moreover, construction

employment is around 10 million, which corresponds to 16.7% of the US workforce in

2016 (US Census Bureau, 2017). In Turkey, the construction sector is worth around 517

billion Turkish Liras, while, the current GDP of Turkey is about 6298 billion Turkish

Liras in 2017, that corresponds to 8.2% of Turkish GDP (Turkish Statistical Insti-

tution (TSI), 2018a). In 2017, there were around 2 million employees existed in the

Turkish construction sector, which corresponds to 7% of employment in Turkey (TSI,

2018b). In brief, the previous reports highlight that the construction sector is one of

the leading industries that changed the global world economy. Employment opportu-

nities and large-budget construction projects are essential facts showing the impact of

the construction sector on the world economy. Therefore, the world economy could be

affected by many factors that influence the construction sector (Özorhon, 2012).
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Due to the significant impacts of the construction industry, such as improving

GDP, increasing employment, the demand for the construction industry has been con-

tinuously growing. Growing demand for the construction industry usually requires the

adaptation of high technologies (Briesemeister, 2018). Therefore, construction projects

get more innovative and complex (Briesemeister, 2018) and effective management of

construction projects has become increasingly challenging (Pinto and Morris, 2014). As

a result of the complexity, the uncertainty level of the construction projects is relatively

high compared to other industries (Hobday, 1998).

1.1. Problem Determination

Construction projects have continuously become more complex and innovative

(Briesemeister, 2018). Due to this complexity, construction projects are exposed to

more risks and the probability of occupational accidents increases (Briesemeister, 2018).

For this reason, the provision of safety on the construction field becomes more chal-

lenging, and the number of occupational accidents and fatalities remains high in the

construction industry all around the world. For instance, in Turkey, 1633 fatal acci-

dents and 587 deaths were recorded in the construction industry in 2017 (Social Security

Institution (SSI), 2019a), which corresponds to 17.5% of all recorded occupational ac-

cidents and 36% of fatalities in Turkey (SSI, 2019a). According to the SSI statistics,

the construction sector ranks first with the mining and metal sectors in terms of the

number of occupational accidents in Turkey (SSI, 2019b). Besides, it is seen that the

industry constitutes one-third of the total deaths, and the sector is in the first place

with these ratios (SSI, 2019b). Similarly, in 2015, a total of 3876 fatal occupational

accidents occurred in 28 EU countries (European Statistical Office (Eurostat, 2018a)

and approximately 20% of these fatal accidents occurred in the construction sector

(Eurostat, 2018b). Catastrophically, the construction industry has the highest fatal

accident rate in the 28 EU countries (Eurostat, 2018b). Just as EU countries and

Turkey, In the US, 991 fatal accidents were recorded in the construction industry in

2016 (Bureau of Labour Statistics (BLS), 2017). Compared to other sectors, the con-

struction industry had the highest number of occupational deaths in 2016 (BLS, 2017).

In brief, construction field employees have been subject to severe accidents at work
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and achieving a safe working environment is an ongoing concern in the construction

industry all around the world, including developed countries.

Based on the high number of fatal accidents in the construction industry, con-

struction companies require unique and novel methods to decrease the number of on-

site occupational accidents. The previous literature about construction safety (e.g.

Abdelhamid and Everett, 2000; Huang and Hinze, 2003; Shapira and Lyachin, 2009)

concentrates on safety performance on construction sites in terms of reducing the num-

ber of accidents and mitigating the impact of accidents. For instance, Abdelhamid

and Everett (2000) identified the root causes of accidents on construction sites. They

(Abdelhamid and Everett, 2000) found that one of the primary reasons for accidents is

the unsafe behavior of the workers. Huang and Hinze (2003) analyzed the falling from

height accidents, which represents the highest rate leads to fatal injuries in the United

States. Huang and Hinze (2003) found that the improper hazard identification of the

workers is the most significant cause of accidents. Shapira and Lyachin (2009) identified

the leading factors to provide safety on construction sites during tower crane activities.

Shapira and Lyachin (2009) found that the safety attitudes of the crane operators play

a crucial role in preventing on-site accidents. As evidenced by these examples, the

literature indicates the significance of human-based safety factors in preventing on-site

accidents.

1.2. Background of the Research

To improve the human-based safety skills, safety training is considered as one of

the critical strategies (e.g., Cohen et al., 1998; Demirkesen and Arditi, 2015; Wong

et al., 1999; Tam and Fung, 2011). On the other hand, conventional construction

safety training methods fail to improve the behavior-based safety skills, since these

methods (e.g., lectures, videos, textbooks, etc.) only focus on transferring the safety

information (Burke et al., 2006). However, effective safety training should establish

a base for trainees to improve their safety behavior by appropriate hands-on practice

(Burke et al., 2006). In other words, the previous literature (Burke et al., 2006; Albert

et al., 2014) state that an effective construction safety training method should contain
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both: i) information transfer, ii) knowledge development, iii) hands-on training, iv)

behavioral modeling, v) programmed instructional feedback, vi) hazard identification.

Due to the complex nature of the construction projects, on-site safety training is not

feasible, and it even increases the risk of an accident especially for the inexperienced

new workforce (Chi et al., 2005). For providing an effective construction safety training

method, virtual construction safety training could be an appropriate solution.

To provide adequate safety training, recent literature (e.g., Guo et al., 2013; Perl-

man et al., 2014; Lin et al., 2011) has focused on virtual construction safety training

methods. For example, Guo and colleagues (2013) developed a novel framework for vir-

tual prototyping technology to support the safety management process of construction

projects. Analysis results demonstrate that virtual prototyping techniques consider-

ably improved safety performance by reducing the safety management cost by 30%,

without having any fatal accidents in Tseung Kwan O Sports Ground project in Hong

Kong (Guo et al. 2013). Similarly, another recent study by Perlman and colleagues

(2014) explored to what extent construction supervisors could comprehend the haz-

ardous situations on the construction site and how they assess the risks. The analysis

results show that superintendents who toured a virtual construction site using a 3-sided

virtual reality model identified a higher number of risks, compared to subjects used

conventional risk identification methods such as reviewing photographs and construc-

tion documents (Perlman et al., 2014). Similarly, Lin and colleagues (2011) developed

a virtual environment based working environment for the students to improve their

hazard recognition skills. The results demonstrated that the virtual environment has

a positive impact on the students’ hazard recognition skills. Taken together, virtual

methods have a high potential to ensure a safe workplace in the construction industry.

1.3. Aims and Objectives of the Research

As evidenced by the previous studies related to construction safety training, the

literature highlights the importance of the virtual tools and techniques in providing

adequate safety training in the construction industry. As mentioned, the previous lit-

erature (Burke et al., 2006; Albert et al., 2014) state that an effective construction
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safety training method should cover both: i) information transfer, ii) knowledge devel-

opment, iii) hands-on training, iv) behavioral modeling, v) programmed instructional

feedback and vi) hazard identification. Therefore, high number of studies (Cheng and

Teizer, 2013; Bosché et al., 2015; Perlman et al., 2012; Guo et al., 2012; Lin et al.,

2011; Hadikusumo and Rowlinson, 2004; Le et al., 2015; Park and Kim, 2013; Zhao

and Lucas, 2015) focused on the development of an effective safety training method by

integrating some parameters such as information transfer, hazard identification, feed-

back, etc. However, these studies focused on only one or two of specific parameters of

the efficient safety training. For instance, the research conducted by Lin and colleagues

(2011) put attention to improve hazard identification level of the workers. However,

this study did not focus on providing hands-on training and knowledge development.

Similar to Lin and colleagues’ study, all studies did not focus on all essential param-

eters of practical safety training. The main challenge in providing an adequate safety

training method is associated with the complexity of evaluating the effectiveness of the

training method. Therefore, the majority of previous studies are primarily used the

conventional performance measurement techniques, such as collecting user feedbacks

via interviews, conducting paper-based examinations and closed-ended questions or

checking the trainees’ number of identified hazards. These methods could be able to

evaluate the safety information level, hazard identification performance; however, they

are not adequate to assess the safety knowledge and safety behavior of trainees. In

order to bridge this gap, a virtual construction safety training method is developed,

which automatically evaluates the safety performance of trainees via hands-on prac-

tice. Thus, it could be able to analyze safety performance in an unbiased quantitative

manner. In addition, eye-tracking methods are involved during the evaluation of safety

behavior. The previous literature (Henderson et al., 2013) highlights that eye-tracking

methods could be suitable to provide an objective analysis of the behavior patterns of

the trainees. In brief, there are two significant gaps existed in the literature. Previous

studies did not focus on all parameters of effective safety training. Also, these studies

merely used conventional performance analysis methods, which fail to evaluate knowl-

edge development and hands-on practice effectiveness. In order to bridge this gap, the

main aim of this study is to quantitatively analyze the effectiveness of virtual construc-

tion safety training tool entitled Virtual Safety Analysis For Engineering applications
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(V-SAFE) in terms of all parameters of effective safety training. Followings are the

objectives of the research:

• Measuring the efficiency of the developed virtual construction safety training

method: V-SAFE.

• Evaluating construction workers’ behavior patterns through eye-tracking meth-

ods.

• Gathering relevant feedback about the use of V-SAFE from the workers; the main

target group.

• Developing a conceptual model that explains the effectiveness of virtual construc-

tion safety training methods.

1.4. Research Method

A virtual safety training method (V-SAFE) is developed under BAP Grant No.

7902. The validity of V-SAFE in terms of safety training effectiveness is analyzed

through several statistical analysis methods as Wilcoxon Signed Rank Test, One-Way

ANOVA with Repeated Measures, McNemar Test, Mann-Whitney U Test, Kruskal

Wallis-H Test with Scheirer-Ray-Hare extension. In addition, several descriptive anal-

ysis methods as Shapiro-Wilk Test, Kolmogorov-Smirnov Test, Levene Test of Equality,

Wald-Wolfowitz Runs Test, Mauchly Test, Multivariate Test of Normality and Cohen

Test are used to evaluate, whether the datasets provide the assumptions of the afore-

mentioned statistical analysis methods. During the experiments, several data sets are

gathered through; i) data analysis via automated performance analysis procedure of

advanced virtual tool, ii) the paper-based examinations results of trainees and iii) the

eye-tracking metrics gathered through Tobii eye-tracking devices. The developed vir-

tual tool and two different eye-tracking devices (mobile, and screen-based) were used

in the experiments.
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1.5. Research Limitations

The scope of this research focuses on the measurement of safety training tool

effectiveness that involves significant parameters of training. Behavioral modeling is

an essential parameter for effective safety training. To evaluate the effectiveness of

the safety training method based on behavioral modeling, it is required to assess the

trainees’ behavior over a long period. For instance, if it is aimed to evaluate the

performance of safety training based on trainees’ behavior, it is vital to monitor and

assess the changes in trainees’ safety behavior. However, due to the time limitation of

the research and impossibility of entering a real construction site daily, it is not possible

to directly evaluate the effectiveness of the behavior modeling level. To minimize this

limitation, the adjustment of safety behavior is analyzed through feedback interventions

and knowledge development, which are essentials of safety behavioral modeling (Burke

et al., 2006). Moreover, by using eye-tracking methods, the snapshot of safety behavior

patterns of workers was obtained. Although the longitudinal data from workers could

not be gathered, it was gained insight into the safety behavior of the workers, through

eye-tracking metrics.

Another limitation of the research is the subjects used in some of the experi-

ments. There are concerns about the use of students as subjects in construction health

and safety training research. A limitation of conducting experiments using students as

trainees had been recognized long before (Lorge et al. 1958). However, there is still a

considerable amount of literature (e.g. Bosché et al., 2015; Chen et al., 2016; Chi et

al., 2015; Ding et al., 2013; Hadipriono and Barsoum, 2002; Juang et al., 2013; Lu and

Davis, 2016; Paes et al., 2017; Pedro et al., 2015; Perlman et al., 2014; Teizer et al.,

2013; Le et al., 2015) utilize students as surrogates due to the difficulty in persuad-

ing construction companies to take apart in the experiments about construction safety

process. Consequently, the studies related to construction safety training use, graduate

and undergraduate students as the first step to validate the usability of the training

procedures. To minimize the impact of not using industry professionals, students who

completed the on-site internship have been used in this research. Hence, all trainees

participated in the experiments were familiar with construction site activities. Also,
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previous studies (e.g., Perlman et al., 2014) show that there are not any significant dif-

ferences between the performance of students and industry professionals. For instance,

Perlman and colleagues (2014) compared the hazard identification level of students and

superintendents. Analysis results show that there is not any statistically significant dif-

ference between the hazard recognition level of students and the superintendents. In

light of these findings, in this study, graduate and undergraduate students were used

as subjects in four of the five conducted experiments. However, as the most significant

experiment that evaluates the level of hands-on training level, eye-movement behavior

experiment is conducted through construction workers.

1.6. Research Scope

This research involves six chapters. The first stage is the introduction of this re-

search, which summarizes this thesis by describing the main elements, such as research

aim, objectives, scope, and limitations. In the second stage, a detailed, systematic,

comprehensive literature review is conducted, to involve research motivation and rep-

resent substantive findings, theoretical and practical contributions of previous literature

about construction safety training. Moreover, earlier studies about virtual construc-

tion safety training methods including eye-tracking research are indicated. In the

third stage, the methodology of the research and the development of the virtual safety

training tool are explained. In addition, relevant literature about statistical testing

methods and the experimental procedure is represented. Also, developed hypotheses

and statements are described in this section. In the fourth stage, analysis results of

all experiments are presented. As the fifth stage, findings of the study are discussed

in the context of efficient safety training. Moreover, the findings of the research are

compared with the previous studies in the literature. In the sixth stage, conclusion

and recommendations for future studies are described. Figure 1.1 represents the scope

and organization of the research.
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Figure 1.1. Research Scope and Organization.
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2. LITERATURE REVIEW

Construction projects have a complex structure which leads to an increase in the

probability of occupational accidents (Briesemeister, 2018). Consequently, providing

a safe work environment is quite difficult. Accordingly, the number of occupational

accidents and fatalities remains high in the construction industry all around the world.

Compared to other sectors, the construction industry had the highest number of occu-

pational deaths in many countries such as US, EU and Turkey 2016 (Eurostat, 2018b;

SSI, 2019a; SSI, 2019b; BLS, 2017). In brief, construction field employees have been

subject to severe accidents at work and achieving a safe working environment is an on-

going concern in the construction industry all around the world, including developed

countries.

2.1. Accident Types

To reduce accident rates, identifying frequently encountered severe accidents are

an essential step. SSI investigated 2578 fatal occupational accidents between 2013

and 2017 to determine the causes of these accidents (2019b). SSI reports indicate

that seven accident types lead to fatalities on the construction in Turkey (2019b).

Similarly in the US, kind of fatal accidents that occurred in the construction sector has

also similarities with Turkey (Goh and Ubernarayama, 2017). In a recent study, Goh

and Ubeynarayana (2017) processed around 1000 labeled records of accidents existed

in Occupational Safety and Health Administration (OSHA) reports and categorized

these accidents and found ten fatal accident types occurred in the US construction

industry. In the UK, five different types of accidents caused death (Health and Safety

Executive (HSE), 2018). Consequently, there are a total of twelve different types of

accidents causing fatalities in the construction sector (Table 2.1).
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Table 2.1. Distribution of the accident types.

Accident Type Study / Institution Country and Year Frequency

1 - Falling From Goh and Ubeynarayana, 2017 Turkey, 2013 - 2017 Turkey - 44.4%

Height HSE, 2018 US, 2016 US - 23.6%

SSI, 2019b UK, 2018 UK - 48.0%

2 - Electrocution

Goh and Ubeynarayana, 2017 Turkey, 2013 - 2017 Turkey - 6.0%

HSE, 2018 US, 2016 US - 10.8%

SSI, 2019b UK, 2018 UK - 6.0%

3 - Soil and Structure Goh and Ubeynarayana, 2017 Turkey, 2013 - 2017 Turkey - 3.5%

Collapses HSE, 2018 UK, 2018 US - 21.2%

SSI, 2019b US, 2016 UK - 12.0%

4 - Struck by Falling or Goh and Ubeynarayana, 2017 US, 2016, 2017 US - 17.7%

Moving Object HSE, 2018 UK, 2018 UK - 11.0%

5 - Heavy Equipment

SSI, 2019b Turkey, 2013 - 2017 Turkey - 5%Accidents

6 - Fires and

Goh and Ubeynarayana, 2017 US, 2016 US - 4.7%Explosions

7 - Traffic Accidents

Goh and Ubeynarayana, 2017 Turkey, 2013 - 2017 Turkey - 17.8%

HSE, 2018 US, 2016, 2017 US - 6.3%

SSI, 2019b UK, 2018 UK - 9.0%

8 - Materials-based

SSI, 2019b Turkey, 2013 - 2017 Turkey - 4.3%Accidents

9 - Exposure to Chemical

Goh and Ubeynarayana, 2017 US, 2016 US - 2.9%Substances

10 - Caught in / Between

Goh and Ubeynarayana, 2017 US, 2016 US - 2.9%Objects

11 - Exposure to Extreme

Goh and Ubeynarayana, 2017 US, 2016 US - 1.7%Temperatures

12- Health Problems SSI, 2019b Turkey, 2013 - 2017 Turkey - 10.4%

13 - Other

Goh and Ubeynarayana, 2017 Turkey, 2013 - 2017 Turkey - 8.8%

SSI, 2019b US, 2016 US - 4.3%

2.2. Root Causes of the Accidents

Higher numbers of occupational accidents in the construction industry indicate

the inadequacies in the safety management process. Consequently, many researchers

(e.g. Abdelhamid and Everett, 2000; Carter and Smith, 2006; Dester and Blockley,

1995; Hale et al., 2012; Huang and Hinze, 2003; Lingard and Rowlinson, 2005; Patrucco

et al., 2010; Shapira and Lyachin, 2009; Tam et al., 2004) have focused on the causes

of the accidents occurred on the construction site. In their study, Abdelhamid and

Everett (2000) developed an accident root causes tracing model (ARCTM) to meet the
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safety requirements of the construction industry. Analytical results show that causes

of the accidents are; i) not adequately identifying an unsafe condition before the ac-

tivity was initiated, ii) continuing to proceed with a task after a worker recognizes a

potentially unsafe condition and (iii) acting unsafely despite the high-risk conditions

of the work environment. Moreover, Abdelhamid and Everett (2000) listed the causes

of the unsafe conditions as i) the lack of management actions, ii) the unsafe behavior

of the field employee, iii) force majeure events and iv) improper working conditions.

Consistently, Carter and Smith (2006) analyzed the hazard identification level of work-

ers in three construction projects in the UK. Study results indicate that 33% of the

risks could not be identified (Carter and Smith, 2006). Moreover, Tam and colleagues

(2004) identified the major accident causes of the unsafe conditions as i) lack of safety

awareness of the field employee, ii) inadequate safety supervision and iii) poor safety

training. Also, Dester and Blockley (1995) listed the primary cause of site accidents in

construction projects is the inadequate safety culture, hence, improper safety behav-

ior. In their study, Hale and colleagues (2012) analyzed the causes of the 26 previous

accidents occurred in the British construction industry. Analysis results show that

the unsafe acts and preconditions to dangerous acts are some of the major causes of

these 26 accidents. Similarly, Patrucco and colleagues (2010) analyzed the accidents

occurred on the construction sites in Italy. Study results show that approximately 90%

of the risk sources could not be identified precisely in the Italian construction industry.

Moreover, Huang and Hinze (2003) analyzed the significant causes of fall accidents,

which is the most common accidents on construction sites. Huang and Hinze (2003)

found that misjudgment of the hazardous situation is the most crucial reason for fall

accidents. Similarly, Shapira and Lyachin (2009) analyzed the tower crane operations

safety. Shapira and Lyachin (2009) found that the safety attitudes of the operators

play a significant role in the provision of safety in crane activities. In a similar study,

Lingard and Rowlinson (2005) stated that around 80 to 90% of the construction acci-

dents are primarily or non-directly associated with the unsafe behavior of the workers.

Taken together, inadequate human-based safety skills such as low hazard identification,

improper safety attitudes, inappropriate safety behaviors, etc. lead to accidents on the

construction sites. In that case, improving human-based safety skills plays a vital role

in the provision of safety on the construction site.
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2.3. The Importance and Effectiveness of Safety Training

In order to improve the human-based safety skills, the previous literature (e.g.,

Wilkins, 2011; Wirth and Sigurdsson, 2008; Held et al., 2001) highlights the impor-

tance of effective safety training. Wilkins (2011) evaluated the conceptions of the

workers against safety training. Analytical results show that safety training improves

the knowledge of the employees when their perceptions are positive about the safety

training method (Wilkins, 2011). Similarly, Wirth and Sigurdsson (2008) highlighted

that safety training could change the behaviors of the trainees, and this behavior adjust-

ment can promote health and safety. Moreover, Held and colleagues (2001) analyzed

the use of safety training on the workers’ skin protection. Held and colleagues (2001)

found that proper safety training and ergonomics training improved both the safety

behavior and safety knowledge level. In the light of this research, the construction

safety training has a great potential to enhance the human-based safety skills factors

such as safety attitudes, safety behaviors, safety knowledge, etc. of the field employee.

In order to improve the human-based safety skills, many studies focused on the

effectiveness of the construction safety training in the literature (e.g. Kirkpatrick, 1979;

Alliger and Janak, 1989; Frese and Zapf, 1994; Burke et al., 2006). As one of the first

known studies in the training effectiveness field, Kirkpatrick (1979) developed a train-

ing effectiveness framework. According to Kirkpatrick, an effective training program

should involve reaction, learning, behavior, and results (1979). Kirkpatrick (1979:120)

defined reaction as “how well the trainees liked a particular training program. More-

over, Kirkpatrick (1979:120) states, “evaluating in terms of reaction is the same as

measuring the feelings of the conferees”. Besides, learning refers to the “what princi-

ples, facts, and techniques were understood and absorbed by the conferees (Kirkpatrick,

1979:126). Behavior was defined as how the participants adjust their behaviors based

on the training (Kirkpatrick, 1979:132). Finally, Kirkpatrick (1979:137) represented

results as the level of the achieved examination results of the participants. However,

Kirkpatrick assumed that the elements in the framework (reaction, learning, behavior,

and results) are independent of each other. To bridge this gap, Alliger and Janak

(1989) analyzed the correlation among the elements in Kirkpatricks’ model (1979) and
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found that there is a positive correlation between both learning and behavior, behavior

and results, and learning and results. On the other hand, Alliger and Janak (1989) did

not consider the effect of a training method to the effectiveness of the training proce-

dure. In this context, Frese and Zapf (1994) argue that effective training method that

enables more interaction, such as lectures, interviews are more superior compared to

passive techniques such as written notes. In other words, Frese and Zapf (1994) state

that the transmission of the relevant information by the more proactive approach and

practicing play a crucial part in the effectiveness of the training. Similarly, Burke and

colleagues (2006) developed a novel framework to evaluate safety training performance.

The method proposed by Burke and colleagues (2006) could be defined as “engagement

hypothesis” that assessed the training effectiveness based on the level of the trainee

engagement. Burke and colleagues categorized the safety training methods into three

categories such as: (i) least engaging, (ii) moderately engaging and (iii) highly engag-

ing (2006). Least engaging methods have been defined as the methods that merely

focus on the information transfer such as lectures, videos, texts, etc. In other words,

these methods were criticized by Burke and colleagues (2006) as being inadequate in

terms of not evaluating the safety knowledge level of the participants. In moderately

engaging methods, programmed instructional feedback mechanism was integrated, to-

gether with information transfer. Most common, moderately engaging methods are

computer-based instruction systems. Finally, most engaging training methods consist

of information transfer, knowledge development, hands-on training, behavioral model-

ing, and instructional feedback mechanism (Table 2.2).

Table 2.2. Summary of the “Engagement Hypothesis” (Burke et al., 2006).

Least Engaging Moderately Engaging Highly Engaging

Methods Methods Methods

Information Transfer x x

Programmed Instructional Feedback x x

Hands-On Practice x

Knowledge Development x

Behavioral Modelling x

Moreover, Albert and colleagues (2014) state that hazard identification is one

of the essential factors of effective construction safety training. Consequently, an ef-

fective construction safety training procedure should provide: i) information transfer,
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ii) knowledge development, iii) hands-on training, iv) behavioral modeling, v) pro-

grammed instructional feedback, vi) hazard identification. Construction companies

have frequently used information transfer based safety training methods that fail to

cover the major features of effective training such as knowledge development, hands-on

experience, hazard identification and getting feedback (Burke et al., 2006). Therefore,

an alternative construction safety training method is required to improve training effec-

tiveness. In this case, virtual technologies provide a significant opportunity to advance

the level of safety training.

2.4. Virtual Construction Safety Training

Due to the complex nature of the construction projects, on-site safety training is

not feasible (Sisson, 2001) and it even increases the risk of an accident especially for the

inexperienced new workforce (Li et al., 2012a). Besides, possible errors of the employ-

ees during training could lead to delays in the project duration; hence, cost overrun.

Therefore, active training during a real construction project becomes costly, hazardous,

and impractical. Construction companies have frequently used only information trans-

fer based least engaging training methods that fail to cover the significant features of

training such as knowledge development, hands-on practice, behavioral modeling, and

instructional feedback (Burke et al., 2006). Consequently, an alternative construction

safety training method that contains information transfer, knowledge development,

hands-on training, behavioral modeling, programmed instructional feedback, hazard

identification is required to improve safety training effectiveness. In this case, the vir-

tual technologies-based simulation provides a significant opportunity to advance the

level of the training.

A recent and growing body of literature has investigated the use of virtual safety

training tools in the construction industry. In a comparative analysis, Albert et al.

(2014) aim to improve the hazard recognition skills of the workers by using the virtual

reality-based safety training tool. As a result, a human-computer interactive aug-

mented virtuality training platform was developed, and cognitive mnemonics based

on energy sources such as mechanical, electrical, etc. were presented. The results
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show that identifying hazards via the energy-based cognitive mnemonics significantly

improves the hazard identification level with the support of the systematic categoriza-

tion. Similarly, Cheng and Teizer (2013) developed a novel framework that gathers

the positional data of the field workers, thus, provides a holistic approach for safety

training. Study results show that both construction and safety information could be

transferred via visualized information; hence, several safety skills of the workers such

as situational awareness, safety attitudes are significantly improved. In their study,

Bosché and colleagues (2015) integrated a mixed reality-based safety training for the

construction trade workers via the development of a 6-degree-of-freedom head pose

tracking system. Analytical preliminary results reveal that head pose tracking systems

are quite helpful for the trade workers to experience realistic construction site condi-

tions, especially when they have worked at height. Similarly, another recent study by

Perlman and colleagues (2014) explored to what extent construction supervisors could

comprehend the hazardous situations on the construction site and how they assess

the risks. The study results show that superintendents identified a greater number

of risks compared to subjects used conventional risk identification methods such as

photographs and documents (Perlman et al., 2014). A study by Guo et al. (2012) in-

tegrated serious gaming technologies into the construction safety management process

to improve training performance. The study reveals that the safety performance of

the plant operatives and tower crane workers were significantly improved. Similarly,

Guo and colleagues (2013) developed a novel framework for virtual prototyping tech-

nology to support the safety management process of construction projects. Moreover,

comparative analysis results demonstrated that virtual prototyping techniques consid-

erably improved the safety performance by reducing the safety management cost by

30% and without having any fatal accidents. Similarly, Lin and colleagues (2011) de-

veloped a virtual environment based working environment for the students to improve

their hazard recognition skills. The results demonstrated that virtual environment

has a positive impact on the students’ hazard recognition skills. Lin and colleagues’

(2011) contribution is supported by another study (Li et al. 2012b) that evaluates the

tower crane dismantlement activities via virtual reality-based safety training. More-

over, a recent study by Kıral and colleagues (2015) examined the use of the virtual

environment based construction safety training method for a tower crane operation
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that provides hands-on safety training. Similarly, Hadikusumo and Rowlinson (2004)

integrated a virtual reality construction model with its design for building a safety

database, to support safety engineers to recognize safety hazards in the construction

projects. Hadikusumo and Rowlinson showed that virtual reality technologies have a

high potential to transfer tacit knowledge via visualization, hence, supporting safety

engineers to identify hazard sources. Quite similarly, Le and colleagues (2015) devel-

oped a safety training tool for safety education purposes. The role-playing platform

developed by Le and colleagues (2015) utilized dialogic and experiential learning for

the students. Thus, students improved their knowledge about safety via hands-on prac-

tice. Moreover, Park and Kim (2013) created a framework for the visualization of the

novel safety management process by integrating building information modeling (BIM),

location tracking, and augmented reality. Study results show that safety management

visualization systems improve the hazard identification level and real-time commu-

nication between the construction management team and workers. Zhao and Lucas

(2015) developed a virtual reality-based environment which serves as a safe training

environment for the workers and allows them to rehearse their task. Results show that

the interactive virtual reality-based environment improves the cognitive abilities and

risk awareness level of the participants. (Zhao and Lucas, 2015). Similarly, Li and

colleagues (2012a) developed a 4D based visualization system to improve the safety

knowledge and safety skills of the field employee. The study results show that the

proposed system is useful in terms of improving trainees’ safety knowledge and safety

skills. In a recent study, Li and colleagues (2015a) developed a Proactive Construction

Management System to improve safety skills and safety awareness. Study results show

that proactive data acquisition method proposed by Li and colleagues (2015a) signifi-

cantly improved the safety skills of the trainees. Talmaki and Kamat (2012) developed

a framework to enable visualization of the construction workplaces via 3D geographic

information. They (Talmaki and Kamat, 2012) aimed to develop an active warning

system when the field employees reached the safety threshold. Study results show

that developing a visualization based active warning system significantly improves the

situational awareness of the field employees. Similarly, Teizer and colleagues (2013)

integrated the real-time location data of construction workers to a virtual environment

to improve their situational awareness via safety training. Study results show that
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the integration of positional data improves the situational awareness of workers, thus,

improves their safety skills. In a similar study, Hsiao and colleagues (2005) tested

the impact of surround-screen virtual systems on the safety behaviors of the workers

during scaffolding training. Hsiao and colleagues found that using surround-screen vir-

tual systems improved the simulation level of the activities; thus, the safety behaviors,

especially for the inexperienced workers. Similarly, Tichon and Diver (2010) analyze

the impact of virtual simulation in terms of safety behavior improvement during plant

operations. Tichon and Diver (2010) found that plant operators’ performance was

significantly improved via augmented virtuality based training. Similarly, Patrucco

(2010) developed an approach about the computer image generation system for simu-

lating construction activities to improve the hazard identification level of the trainees.

Patrucco and colleagues (2010) found that the computer generation system significantly

improves the visualization quality, hence, improves the hazard identification level of the

trainees. Consequently, all the studies mentioned above show that mixed reality-based

technologies have a high potential to provide effective safety training for construction

projects.

2.5. Review of the Mixed Reality Tools in the Construction Safety

Training

During the review of the literature about the construction safety training field,

it has been recognized that the studies used (i) virtual reality, (ii) augmented reality,

(iii) augmented virtuality and (iv) virtual environment. When the literature about

the virtual tools are reviewed, it can be seen that all the virtual methods are the

components of the reality-virtuality continuum defined by Milgram and Kishino (1994).

In their review study, Milgram and Kishino (1994) described visual displays as a subset

of the mixed reality technology. Milgram and Kishino (1994) state that mixed reality

technology involves the major visual domains that provide integration between the

real and virtual worlds. Therefore, they developed a continuum that explains the links

between the elements in the virtual and real-world (Figure 2.1).
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Figure 2.1. Reality-Virtuality Continuum (Milgram and Kishino, 1994).

Milgram and Kishino (1994) have considered virtual reality as an essential com-

ponent of mixed reality. Virtual reality is defined by Squelch (2001: 210) as “3-D

computer-generated representations of real or imaginary worlds with which a user can

have real-time interaction and experience some feeling of being present in those worlds”.

The primary objective of using virtual reality is to enable the interaction by the pro-

vision of visual-based information flow (Hoffman, 1996; Champion, 2010).

Virtual environments are physical-digital workspaces that users could take place,

interact with other users (Schröeder, 2008). In that case, Schröeder (2008:2) states the

main difference between the virtual reality and the virtual environments as “against

virtual worlds is that the latter term has been applied to persistent online social spaces;

that is, virtual environments that people experience as ongoing over time and that

have large populations which they experience together with others as a world for social

interaction”.

Augmented reality is another feature that have been used in the construction

safety training literature. The main aim of the augmented reality is to enhance the

information level of the objects existed in the real world; thus the reality level by the

supplementation of the computer-generated information comes into users’ experience

(Wang and Dunston, 2005). Similarly, Azuma (1997) lists the primary characteristics

of the augmented reality as (i) combination of the real and virtual world and (ii)

interactivity in real-time. In the construction safety training literature, augmented

reality is used, to improve the cognition level of the construction field employees by

embedding the critical information about the safety issues.
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Augmented virtuality denotes the connection tools that merge the virtual envi-

ronment within real-world objects (Milgram and Kishino, 1994). Augmented virtuality

is based on the integration of the physical objects into the digital workspace, which

provides an opportunity to enhance the interaction level in the virtual environment

(Silva and Sutko, 2009). As stated by Milgram and Kishino (1994), all the components

of the mixed reality aim to improve the interaction level between the real and virtual

world.

Taken into account all the recent studies in the literature, it can be concluded

that virtual methods have a high potential to lead to a positive impact on the con-

struction safety training process. On the other hand, the aims, scopes, and methods

of the research show variability across the studies. With these ends in mind, a system-

atic literature review is represented to discuss the mixed reality components, system

methodology, tools, interaction system, aim, scope, methodology, tools, research main

focus, research outcomes, data gathering, and analysis methods and experiment pop-

ulation of mixed reality-based construction safety training studies. Thus, it becomes

possible to evaluate the key factors that improve the effectiveness of virtual safety

training in the construction projects by identifying the different training outcomes,

hypotheses, and the propositions of the studies based on the elements involved in the

reality-virtuality continuum. The research contributions of the studies are quite differ-

ent from each other (Table 2.3). To develop a deeper understanding of the impact of

virtual tools and research orientation, the systematic review of studies used mixed re-

ality technologies in construction safety training is illustrated in Figure 2.2. Moreover,

employed research methods of the studies are represented in Figure 2.3.
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d
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p
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ra
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c
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b
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c
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d
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Figure 2.2. The systematic review of the mixed reality technologies 1.

Figure 2.3. The systematic review of the mixed reality technologies 2.
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Figure 2.4. The systematic review of the mixed reality technologies 3.

Figure 2.5. The systematic review of the mixed reality technologies 4.

Figure 2.6. The systematic review of the mixed reality technologies 5.
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Figure 2.7. The systematic review of the research orientation 1.

Figure 2.8. The systematic review of the research orientation 2.
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Figure 2.9. The systematic review of the research orientation 3.

2.5.1. Virtual Environment

In the systematic review, it was noted that around 95% of the reviewed studies

used the virtual environment in their safety training procedure (see Figure 2.2, A. 1. i.).

One of the purposes of using virtual environments, which is the most common utilized

tool in the safety training process (see Figure 2.2, A. 1. i.), is to model the real location

of the field employees and objects on the construction site by using sensing tools such

as GPS, UWB, and RFID (see Figure 2.2, A. 2. i. and ii.; Figure 2.2, A. 3. 2. 2. i.

and ii.). In terms of modeling the real location of objects and field employees, several

studies (e.g. Ding et al., 2013; Chi et al., 2015) develop real-time early safety warning

systems to the workers, thus, they improve their safety awareness (see Figure 2.5, B. 2.

iv. and vi.). In terms of modeling the locations on the virtual construction site, location

tracking-based environments are not only useful for improving situational awareness,

but they also provide an adequate safety monitoring process for safety managers.

Alternatively, around 30% of all the studies have focused on inspecting the virtual

environment (see Figure 2.4, A. 2. vii.). In an inspection-based virtual environment,

the trainees could walk through with their avatars in the virtual terrain, and they could

interact with the virtual objects and other trainees. The review of the inspection-
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based virtual environment studies, (e.g. Albert et al., 2014; Li et al., 2012a; Li et

al., 2012b; Le et al., 2015; Guo et al., 2012; Zhao and Lucas, 2015) reveals that the

method is quite suitable to improve the hazard identification level of the trainees (see

Figure 2.5. B. 2. i.). Almost all of the studies that use inspection-based virtual

environment claim that virtual environments improve the hazard identification level.

Quite consistently, some researchers (e.g. Albert et al., 2014; Park and Kim, 2013) have

reported that adequate hazard identification should involve the mental visualization

of construction tasks. In this sense, since the inspection-based virtual environments

enable the display of construction tasks, the mental visualization level of the trainees

are also improved (Albert et al., 2014). As an alternative procedure, few studies (e.g.

Li et al., 2012; Park and Kim, 2013) used the inspection-based environment to develop

a question and answer procedure by the integration of questions with the relevant risk

source involved in the virtual media. In this procedure, when a trainee moves closer

to virtual construction equipment, the specific safety question appears, and trainees

could answer the question by clicking the correct response in the virtual media. The

main aim of this procedure is to prevent the low comprehension of safety questions in

the paper-based examination methodology. In other words, these studies (e.g. Li et

al., 2012; Park and Kim, 2013) argue that answering a question in a 3D environment

is more effective than paper-based methods, in terms of understanding the question

properly thus improving cognitive level. Also, this technique significantly improves the

material-based risk source categorization. As a similar approach to question and answer

procedure, several studies (e.g. Patrucco et al., 2010; Perlman et al., 2014; Pedro et al.,

2015) have focused on visualizing the safety behavior of non-playable characters (NPCs)

(see Figure 2.4. A. 2. vi). These studies have used NPCs to represent the correct

actions during construction tasks. The primary goal of visualizing the functions of daily

construction tasks is to enhance the understandability level of safety information, since,

the environment enables monitoring the situations from different perspectives in the

virtual space. Even though using NPCs and the question and answer procedure serve

the same purpose, the learning and evaluation methods used in these approaches are

different. In other words, the question and answer method mainly focuses on evaluating

the safety information level of the trainees through an alternative information delivery

method by using virtual models. Using NPCs aims to enhance the cognitive level of
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the trainees through visualizing correct safety behavior.

As another purpose, some studies (e.g., Guo et al., 2013; Hadikusumo and Rowl-

inson, 2004) used a BIM-based environment to represent the construction tasks that

involve safety hazards. In general, the BIM-based environment focuses on simulat-

ing a construction task in a 3D environment (e.g., Guo et al., 2013; Hadikusumo and

Rowlinson, 2004) and these studies aim to understand the potential outcomes of a

specific task. In this sense, target populations such as designers, crane operators could

improve their knowledge about the design and simulated tasks; therefore, their safety

knowledge level indirectly improves. Moreover, these studies (e.g. Guo et al., 2013;

Hadikusumo and Rowlinson, 2004) used a BIM-based environment to capture and

transfer the safety knowledge. In general, safety knowledge is usually transferred to

the workers via conventional methods such as 2D architectural drawings, class lectures,

videos, and written materials. However, these methods fail to consider the third di-

mension, and therefore the cognitive level of workers is quite limited due to the lack of

spatial awareness. In this sense, many researchers (e.g. Guo et al., 2013; Hadikusumo

and Rowlinson, 2004) aim to fill this gap by using a BIM-based environment, since

visualized safety information about a specific task in a 3D environment provides the

third dimension representation. As a result, the cognitive level of workers about the

provided safety information could be improved by the BIM-based environment visual-

ization. On the other hand, these studies do not primarily aim to enhance the safety

training process. In the review, our analysis shows that more than half of the reviewed

studies do not mainly focus on improving safety training process and many of these

studies use BIM-based environment. In this sense, BIM-based environment has a high

potential to impact the safety training process directly.

In the lights of this research, it is concluded that virtual environments have

significant strengths in the construction safety training field. First of all, virtual en-

vironments provide repeatable hands-on practice. Thus, trainees could reinforce their

safety knowledge by repetitively practicing in a risk-free environment. Besides, trainees

can also familiarize themselves with the equipment they work and the inherent hazards

of the tasks by repeatable hands-on practice. Secondly, virtual environments enhance
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the mental visualization of the trainees by taking into account the third dimension; in

this way, trainees could identify on-site hazards easily (Albert et al., 2014). Moreover,

Albert and colleagues (2014) state that the effectiveness of the virtual environment-

based safety training is directly related to the visual quality of the virtual media. In

other words, inadequate visual quality could lead to inefficiency in safety training. In

this sense, the developers should ensure visualization quality.

2.5.2. Virtual Reality and Augmented Virtuality

As another tool in reality-virtuality continuum, virtual reality is an effective form

of display settings of the virtual environments. Shortly, the virtual reality system is

based on the conversion of the virtual environment into a surrounding screen or head-

mounted display, which improves the visualization quality of the media (Squelch, 2001).

Moreover, virtual reality display sets improve the visualization quality of the virtual

environment by integrating third dimension (Milgram and Kishino, 1994). In addition

to the improvement of visualization quality, virtual reality display sets also improve

the interaction quality between user and virtual environment. By utilizing head pose

to approximate a users’ line-of-sight for real-time image rendering and interaction in

the 3D visualization applications, users could interact with the environment by head

movement, which is similar to the real-life (Hua et al., 2006). In other words, orienting

the avatars by using head movement could be more realistic, compared to the orien-

tation by keyboard and mouse layout. In this sense, virtual reality display sets can

provide one of the significant features of augmented virtuality as improving interaction

quality. Several studies (e.g. Golovina et al., 2016; Hou et al., 2017; Bosché et al.,

2016; Hadipriono and Barsoum; 2002) used immersive virtual environments, to pro-

vide better visualization. In these studies, head-mounted or immersive screen-based

virtual reality display sets have improved the visualization quality. In general, immer-

sive virtual environments are a standard procedure to develop a simulation platform

for a specific machinery (e.g. Patrucco et al., 2010; Guo et al., 2013; Bosché et al.,

2016; Li et al., 2012a; Guo et al., 2012; Tichon and Diver, 2010; Hsiao et al., 2005).

The main objective of these studies is to provide hands-on training to convey the safety

information through practicing in a similar environment to the specific construction
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task but in a risk-free virtual environment.

Another component to improve the interaction quality is augmented virtuality

tools. The analysis shows that around 44% of the studies used augmented virtuality (see

Figure 2.4, A. 1. ii.). The augmented virtuality technologies improve the interaction

quality by integrating proper tools such as cyber gloves, hand sensors, cyber shoes,

etc. into the simulation. Commonly, a limited number of studies (e.g. Chi et al., 2015;

Tichon and Diver, 2010; Hsiao et al., 2005) report that some construction tasks such as

crane operations and scaffolding require on-site proactive action, to effectively prevent

the hazards. These studies (e.g. Chi et al., 2015; Tichon and Diver, 2010; Hsiao

et al., 2005) have used specific training platforms, to simulate complex construction

operations. Thus, they could be able to improve the safety behavior of trainees before

interacting with the real systems on construction sites (Li et al., 2012a).

2.5.3. Augmented Reality

Augmented reality is another major component of mixed reality that is used in

around 22% of the studies (see Figure 2.4. A. 3. 4.). In general augmented reality

has been used, to integrate superimposed information in the real world and to improve

the safety information level by image processing (Wang and Dunston, 2005). Superim-

posed information and image processing methods provide enhanced visual information

for the construction equipment in the real world. Thus, trainees could improve their

safety knowledge by immediately gathering relevant safety information about the con-

struction equipment and tasks. Using augmented reality technologies provides signifi-

cant benefits for safety training effectiveness. Firstly, as mentioned, augmented reality

enables trainees to reinforce their safety knowledge about real construction tasks by

providing relevant information. Besides, augmented reality technologies establish a

base for the trainees by improving mental cognition. For instance, Kim and colleagues

(2016) developed an image-based safety assessment system by using augmented real-

ity head-mounted display settings. Thus, Kim and colleagues aim to support both

managers and workers to recognize hazardous situations. The study results show that

a head-mounted augmented reality device successfully integrates the relevant safety
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information to the real objects on the construction site and transfers this information

to the construction workers and managers. In brief, the study used augmented reality

to match the relevant information within the construction equipment by using image

processing. Consistently, Park and Kim (2013) utilized mobile augmented reality soft-

ware for improving the workers’ cognition of the hazardous site elements; thus, a field

inspection process was preferred. Case study analysis results show that workers and

safety managers could be able to comprehend relevant site information more effectively

by visualizing the exact environment of the construction field. Alternatively, Behzadan

and Kamat (2013) developed a discovery-based learning platform by using augmented

reality technology. The study results indicate that augmented reality-based safety

training procedure provides collaborative learning, which is one of the crucial aspects

of effective safety training. In their study, Behzadan and Kamat (2013) used telepre-

sented augmented reality, to develop a hologram of a crane interface for managing the

virtual objects. In other words, Behzadan and Kamat (2013) used augmented reality

to interact with the virtual media, which is a common practice in augmented virtual-

ity tools. Therefore, the significant aspect of effective safety training via augmented

reality could be considered as clearly understanding the essential instructions about

the construction tasks. In general, it is noticed that augmented reality have a high

impact on construction safety. However, there are several limitations in these studies.

Firstly, many of the studies that used augmented reality mainly focus on providing rel-

evant information about the specified construction equipment. To gather data from the

real construction site, augmented reality data receivers (e.g., mobile phones, cameras,

etc.) continuously capture images from the viewpoint of trainees. For instance, when

trainees direct a receiver to a scaffolding platform, it captures the image, analyzes the

visual data and detects the equipment on the construction floor. However, construction

activities are quite dynamic processes. In this context, a relevant data analysis algo-

rithm based on the order of data retrieval may be useful. For instance, an augmented

reality data algorithm that senses the unloading process of a crane movement could

be sufficient. Secondly, during the systematic review, we also noticed that previous

studies (e.g. Kim et al., 2016; Park and Kim, 2013,) merely focused on testing the

usability of the augmented reality tool in terms of matching the relevant information

within the specified construction equipment. Therefore, these studies (e.g. Kim et al.,
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2016; Park and Kim, 2013) aim to improve the hazard recognition level of the trainees

for enabling them to take sudden action against hazards. In this context, analyzing

the comprehension duration of the trainees could be quite suitable for further research.

One can conclude that if the comprehension of the virtual object or information gen-

erated by augmented reality takes longer, the trainees will be distracted in the real

world. As a result, a potential accident could occur on the actual construction site.

For instance, if a tower crane operator concentrates on any information provided by

the augmented reality for a long time during the loading activity, the operator might

be distracted, and this can cause a potential on-site accident.

2.6. Measuring the Effectiveness of Safety Training

It was noted that previous studies utilized conventional data gathering methods

such as collecting user feedbacks via interviews, conducting paper-based examinations

and closed-ended questions or checking trainees’ number of identified hazards for eval-

uating the effectiveness of developed virtual safety training method. (see Figure 2.5 -

B.2.). Personal user feedback, which reflects the opinions of the target population, is

usually collected through filling in a questionnaire. Although this method is suitable

to gather the personal opinion of trainees, it is not appropriate to determine whether

the safety training method is effective. Alternatively, several studies (e.g. Li et al.,

2012; Li et al., 2015a; Le et al., 2015; Guo et al., 2012) used the semi-structured or

structured interviews to collect feedback from the study groups. Even though these

methods are helpful to gather personal opinion, they do not involve any quantita-

tive data analysis, similarly to paper-based questionnaires. To quantitatively analyze

the effectiveness of safety training procedure, eight studies (see Figure 2.5, B. 3. ii)

provide a quantitative analysis by using the close-ended questions-based examination.

Close-ended questions-based examination method provides a quantitative test method

to avoid subjective evaluation. This method could be quite suitable to test the safety

information level of trainees. However, close-ended questions fail to evaluate the safety

knowledge and safety behavior of participants. In addition, some studies (see Figure

2.5, B. 2. vi) analyzed the effectiveness of developed method through the trainees’ haz-

ard identification level. The evaluation through the level of hazard identification could
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be considered as a suitable method to evaluate the impact of method on trainees’ risk

recognition capabilities. However, this method could not be seen as a precise method,

since, the hazard recognition has indirect impact of trainees’ attitudes (Albert et al.,

2014). So, merely evaluating the hazard identification level of trainees do not prove

that all trainees safety behavior is appropriate. Previous literature (Burke et al., 2006;

Albert et al., 2014; Shapira and Elbaz; 2014; Bahn and Barratt-Pugh, 2014) highlight

that an effective safety training method should involve knowledge development, safety

awareness, behavior modeling, which could be only evaluated through safety behavior

and safety attitudes of trainees. In this sense, automated analysis methods could pro-

vide an essential solution to bridge this gap. Several studies (e.g. Albert et al., 2014;

Patrucco et al., 2010; Chen et al., 2016; Cheng and Teizer; 2013; Hou et al., 2017;

Heng et al., 2016; Lu et al., 2016) used automated performance analysis methods to

evaluate the effectiveness of developed virtual construction safety training tool. In the

automated performance analysis, the safety performance of the target population is

analyzed by evaluating the safety behavior of participants in the virtual environment.

For instance, when a trainee misbehaves by walking under a load in the virtual en-

vironment, automated performance analysis method detects the error of the trainee

simultaneously. A considerable amount of literature (i.e. Albert et al., 2014; Patrucco

et al., 2010; Perlman et al., 2014; Cheng and Teizer, 2013; Li et al., 2015a; Tichon

and Diver, 2010; Hsiao et al., 2005). Hence, these studies (i.e. Albert et al., 2014;

Patrucco et al., 2010; Perlman et al., 2014; Cheng and Teizer, 2013; Li et al., 2012b;

Li et al., 2015a; Tichon and Diver, 2010; Hsiao et al., 2005) highlight that automated

performance analysis methods are quite suitable to evaluate major parameters of the

effective safety training such as collaboration, safety awareness, and safety knowledge

by monitoring safety behavior of trainees in the virtual environment. In addition,

the method is quite suitable to provide specific feedback. For this reason, automated

performance analysis method could be considered as a more suitable approach than

close-ended questions to analyze the actual safety performance of trainees in terms

of subjective evaluation of safety behavior of trainee. Despite many advantages, au-

tomated performance analysis methods also contain several weaknesses. Automated

performance analysis methods only examine the safety performance of trainees based

on their safety behavior in the virtual environment. Therefore, this method fails to
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examine real-life factors. For instance, psychological factors such as attention level,

mental workload and emotional response of participants cannot be measured by au-

tomated performance analysis. Automated performance analysis methods have an

algorithm that only recognizes and reports incorrect behavior in the virtual environ-

ment. Although the recognition is quite significant to represent user-specific feedback,

the method cannot perceive the reasons for the errors such as not taking into account

human-based psychological effects. Returning to the previous example, the automated

performance analysis method can detect that a trainee is incorrectly passing under the

load. However, the method cannot perceive the reason of this case such as partici-

pant might have a potential distraction at that moment, or would not see the load

at that moment. For this reason, although automated performance analysis methods

can examine behaviors to a certain extent, there are still shortcomings that are quite

important. A more efficient method that allows evaluating the psychological effects

that affect the safety behaviors of the trainees during virtual experiments is required.

To bridge this gap, using eye-tracking tools could be suitable to evaluate safety be-

havior of the trainees in terms of psychological features such as attention level, mental

workload, emotional response, and situational awareness.

2.6.1. Eye Tracking

According to Poole and Ball (2006:1), eye tracking is ’a technique whereby an

individuals’ eye movements are measured so that the researcher knows both where a

person is looking at any given time and the sequence in which their eyes are shifting

from one location to another. Therefore, using eye-tracking technologies could be

suitable to provide an objective analysis of the behavior patterns of the trainees. Just

and Carpenter (1976) developed the “eye-mind’ hypothesis, which states whenever

participants look at a virtual item such as an object or a word, at the same time they

start to think about it. Moreover, as long as the staring continues, the users continue to

think of the object. By proposing the eye-mind hypothesis, Just and Carpenter (1976)

examined the correlation between eye movement and human responses such as attention

and cognition, etc. A considerable amount of psychological and neuropsychological

studies have stated that there is a significant relationship between attention and eye
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movements (Yarbus 1967; Sun et al. 2008). In this sense, when a person often looks

directly when they are attending to their stimuli (Duchowski 2007). In the construction

safety training context, when a trainee visually interacts with a hazard source, it is

quite likely for the trainee for identifying and perceiving the hazard and take safety

actions (Hasanzadeh et al., 2017). Thus, evaluating the safety behavior of the trainees

becomes possible.

Eye-tracking technologies were used in various fields in the literature such as

aviation (Anders, 2001), driving safety (Horng et al., 2004), inspection (Duchowski et

al., 2001), linguistics (Andersson, 2006), web design (Eraslan et al., 2016), marketing

(Eraslan et al., 2016), neuroscience (Khushaba et al., 2013) and psychology (Isaacowitz,

et al., 2006; Levene, 1961). In the construction safety training context, only a few

studies (e.g., Hasanzadeh et al., 2016; Dzeng et al., 2016; Bhoir et al., 2015; Dzeng

et al., 2016; Pinheiro et al., 2016) focused on eye-tracking technologies. Moreover, it

has been recognized that the publications are quite recent. In this sense, although

other sectors have been used, the eye-tracking methods for quite a long period, the

construction industry drops behind all these fields.

In their study, Hasanzadeh and colleagues (2016) used mobile eye-tracker devices

to quantify the situational awareness of the construction field workers. Study results

show that situational awareness could be successfully evaluated via using mobile eye

trackers. Similarly, Dzeng and colleagues (2016) compared the hazard identification

level of non-experienced and experienced workers. Study results show that the ex-

perienced workers have been more successful compared to inexperienced workers in

identifying on-site hazards. The primary importance of the study could be considered

as successfully analyzing the visual data via fixations and the scan paths during the

hazard identification. Quite consistent with the study conducted by Dzeng and col-

leagues (2016), Habibnezhad and colleagues (2016) also tested the potential correlation

between the visual search strategies and hazard identification. Study results show that

risk perception level affects the visual search strategies of the workers. Similarly, Bhoir

and colleagues (2015) analyzed the attention level when a hazardous situation occurs

on the construction site. Analysis results show that the attention level of the trainees



40

significantly improves when the workers see a high-risk situation. In another study,

Pinheiro and colleagues (2016) analyzed the gazing behavior based on the original and

virtual construction scenes. By this method, Pinheiro and colleagues objected to ex-

amine the impact of the gazing behavior on the hazard identification level. Analysis

results show that the gazing behavior of the trainees is significantly different in terms

of the hazard identification level of the users. Therefore, eye tracking technologies

have high potential to evaluate safety training effectiveness, via integrated innovative

algorithms to the safety behavior analysis.
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3. RESEARCH METHODOLOGY

This chapter describes the research methodology adopted in this research. In the

first part of the research methodology, according to the detailed literature review about

safety training effectiveness parameters, several research hypotheses and statements are

constructed. In the second part of the chapter, various tools and parameters such as

V-SAFE, eye tracking devices are described, which are used during the experiments.

Finally, data analysis methods and experimental procedure of the experiments are

illustrated.

3.1. Hypotheses and Statements of the Research

3.1.1. Statement and Hypotheses Related to Information Transfer

To clarify the effectiveness of the safety training methods based on information

transfer, the previous literature about information quality is reviewed. Information

quality is defined by Huang and colleagues (1998: 43) as “information that is fit for

use by information consumers”. This definition clearly indicates the importance of

the information relevancy for the data consumer. In this sense, there should not be

any difference between the required and acquired information (Gerkes, 1997). To un-

derstand the level of information quality, a novel model was developed by Delone and

Maclean (1992). Delone and Maclean (1992) categorized the four dimensions that affect

the information quality as i) Intrinsic Information Quality, ii) Contextual Information

Quality, iii) Representational Information Quality and iv) Accessibility Information

Quality. According to Delone and Maclean (1992), the characteristics of the informa-

tion quality models are illustrated (Figure 3.1).
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Figure 3.1. Conceptual Framework of Data and Quality (Wang and Strong, 1996).

As could be seen from Figure 3.1 that, representational information quality fo-

cus on interpretability, ease of understanding, representational consistency, and concise

representation. Ease of understanding (also referred as understandability) is defined

by Al-Hakim (2007:279) as “the degree to which the information can be comprehended

by the user”. In this context, the quality of safety information could be analyzed

through ease of understanding. The conventional PowerPoint-based lectures contain

presentation of visual information with verbal explanation (Bartsch and Cobern, 2003).

PowerPoint-based lectures involve graphical elements during presentation, which sup-

ports the trainees to recall information (ChanLin, 1998; Szabo and Hastings, 2000).

However, lectures are instructor-centered methods, which restrict the participation of

trainees in the process of learning (Daluba, 2013). In this sense, the PowerPoint-based

lectures could be suitable for trainees to learn necessary safety information, while, re-

dundant information could lead to misunderstandings. To bridge this gap, the previous

literature (Shakhashiri, 1984) suggests that lectures should involve necessary demon-

strations. The demonstration is a two-staged procedure that the instructor shows

how to do something in front of the students or to explain the principle as the first

stage (Shakhashiri, 1984). As the second stage of demonstration, students practice

the demonstrated content by doing on their own (Shakhashiri, 1984). In this sense,

demonstrations enable trainees to consolidate their understanding through practice. To

provide a compelling demonstration of safety content, V-SAFE provides an interactive

environment to the trainees, which involves both individual and collaborative tasks.

Therefore, they were able to improve their understanding through hands-on practice.
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V-SAFE establishes a base for trainees to complete second stage of demonstration

method, which enables conveying the safety information provided by PowerPoint-based

lectures. The lectures contain not only basic safety information required but also the

necessary demonstration of all activities, which take place in V-SAFE training. In the

lights of this research, following hypothesis is developed: Hypothesis 1.1: V-SAFE pro-

vides effective demonstration process for the trainees, thus, significantly improves the

understandability of safety information, when used after PowerPoint presentations.

Another critical parameter for the efficiency of safety information transfer pro-

cess is implementing proper mnemonic strategies into the training process. Mnemonics

are “any procedure or operation designed to improve ones’ memory. (Scruggs et al.,

2010:1)”. Therefore, to establish a base for the trainees to improve their learning level,

as an initial step, memorizing the basics of safety information is a vital process. In a

conventional safety training process, safety information is delivered through text-based

notes, lectures or videos. All these techniques are based on visualizing the safety infor-

mation through two-dimensional (2D) materials, which cause challenges in translating

necessary safety information into a mental picture (Hadikusumo and Rowlinson, 2002).

Developing visualization-based simulations that contain construction tasks and com-

ponents could be a suitable solution for translating safety information into a mental

image (Albert et al., 2014). Thus, trainees could improve their mnemonics through

spatial mnemonics strategy. Spatial mnemonics are methods that “uses the locations

of fixed reference objects to learn information by associating and linking what you al-

ready know to what you wish to learn (Khan, 2016:161)”. A seminal study by Krokos

and colleagues (2018) found that virtual reality displays provide spatial awareness by

leveraging the vestibular and proprioceptive senses. To test, whether virtual environ-

ments are suitable to improve spatial mnemonics just like virtual reality display sets,

following hypothesis is developed: Hypothesis 1.2: V-SAFE significantly improves the

spatial mnemonics of trainees when used after PowerPoint presentations. The prepared

statement and hypotheses are illustrated in Figure 3.2.
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Figure 3.2. Hypothesis Related to Information Transfer.

3.1.2. Statement and Hypotheses Related to Instructional Feedback, Knowl-

edge Development

An important parameter of effective safety training is to provide an effective feed-

back intervention to the trainees by instructional feedback mechanism (Burke et al.,

2006). An effective feedback method allows learners to correct their mistakes (Burke

et al., 2006). Feedback is also a vital characteristic of the programmed instructions,

which are methods of training designed to represent the required information in a

standardized manner, such as on a personal computer or in a workbook format (Burke
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et al., 2006). In this sense, the contextual information quality could be considered

as an essential parameter of effective feedback interventions. Contextual information

quality refers to value-added, relevancy, timeliness, completeness, and the appropriate

amount of information. Burke and colleagues (2006) state that programmed instruc-

tional feedback should be specific for each trainees’ weaknesses or knowledge level. This

statement could be considered as consistent with relevancy and the appropriate amount

of information parameters defined by Wang and Strong (1996), since, the amount of

information should be specific for each trainees’ weaknesses. As a result of the feed-

back intervention, learners change their responses such as (i) reactions, (ii) learning

of skills and knowledge and (iii) changes in the behavior (Kirkpatrick, 1979). Hence,

the adequate value could be added to the trainees by relevancy in feedback, which

are essential parameters of contextual information quality (see Fig. 3.1). In the lights

of this context, by providing programmed instructional feedback effectively, trainees

should be able to learn from their mistakes. Moreover, if they learn from their mis-

takes, then they improve their safety knowledge level by repeatable practice experience.

According to the previous literature, adequate feedback (Kirkpatrick, 1979; Burke et

al., 2006) and effective safety training methods lead to the changes in the learners’

behavior (Vinodkumar and Bhasi, 2010). In the lights of this research, the following

hypothesis is developed: Hypothesis 2.1: Trainees using V-SAFE significantly correct

their mistakes by repeatable practice.

Another critical parameter for effective safety training is knowledge development

(Burke et al., 2006). A considerable amount of literature (e.g., Nonaka, 1994; Egbu and

Robinson, 2005; Nazim and Mukherjee, 2016; Nonaka and Nishiguchi, 2000; Carrillo

and Chinowsky, 2006; Ellis, 2009) has been published on types of knowledge. Nonaka,

who researched the dynamic theory of creating knowledge, suggested two dimensions

of knowledge development (1994). One of the aspects was derived from the difference

between two kinds of knowledge; tacit knowledge and explicit knowledge (Egbu and

Robinson, 2005). The term explicit knowledge is defined as “formal and systematic

knowledge, which can be expressed in words or numbers and can be documented or

stored in databases as electronic records (Nazim and Mukherjee, 2016:50)”. The ex-

plicit knowledge type differentiates from tacit knowledge about communication ease,
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since, this kind of knowledge can be communicated between individuals formally and

systematically. In safety training context, all information-based techniques such as

pamphlets, lectures, safety notes are some methods for communicating explicit knowl-

edge. As another significant knowledge type, tacit knowledge, which focuses on the

experience of people, communicated in human-based activities as assessment, dispo-

sitions, perspectives, commitment, and motivation (Nonaka and Nishiguchi, 2000).

Consequently, tacit knowledge has a personal quality which makes it difficult to for-

malize and communicate. Carrillo and Chinowsky also emphasized that tacit knowl-

edge is stored in peoples’ heads and acquired through experience; more difficult to

document (2006). In safety training context, the general safety knowledge of a safety

manager, the experience of a crane operator in commanding cranes are some exam-

ples of tacit knowledge. As another critical knowledge type, implicit knowledge is a

bridge between tacit and explicit. The previous literature (Ellis, 2009) highlights that

implicit knowledge is developed through the practical applications of explicit knowl-

edge. Improving the implicit learning through repetitive practice could constitute tacit

knowledge. For instance, an inexperienced safety engineer learns the essentials of the

safety on the construction site, primarily in lecture-based presentation, safety notes or

pamphlets. Therefore, he/she could develop adequate explicit knowledge. Later on,

by monitoring the activities and exploring unsafe acts on the real construction site

and practice the explicit knowledge acquired by conventional methods, he/she could

develop necessary implicit understanding. Besides, if the safety engineer continuingly

enters to the construction site and investigate unsafe situations repetitively, he/she

gains adequate tacit knowledge through experience. In the safety training context,

information-based techniques such as lectures, safety notes could be able to communi-

cate necessary safety information, thus, developing explicit knowledge. However, these

methods do not involve any practice; therefore, trainees could not be able to create

essential implicit knowledge. To establish a base for the trainees to establish necessary

implicit knowledge, V-SAFE environment provides simulation-based active practice.

To check, whether trainees could develop implicit knowledge through V-SAFE, follow-

ing hypothesis is developed: Hypothesis 2.2: V-SAFE significantly improves implicit

knowledge level of trainees by providing repeatable hands-on practice. The developed

statement and hypotheses are illustrated in Figure 3.3.
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Figure 3.3. Hypotheses Related to Knowledge Development and Instructional

Feedback.

3.1.3. Statement and Hypotheses Related to Hazard Identification

The previous literature (Patrucco et al., 2010; Lingard and Rowlinson, 2005)

argues that one of the main reasons for the on-site accidents is low hazard identification

level. For this reason, an effective construction safety training method should establish

a base for the trainees to identify on-site hazards effectively. The effectiveness of the

hazard identification process should be evaluated by defining the risky situations that

lead to fatal accidents. In this sense, assessing the trainees’ hazard identification level

through previously occurred accidents could be an appropriate approach. In order to

measure the effectiveness of V-SAFE in each accident types, the following statement

and hypotheses are developed (Fig. 3.4).
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Figure 3.4. Hypotheses Related to Hazard Identification.
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3.1.4. Statement and Hypotheses Related to Hands-On Practice

In a semantic study, Flick (1993:9) defines the term hands-on practice as “In terms

of a specific instructional strategy where trainees are actively engaged in manipulating

materials”. Flicks’ definition shows that hands-on training is crucial in experiential

learning. In high-risk cases, providing hands-on practice could be dangerous, and a

potential error of a trainee could result in a hazardous situation (Sisson, 2001). The

most crucial parameter for effective hands-on practice, providing a similar on-site train-

ing process is quite essential. In other words, the practice should be completed under

realistic working conditions and, as an ideal case, the trainee should do precisely the

same practice, what they will be required to do every day (Sisson, 2001). In this sense,

using simulations is quite suitable in the risky processes; thus, the trainee pretends to

do the daily activities (Sisson, 2001). Therefore, when the instructor finds the per-

formance of trainees’ satisfying, then, they move on to the real job (Sisson, 2001).

Klahr and colleagues (2007) argue that virtual technologies have a high potential to

provide risk-free hands-on training and avoid the disadvantages of physical hands-on

training such as risk factors. Previous literature (Sisson, 2001) states that a practical

hands-on training method provides a realistic risk-free training environment to the real

construction site. To evaluate the hands-on training level, comparing the safety be-

havior of the trainees on the actual construction site and virtual environment could be

considered as a suitable method. In general, on-site hazard recognition is accomplished

by monitoring field activities, thus, identifying risky situations during these activities

(Albert et al., 2014). Therefore, one can conclude that if the eye-tracking behavior

of the trainees during virtual environment interaction is more effective in terms of

eye-tracking metrics, V-SAFE provides an effective hands-on practice to the trainees.

In his seminal study, Wang and colleagues defined the factors that may influence

safety risk tolerance (2016). Wang and colleagues state that one of the most critical

elements to provide on-site safety is to sensitivity to the potential risks, which focuses on

the capability of the workers to make quick response and judgment to potential threats.

Thus, workers could be more sensitive to potential threats by taking immediate and

correct safety action. For instance, when a worker detects the possible collapse of a
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retaining wall, then, he or she will leave the area very quickly. As a result, a potentially

fatal accident could be avoided. From this simple example, one could be concluded that

the duration to take decisions is very significant to prevent a potential crash accident.

In the eye-tracking context, time to first fixation refers to the “amount of time that it

takes a respondent to look at a specific AOI from stimulus onset” (Farnsworth, 2018:5).

In the light of this research, lower time to first fixation could be considered as a more

effective safety behavior in construction safety management context, since, the lower

amount of time to look at a trigger visual provides trainees to take quicker action.

Therefore, following hypothesis is developed: Hypothesis 4.1: The time to first fixation

durations of participants using V-SAFE are significantly lower than the time to first

fixation durations of the same participants on the real construction site.

Another critical indicator to provide on-site safety is the workers’ level of atten-

tion. Previous literature (Garrett and Teizer 2009; Rozenfeld et al. 2010) states that

one of the main human-related factors that lead to on-site accidents is the lack of at-

tention of workers when detecting potential hazards. Consequently, the workers could

not be able to react correctly and take the appropriate decision (Garrett and Teizer

2009; Rozenfeld et al. 2010). In the eye-tracking context, total fixation duration (also

known as time spent) “often indexes motivation and top-down attention, since respon-

dents have to blend out other stimuli in the visual periphery that could be equally

interesting”. In this sense, due to the higher total fixation duration points out greater

attention of the trainees, higher total fixation duration is a more preferred situation in

the construction safety training context. Therefore, the following hypothesis is devel-

oped: Hypothesis 4.2: The total fixation durations of participants using V-SAFE are

significantly higher than the total fixation durations of the same participants on the real

construction site.

In their comparative analysis, Habibnezhad and colleagues (2016) evaluated the

risk perception of workers impact to their visual search strategies when identifying haz-

ards. The analysis results indicate that the trainees’ with higher risk perception have

higher first-fixation duration. In this sense, the following hypothesis is developed: Hy-

pothesis 4.3: The first fixation durations of participants using V-SAFE are significantly
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higher than the first fixation durations of the same participants on the real construction

site.

Additionally, Hasanzadeh and colleagues (2017) analyzed the hazard identifica-

tion ability on their attentional distributions by using eye-tracking metrics. Study

results show that higher numbers of fixation count had the most significant impact

on the hazard identification performance of the trainees. In this sense, the following

hypothesis is developed: Hypothesis 4.4: The fixation counts of participants using V-

SAFE are significantly higher than the fixation count of the same participants on the

real construction site. The illustration of statement and hypotheses related to hands-on

practice is represented in Figure 3.5.

Figure 3.5. Hypotheses Related to Hands-On Practice.

3.1.5. Additional Related Statement and Hypotheses

Construction workers usually learn the essentials about safety and gather ade-

quate hands-on practice during the tasks on the real construction site, since, conven-

tional safety training methods fail to provide hands-on practice (Burke et al., 2006). In

this sense, the workers who do not pass a certain amount of time on the real construc-
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tion tasks could be more likely to be subjected to on-site accidents. Consistently, Chi

and colleagues (2005) highlight that on-site personnel with less than 1-year experience

are exposed to around 80% of all fatal accidents, while the frequency of accidents is

inversely correlated to the on-site work experience. To fill in this gap, previous studies

(e.g. Guo et al., 2012; Li et al., 2012a; Li et al., 2012b; Lin et al., 2011; Mohd et

al., 2019; Kayhani et al., 2019) have shown that virtual construction safety training

methods have a high potential to provide appropriate hands-on training. However,

these studies do not focus on the impact of site experience to the training effective-

ness. In other words, there have been no controlled studies which compare the efficacy

of virtual safety training based on trainees’ site experience. To check, whether site

experience of trainees affects the safety training performance, following hypothesis is

developed: Hypothesis 5.1: Both trainees with and without site experience could use

virtual construction safety training tool in a similar and effective manner.

Secondly, previous literature (e.g., De Kort and Ijsselsteijn, 2008; Nacke et al.,

2010) highlight that the effectiveness of virtual training methods is directly related to

the computer gaming experience of trainees. In other words, previous studies (e.g.,

De Kort and Ijsselsteijn, 2008; Nacke et al., 2010) argue that the trainees with higher

computer gaming experience perform better compared to the trainees with less gaming

experience. Indeed, construction workers usually have very limited computer literacy,

including digital gaming experience. As workers with limited computer literacy are the

target group of V-SAFE, it is essential to evaluate the impact of gaming experience on

the effectiveness of V-SAFE training. In the lights of the research, following hypoth-

esis is developed: Hypothesis 5.2: Both trainees with and without computer gaming

experience could use virtual construction safety training tool in a similar and effective

manner. The developed statement and hypotheses were illustrated in Figure 3.6.

Figure 3.6. Additional Hypotheses Related to Effective Safety Training.
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3.2. Tools and Parameters to Use

3.2.1. Virtual Environment: V-SAFE (Virtual Safety Analysis For Engi-

neering applications)

One of the objectives of using the virtual technologies-based simulation is to

model a real-time event or a hypothesis via a virtual environment to evaluate the

deficiencies in a real system and to understand how the system works (Banks et al.,

2000). The use of the virtual simulation is suitable when interacting with the real

system is not possible because of the non-accessibility to the high-risk system, or on

developing a system (Sokolowski and Banks, 2011). In this sense, virtual environments

provide a great opportunity for off-site training by enabling them to learn from their

mistakes and to correct them without entering to the actual construction site. As a

result, trainees could improve their behavior-based skills, communication, and cogni-

tive abilities (Sherman and Craig, 2003). The simulation-based computer technologies

have significant potential to improve the training level and to substitute conventional

construction safety training methods.

In V-SAFE, a simulation-based virtual environment is developed to provide spe-

cific safety training for the tower crane tasks. In the very first step, V-SAFE simulates

a tower crane lifting operation in a 3D virtual environment. V-SAFE is developed using

the Unreal Engine 4. Unreal Engine is an open-source game engine developed by Epic

Games for high-end games on personal computers (PCs), game consoles, and virtual

reality (Unreal Engine Official Website, 2011). The Unreal Engine is not only used for

PC gaming, but also used for other purposes such as education, training, transporta-

tion, movie storyboard, and simulation. Warner Bros, Sony, Amazon are some of the

world-known licensees of the product (Unreal Engine Official Website, 2011).

The model framework of the V-SAFE involves five major stages. In the first phase,

the tool generates the 3D models necessary for the simulation, such as buildings, bricks,

personal protective equipment. In addition to that, the models in the surrounding

environment, such as clouds, trucks, walls, are also developed. Thus, users could
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monitor a realistic construction workspace in a 3D environment. Secondly, users enter

the environment by creating their avatars on the server (Figure 3.7) and select one of

the roles in the crane operation simulation; (i) crane operator, (ii) pointer and (iii)

bricklayer. In the third stage, when all users select their role, they start the training

by entering the warehouse, and they choose the correct personal protective equipment

(PPE) (Figure 3.8). As the fourth step, the trainees start interacting with the models

(e.g. crane, lift, rope, etc.) and other trainees in the virtual environment. Based on

their behavior, decisions, and collaboration, their performances are analyzed, and they

receive written feedback at the last stage of the training session.

Figure 3.7. An Avatar with PPE.

Figure 3.8. PPE Selection.

The main procedure of the training consists of three stages. Firstly, the potential

hazards of tower crane tasks defined by Shepherd and colleagues are evaluated (2000).

Moreover, major accident precursors during the crane operations such as blind lifts,

load types, the wind, weather conditions, etc. are integrated into the virtual media.

Later on, a feedback criterion is proposed that evaluates i) the safety knowledge and

behavior of the trainees, ii) collaboration skills and iii) the level of conveying the safety
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information. Subsequently, hazards are embedded into the virtual objects existed in

the V-SAFE. As a result of literature review (e.g., Goh and Ubeynarayana, 2017; HSE,

2018; SSI, 2019b), the risks encountered during V-SAFE simulation were determined,

and the potential hazards defined in the literature review are integrated into the V-

SAFE via visualizations (Figure 3.9).

Figure 3.9. Visual risk sources integrated into V-SAFE.

As the vital principle of the V-SAFE training process, a scenario was developed

that focuses on laying up a brick wall on the second floor of a building, without causing

any accidents. In the scenario, the materials should be safely loaded to the crane and

transported to the second floor, which is a common practice on the real construction

sites. To accomplish this task, all trainees should fulfill both collaborative and personal

responsibilities, which are different for each role. There are three different roles in

the scenario as (i) crane operator, (ii) pointer and (iii) bricklayer. Crane operators’

primary duty is to move the load from ground to the second floor of the building,

without causing any safety issues. Pointers’ primary responsibility is to guide the

crane operator during the transportation of the load, especially in the blind spots.
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The bricklayer is responsible for loading and unloading processes. During the V-SAFE

training, potential accidents might occur based on the safety behavior of trainees. In

other words, the inappropriate safety behavior of trainees may lead to accidents in the

virtual environment. To establish a base for the trainees to learn from their mistakes,

V-SAFE provides specific feedback for each trainee based on their behavior after the

training process. The training framework of V-SAFE is illustrated in Figure 3.10.

Figure 3.10. V-SAFE Training Framework.

The system architecture of V-SAFE is based on the modularization of three layers

as (i) resource, (ii) content and (iii) simulation. The system architecture of V-SAFE
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and relationships among the three layers are illustrated in Figure 3.10. As could be

seen from Fig. 3.11 the information flow in V-SAFE is sequential, and a unilateral

relationship occurs between the layers.

Figure 3.11. System Architecture of V-SAFE.

The resource layer includes two sub-resources as visual and documentary re-

sources. The visual resources establish a base for the 3D model in the content layer,

while, the documentary resource layer consists of construction work schedule involves

tower crane tasks, past project data, and safety regulations. The primary usage of

the documentary resources is to provide necessary data for both the 3D model and

intelligent knowledge bases. In brief, the main function of the resource layer is to store

the necessary data on the cloud server and to transfer the data to the relevant elements

of the content layer.

Secondly, the content layer is another crucial part of V-SAFE architecture. There

are two resources in the content layer including 3D model base and intelligent knowledge
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base. The major function of the 3D model base is to visualize the virtual environment

of V-SAFE and to locate all equipment and machinery used during the tower crane

tasks. In general, the risk identification process is conducted through monitoring haz-

ardous materials and risky situations in the virtual space. For instance, if users monitor

an electric cable on the virtual construction site, they would easily grasp potential elec-

trocution risk. Therefore, the 3D model base is a valuable information resource of the

risk identification process enlisted in the intelligent knowledge base. The intelligent

knowledge base is designed to transform the gathered data from the documentary re-

sources and the 3D model base, later on, compile this processed data to the simulation

module. In other words, an intelligent knowledge base creates knowledge through ana-

lyzing the data transferred from other modules and conveys the established knowledge

to the necessary module. Due to the selective transmission of the data, the knowledge

base could be considered as “intelligent”. In addition, information about potential ac-

cidents is stored in an intelligent knowledge base. According to the simulation settings,

if an accident occurs during the virtual training, simulation will be automatically ter-

minated. To summarize, the main function of the content layer is to establish a bridge

between the resource and simulation modules.

Thirdly, simulation is the final module of V-SAFE architecture. There are two

sub-parameters in the simulation module, which are running simulation on the server

and user interface. The main objective of using the servers is to provide a multiplayer

platform and to organize the simulation of V-SAFE smoothly. Later on, users could

select their role to start the simulation. Therefore, all users could enter to the sim-

ulation of V-SAFE. After the completion of the V-SAFE training session, each user

receives specific feedback based on their performance.

3.2.1.1. Input Devices and Gaming Controllers. Many virtual environment-based ap-

plications such as PC games, serious games use standard controllers such as joysticks,

joypads or touchpads. The significant advantages of these controllers are low-cost, easy

configuration, ease to implement, and use. Besides, many trainees with gaming experi-

ence are quite familiar with these controllers in their daily lives. Therefore, it is aimed
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to increase the physical interaction quality between the trainees and the virtual envi-

ronment by improving the usability of the simulation system. Trainees could interact

with the virtual environment by using joysticks (Logitech Extreme 3D Pro Joystick),

gamepads (Logitech Gamepad F310), and standard interaction method (keyboard and

mouse).

During the locomotion of the real tower cranes, the movement of the hook is

commanded through the joystick orientation (Figure 3.12). To provide an enhanced

simulation experience during the crane operations, air flight simulator joysticks are

used, since, it is determined that, air flight simulator joysticks are quite similar to

tower crane operators’ controllers (Figure 3.13).

Figure 3.12. The interface of the crane operator in a real tower crane.

Figure 3.13. The controller setting of trainees during V-SAFE training.
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Logitech Extreme 3D Pro Joystick is a joystick controller, which is developed for

air flight simulation. Rudder Control, Programmable twelve buttons, 8-way hat switch

are some of the specifications of Logitech Extreme 3D Pro Joystick (Logitech Official

Website, 2019a). In a study occurred in the construction safety management literature

(e.g., Rogers et al., 2017) used Logitech Extreme 3D Pro Joystick for the locomotion

of the tower cranes.

Logitech F310 is a twelve button gamepad developed by Logitech. It contains

4-switch standard D-pads rest on a single pivot point, resulting in mushy control (Log-

itech Official Website, 2019b). The D-pad glides over four individual switches for a

more responsive, tactile feel (Figure 3.14). During the conducted experiments, some

trainees found it difficult to use the keyboard and mouse layout, so they selected

gamepads, which provide them a simpler interface (Figure 3.15).

Figure 3.14. Logitech F310.

Figure 3.15. The interaction of the trainees with V-SAFE via Logitech F310.
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3.2.2. Eye Tracking Devices

Several eye metrics are defined in eye-tracking terminology. Firstly, the Area of

Interest (AOI) is an important parameter to identify the eye-tracking behavior of the

trainees. AOI defined by Farnsworth (2018:3) as “A tool to select subregions of the

displayed stimuli, and to extract metrics specifically for these regions”. Therefore, AoI

could be assigned as considering the objects, points, or regions that are crucial. For

instance, a stair in working at height activity could be regarded as vital to identify fall

accidents. In this sense, stairs could be assigned as AOI. Secondly, gaze (also referred as

dwell, fixation cluster) “is usually the sum of all fixation durations within a prescribed

area. It is best used to compare attention distributed between targets. It can also be

used as a measure of anticipation in situation awareness if longer gazes fall on an area

of interest before a possible event occurring” (Mello-Thoms, 2002:113). Major metrics

are also defined in Table 3.1.
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To gather the eye-tracking data of trainees, a Tobii X2-30 compact on-screen eye-

tracker was used (Figure 3.16). Tobii X2-30 is a screen-based eye tracker capturing gaze

data at 30 hertz. The technical specification of the Tobii X2-30 eye-tracker involves:

accuracy of 0.4 degrees, precision of 0.32 degrees, freedom of head movement 50 cen-

timeter (width) x 36 centimeter (height) x 90 centimeter (depth), cm (20 x 14”), system

latency of 50 to 70 milliseconds range, 30 hertz of data rate and 9 points calibration (To-

bii Pro, 2014). Secondly, Tobii Pro Glasses 2 wearable eye tracker was used during the

on-site experiment (Figure 3.17). Tobii Pro Glasses 2 device was designed to capture

natural viewing behavior in any real-world environment while ensuring outstanding

eye-tracking robustness and accuracy (Tobii Pro, 2018). The technical specifications

of Tobii Pro Glasses 2 are gaze sampling frequency of 100 hertz, 1 point calibration,

scene camera recording angle of 82 degrees (horizontal) and 52 degrees (vertical).

Figure 3.16. Tobii X2-30.

Figure 3.17. Tobii Pro Glasses 2.
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3.3. Data Analysis Methods

Accurate interpretation of the results of research depends primarily on the selec-

tion of the appropriate statistical test for the purpose and data type. The analyses

in this study were conducted for various purposes. Besides, the types of variables

measured and experimental setting differ from experiment to experiment. One group

paired data, two groups of independent samples of factorial experiments are some ex-

amples of the different experimental settings. For this reason, the systematic selection

of the analysis method used in the experiments has gained importance.

3.3.1. Comparing One Group for Two Related Samples

3.3.1.1. Paired Samples T-test. Paired samples t-test is a statistical analysis method

to check if two paired data are identical (Maxwell et al., 2017). Paired samples t-

test is a suitable method if the same parameter is quantified under different conditions

(Maxwell et al., 2017). In general empirical analysis, one sample exists, which is usually

referred to as the control data. Later on, statistical treatment is done, and the same

measurements are retaken. In that case, the second data set referred to as the treatment

data. The paired samples t-test mainly concentrates on the difference between the

results of the control and treatment data. It is planned to use paired samples t-test,

especially in the research that will be conducted with the same population. The main

assumptions of paired samples t-test are described as the following:

• The Number of Groups: There must be two groups (Field, 2009).

• Normality: The distribution of differences between scores must be normally dis-

tributed (Field, 2009).

• Data Type: The measured data must be at the interval or ratio level (Field,

2009).

• Dependent Groups: The measured scores must be related to each other (Field,

2009).

• Homogeneity of Variances: The variances in the measured populations must be

roughly equal (Lehman et al., 2013).
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• Outliers: The measures scores must not involve any significant outliers (Field,

2009).

3.3.1.2. Wilcoxon Signed-Rank Test. The comparison of the mean of more than two

main populations was made by parametric paired samples t-test. In cases, where under-

lying assumptions such as normality and homogeneity are not provided for parametric

tests, the non-parametric tests are alternative to these tests. The non-parametric form

of paired sample t-test could be conducted through the Wilcoxon Signed-Rank Test.

This test is used to analyze whether there are differences between observations of the

same individuals (Büyüköztürk, 2004). The main assumptions of the Wilcoxon Signed-

Rank Test are described as the following:

• The Number of Groups: There must be two groups (Taeger and Kuhnt, 2014).

• The Dependency of Groups: The measured scores must be related to each other

(Taeger and Kuhnt, 2014).

• Data Type: The measured data must de at the interval, ratio level, or ordinal

scale (Taeger and Kuhnt, 2014).

• Symmetrical Data: The random variables follow continuous distributions, which

might differ, but are all symmetric about the same median (Taeger and Kuhnt,

2014).

3.3.1.3. McNemar Test. The McNemar test is used for determining whether there is

a difference in the bilateral dependent variable between the two related groups (Riff-

enburgh, 1999). The method is quite similar to the paired t-test. However, the major

difference of McNemar Test is the data type used in the method. McNemar Test uses

nominal data. As a difference compared to paired samples t-test is that the data is

discrete. The McNemar test is a widely used method of analyzing paired samples

and case-control studies, as well as analyzing the latest pre-test study designs (Riffen-

burgh, 1999). At the point when a cell in a 2x2 possibility table has an estimation of

0 or 1, Wolf-Haldane changes were used (Lavado’ Valenzuela et al., 2011). The main

assumptions of the McNemar Test are described as follows.
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• The Dependency of Groups: The measured scores must be related to each other

(Riffenburgh, 1999).

• Data Type: The measured data must de at categorical or nominal data (Riffen-

burgh, 1999).

• Randomness: The sample group must be random from the population (Riffen-

burgh, 1999).

3.3.2. Comparing One Group for Several Related Samples

3.3.2.1. One-Way ANOVA with Repeated Measures. The repeated measures is a re-

search design involving multiple measurements of the same variable taken under differ-

ent conditions on the same subjects (Salkind, 2010). One-Way ANOVA with repeated

measures is a frequently used statistical approach in paired research designs (Gue-

orguieva and Krystal, 2004). As with all statistical analyzes, certain assumptions must

be made to justify the use of this test. Violations can affect results and often cause

inflation of the type 1 error (Green and Salkind, 2008). The main assumptions of

One-Way ANOVA with Repeated Measures are described as the following:

• Data Type: The measured data must de at the interval, ratio level, or ordinal

scale (Girden, 1992).

• The Number of Groups: There must be at least three groups (Girden, 1992).

• The Dependency of Groups: The measured scores must be related to each other

(Girden, 1992).

• Multivariate Normality: Dependent variable must be approximately normally

distributed (Girden, 1992, Vasey and Thayer, 1987).

• Sphericity: The differences in variances among the combinations of dependent

groups must be equal (Girden, 1992).

• Outliers: In the related groups, outliers must not exist in the dataset (Girden,

1992; Vasey and Thayer, 1987).

• Randomness: The sample group must be random from the population (Girden,

1992).
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3.3.2.2. Friedman Test. In the previous section, the One-Way ANOVA with repeated

measures method is introduced. One-Way ANOVA with repeated measures has been

found to have essential assumptions. If one of these assumptions is violated, it causes

insignificance in the results. In these cases, there is another alternative for repeated

measures: the Friedman Test. Therefore, in cases where there are more than two

conditions, the use of the Friedman Test is suitable (St. Laurent and Turk, 2013). The

main assumptions of the Friedman Test are described as the following:

• Data Type: The measured data must de at the interval, ratio level, or ordinal

scale (St. Laurent and Turk, 2013).

• The Number of Groups: One group must be measured on three or more different

conditions. (St. Laurent and Turk, 2013).

• The Dependency of Groups: The measured scores must be related to each other

(St. Laurent and Turk, 2013).

• Randomness: The sample group must be random from the population (St. Lau-

rent and Turk, 2013).

3.3.3. Comparing Two Groups for Independent Samples

3.3.3.1. Student T-test. The student T-test is a two population analysis method and

generally used when; (i) sample size is small, (ii) datasets are normally distributed and

(iii) two normal distributions are not known (Walpole et al., 2007). The student t-test

is a commonly used statistical method for comparing two independent sample spaces.

The main assumptions of student t-test are described as the following:

• Normality: The distribution of samples must be normally distributed (Field,

2009).

• Interval Data: The measured data must be at the interval level (Field, 2009).

• Homogeneity of Variances: The variances in the measured populations must be

roughly equal (Field, 2009).

• Mutually Exclusive Groups: The measures of the data must be independent of

each other (Field, 2009).
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• Randomness: The sample group must be random from the population (Field,

2009).

3.3.3.2. Mann-Whitney U test. Mann-Whitney U test is an alternative non-parametric

form of student t-test. Mann Whitney U test is performed, if an independent variable

with two subgroups and a dependent variable are of the ordered (continuous) data

type (Nachar, 2008). The Mann-Whitney U Test is also an auxiliary test that can be

used when the t-test cannot be performed for various reasons (Nachar, 2008). This

test is, therefore, a non-parametric alternative to the t-test (Nachar, 2008). The main

assumptions of Mann-Whitney U test are described as the following:

• Interval Data: The measured data must be at the interval level (Nachar, 2008).

• Mutually Exclusive Groups: The measures of the data must be independent of

each other (Nachar, 2008).

3.3.4. Factorial Analysis

3.3.4.1. Two-Way ANOVA. One-Way ANOVA is a quite common statistical test method

to compare the mean scores from different groups. Two-Way ANOVA is an expanded

form of the One-Way ANOVA method, which evaluated the impact of two categorical

variables on one dependent variable (Albright and Winston, 2014). Two-Way ANOVA

provides a comparison between the mean differences of groups that are divided into

two independent variables (factors) (Albright and Winston, 2014). The primary pur-

pose of using Two-Way ANOVA is to determine the potential correlation between the

dependent variable and two independent variables (Hesterberg et al., 2005). In other

words, using Two-Way ANOVA provides evaluating the impact of each independent

variable on the dependent variable and the potential interaction between independent

variables (Walpole et al., 2007). The assumptions of Two-Way ANOVA are described

as the following:
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• Interval Data: The measured dependent variable must be at the interval level

(Albright and Winston, 2014).

• Mutually Exclusive Groups and Categorical Variables: The measures of the data

must be independent of each other and involve two or more categorical variables

(Albright and Winston, 2014).

• Homogeneity of Variances: The variances in the measured populations must be

roughly equal (Albright and Winston, 2014).

• Normality: The distribution of samples must be normally distributed (Albright

and Winston, 2014).

• Randomness: The sample group must be random from the population (Albright

and Winston, 2014).

• Outliers: In the related groups, outliers must not exist in the dataset (Albright

and Winston, 2014).

3.3.4.2. Kruskal Wallis-H Test. Another ordinarily utilized method to evaluate one

factor is Kruskal-Wallis H test (Weaver et al., 2017). The Kruskal-Wallis H test is the

non-parametric alternative simple to the parametric, One-Way ANOVA. The Kruskal-

Wallis H test is additionally viewed as like the Mann-Whitney U test, as it plays out

an examination or investigation of autonomous examples. The Kruskal-Wallis is most

pertinent when looking at least two examples; the information inside every one of the

different examples do not have to pursue a typical dispersion (Weaver et al., 2017).

The assumptions of Kruskal Wallis-H Test are described as the following:

• Interval Data: The measured dependent variable must be at the interval level

(Weaver et al., 2017).

• Mutually Exclusive Groups and Categorical Variables: The measures of the data

must be independent of each other and involve two or more categorical variables

(Weaver et al., 2017).

3.3.4.3. Scheirer-Ray-Hare Test. The Scheirer-Ray-Hare test is a non-parametric form

of Two-Way ANOVA test, which could be used for analyzing whether a measurement
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is affected by two or more factors (Scheirer et al., 1976). The method is an extension

of the Kruskal-Wallis H test. As an addition to the Kruskal-Wallis H test, the method

could analyze the impact of two or more factors and their interrelations (Scheirer et

al., 1976). Just like other non-parametric methods, the analysis method is based on

evaluating the ranks of the samples, rather than the actual observations (Scheirer et

al., 1976). The assumptions of Scheirer-Ray-Hare Test are described as the following:

• Interval Data: The measured dependent variable must be at the interval level

(Scheirer et al., 1976).

• Mutually Exclusive Groups and Categorical Variables: The measures of the data

must be independent of each other and involve two or more categorical variables

(Scheirer et al., 1976).

3.3.5. Tests to Evaluate Assumptions

3.3.5.1. Shapiro-Wilk and Kolmogorov-Smirnov Test for Normality. Shapiro-Wilk test

is used to test, whether a randomly obtained sample data conforms to a certain distri-

bution (uniform, normal or poison) (Walpole et al., 2007). The null hypothesis of this

test is that the population is normally distributed. Therefore, on the one hand, if the

p-value is lower than the selected alpha level, the null hypothesis is rejected, and there

is evidence that the tested data are not normally distributed. On the other hand, if

the ρ-value is higher than the selected alpha level, the null hypothesis that the data

comes from a population with a normal distribution cannot be rejected (Razali and

Wah, 2011). To assess the normality, it is aimed to use the Shapiro-Wilk test, since,

Shapiro Wilk test was originally restricted for the sample size of less than 50 (Shapiro

and Wilk, 1965). In four of five conducted experiments, the sample size is less than 50.

Therefore, rather than using alternative normality tests such as Kolmogorov-Smirnov

Test, Anderson-Darling Test, it was determined to use Shapiro-Wilk Test in these four

experiments, sample sizes lower than 50.

Secondly, the Kolmogorov-Smirnov is another normality test. In principle, the

Kolmogorov-Smirnov test is based on the comparison of the sample data with the
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proposed cumulative distribution function (Walpole et al., 2007). With the support of

this test, it is possible to examine whether the data collected from a sample exhibits

normal distribution (Walpole et al., 2007). In one of the conducted experiments, the

sample size was significantly larger than 50. In this test, it is determined to use the

Kolmogorov-Smirnov test.

3.3.5.2. Levene and Bartlett Tests for Homogeneity. Levene and Bartlett tests evalu-

ate, whether the variances of the masses were equal. The Bartlett test assumes that

the samples (groups) are independent and have a normal distribution of the sampled

masses, and these are strong assumptions (Coşkun and Keskin, 2008). The assumptions

of the Levene test are the independent distribution of the samples and the continuous

distribution of the sampling populations, and the assumption of a continuous distri-

bution is much weaker than the assumption of having the normal distribution of the

Bartlett test (Coşkun and Keskin, 2008). The Bartlett test is included in the paramet-

ric tests class since the fact that the Bartlett test has a normal distribution assumption

transforms the problem into the problem of equality of the variances of the masses with

the normal distribution. However, the asymptotic distribution of the test statistic of

the Levene test is not independent of the distribution for the family of continuous dis-

tributions (Coşkun and Keskin, 2008). The test of equality of variance is also referred

as the homogeneity test of variance in the literature. Homogeneity tests are used as

hypothesis controllers to use statistical tests (such as analysis of variance, t-test) that

require the assumption of homogeneity in theory (Coşkun and Keskin, 2008). Since

the distribution of two samples t-test statistics has different degrees of freedom t dis-

tribution according to whether the variance is equal or not under normal theory, the

information about the homogeneity of variances in the two samples t-test plays an

essential role in the choice of degree of freedom.

3.3.5.3. Wald-Wolfowitz Runs Test for Randomness. Wald-Wolfowitz is a nonpara-

metric statistical test that has been tested (or simply tests) after statisticians Abraham

Wald and Jacob Wolfowitz, checking the randomness hypothesis for a two-valued data

set (Magel and Wibowo, 1997). Instead, it can be used to test the hypothesis that
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the elements of the sequence are mutually independent (Magel and Wibowo, 1997).

Wald-Wolfowitz runs test can be used to test the randomness of distribution by taking

the data in the given order and marking the data larger than the median with plus,

while, marking the data less than the median with a minus (Magel and Wibowo, 1997).

Secondly, Wald-Wolfowitz runs test is suitable for evaluating, whether or not a function

fits the data appropriately set by marking function value with plus and the other data

with a minus (Magel and Wibowo, 1997).

3.3.5.4. Mauchly Test for Sphericity. Sphericity is an essential assumption of an ANOVA

with repeated measures. This refers to the condition that the difference between all

possible pairs of subject conditions are equal to each other. Violation of sphericity

occurs when the differences between all combinations of conditions are not equal. If

the sphericity is violated, then the variance calculations may be distorted, resulting in

an inflated F ratio (Girden, 1992). Sphericity can be evaluated when there are three or

more levels of a repeated measurement factor, and the risk of violating the sphericity

increases with each repeated measurement factor. If sphericity is violated, it should

be decided whether the univariate or multivariate analysis is selected. If a univariate

method is selected, repeated measures should be appropriately corrected depending

on the degree of ANOVA, the degree of sphericity (Greenhouse and Geisser, 1959).

When sphericity is established, the F ratio is valid and can, therefore, be interpreted.

However, if the Mauchly test is significant, the F-rates generated should be interpreted

with caution as violations of this assumption may lead to an increased Type I error rate

and affect the results from your analysis. Where Mauchlys’ test is significant, changes

in degrees of freedom are required to obtain a valid F ratio.

3.3.5.5. Multivariate Test of Normality. In the theory of probability and statistical

sciences, the multivariate normal distribution or multivariate Gaussian distribution is

the generalization of the normal distribution (or Gaussian distribution), which is a

univariate distribution, to multiple variants (Cox and Small, 1978). If the X and Y

random variables exhibit a normal distribution and are statistically independent of

each other, then these two random variable compounds (i.e., the random vector) show
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a bivariate normal distribution or, in other words, are normally distributed. However,

it is not true that both random variables, which show a common normal distribution,

are independent of each other (Cox and Small, 1978).

3.3.5.6. Cohen t-test for the Power and Effect Size Evaluation. Cohen (2019) defined

statistical power as the probability of rejection of a false null hypothesis (the proba-

bility of type 2 error (β)). In Neyman-Pearson theory, the mathematical definition of

statistical power is expressed as 1-β (Cohen, 2019). As can be seen from this state-

ment, the probability of making a second type of error decreases, as statistical power

increases. As a natural result of this; the statistical power value is between 0 and 1

(Sedlmeier and Gigerenzer, 1989:309). When determining the number of samples by

power analysis, it is necessary to determine achieved power (Özdamar, 2003; Kirby

et al., 2002). Experimental posthoc power analysis is done at the end of the study,

and the power of the analysis is evaluated to determine whether the results have a

significant effect, based on the achieved power value. In practice, achieved power value

with sensible defaults for some parameters could be assigned as a significance level of

0.05 and a power level of 0.80 (Ellis, 2010).

Effect size is the statistical value that shows the deviation from the expectations

defined in the null hypothesis of the results obtained from the sample (Cohen, 2016;

Vacha-Haasse and Thompson, 2004). Effect size is generally defined as the magnitude

of the difference between the null hypothesis and alternative hypotheses. This is an

indication of the practical significance of the research results. The effect size is the

concept of how much different a new method makes compared to the old one and can

be calculated in different ways (Kılıç, 2014). The effect size is a concept that must

be taken into consideration when calculating the minimum required sample size when

planning any study (Kılıç, 2014). It is possible to decide on the magnitude of the

impact by reviewing the literature related to the subject and if there is not any study

done or reached on this subject with the past experiences of the researcher (Kılıç, 2014).

For a non-exemplary study, pilot-preliminary research can be conducted to determine

the effect size (Kılıç, 2014). The larger the expected difference between the groups,
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the larger the effect size, the smaller the sample size will suffice, since it will be easier

to put forward the difference statistically (Kılıç, 2014). According to Cohen (2016),

effect size impact range is defined as the following (Table 3.2). The method selection

flowcharts are shown in Figure 3.17 and Figure 3.18.

Table 3.2. Levenes’ test values and corresponding effect size (adopted from Cohen,

2013).

Levenes’ test d value Small Effect Size Medium Effect Size Large Effect Size

T-test 0.20 0.50 0.80

Mann-Whitney U Test 0.20 0.50 0.80

Kruskal-Wallis H Test 0.10 0.25 0.40

ANOVA 0.01 0.07 0.14

Figure 3.18. The flow chart of data analysis method selection for paired samples

experiments.
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Figure 3.19. The flow chart of data analysis method selection for independent

samples experiments.

3.4. Experimental Design

This section describes the conducted experiments to evaluate the developed hy-

potheses explained in the previous part of the research.
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3.4.1. Information Comprehensibility Experiment

The methodological approach was to quantitatively analyze the effectiveness of

V-SAFE based on mnemonics and understandability in a six-step experiment proce-

dure. The experiment is conducted through three trainees on each session, due to the

number of roles assigned in the V-SAFE. As the initial step, three roles, which are

crane operator, pointer and bricklayer, assigned to three trainees in the session. The

experiment was conducted through six groups; in other words, eighteen trainees en-

ter the experiment. All trainees entered the experiment, are graduate students from

Boğaziçi University Civil Engineering Department participated in the experiments.

These students continue their graduate studies in the field of civil engineering, and

they completed their on-site internship.

As the second step, of the experiment, all trainees watched a recorded PowerPoint

presentation, which involves the essential safety information and regulations. The video

recorded PowerPoint presentations were provided to the trainees based on each differ-

ent role. For instance, if a trainee was assigned as a bricklayer role in the first stage,

then he or she answered the questions about the bricklayer role. Based on common

responsibilities and tasks defined in V-SAFE simulation, some questions of different

roles were the same as each other. The video-recorded PowerPoint presentations were

provided to the trainees for each different role, to ensure an unbiased and objective

information gathering process. For instance, if lectures will be provided to the trainees

by an instructor, rather than video-recorded PowerPoint presentation, potential forgot-

ten information by the instructor in any session leads to a lack of information for the

trainees. As a result trainees could not learn the essential information about the safety,

and the potential error of an instructor could lead to inequality during the following

stages.

In the third stage, all trainees entered to a paper-based examination with close-

ended questions. This stage aims to evaluate the trainees’ comprehension level about

the lecture-based PowerPoint presentation. At this stage, trainees’ comprehension

level was assessed through their score on this close-ended examination. Trainees, who
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will enter to V-SAFE training in the latter stages of the experiment, answered their

roles’ questions. To understand the impact of V-SAFE based on understandability and

mnemonics, all questions are assigned to one of these factors.

As the fourth stage, all trainees watched a lecture-based video-recorded V-SAFE

tutorial, which involves a tutorial about the usage of V-SAFE software. Also, all

trainees obtained an infographic about the usage of V-SAFE. The infographics con-

tain the necessary information required to use V-SAFE such as, how to select roles,

controller configuration, simulation settings, etc. As a result, it was ensured that all

the trainees received the same information based on their role, which was crucial to

sustaining a controlled environment for the experiments.

As the fifth stage, all trainees entered to V-SAFE training. During the tower

crane simulation, trainees were required to complete both personal and collaborative

responsibilities in the virtual environment.

As the final stage, the answer sheets are returned to each trainee, and it is asked

to revise their answers. The main aim of this stage was to monitor, whether or not

trainees updated their answers’, based on the training by V-SAFE. As a result, the

evaluation of V-SAFE will be possible by checking the changes in the responses of the

trainees.

After the completion of the data gathering process through V-SAFE training,

the gathered data from the subjects were analyzed by using several statistical analysis

methods. Firstly, the distribution of the dataset was analyzed through the Shapiro-

Wilk test. Secondly, the homogeneity of the distribution was analyzed through the

Levene test of homogeneity. Thirdly, Wald-Wolfowitz Runs test was conducted to

evaluate, whether the randomness is provided in the dataset. Moreover, Cohen t-

test was conducted to analyze the effect size and post-hoc power to check, whether

the required sample size is achieved. Finally, based on the results of normality and

homogeneity tests, Wilcoxon-Signed Rank Test was conducted. Secondly, each question

on the dataset is assigned to the mnemonics and understandability features. The
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randomness and achieved power were evaluated. Finally McNemar test was conducted

to analyze the improvement on mnemonics and understandability. Table 3.3 illustrates

the experimental setting of the information comprehensibility experiment.

Table 3.3. Experimental setting of the information comprehensibility experiment.

Stage 1 - Assigning Each Trainees’ Roles and Groups

Instrucktor assigns each trainees’ role in the session for the following stages

of the experiment

Objectives:Assigning each trainees’ role, in order to provide them relevant

V-SAFE tutorial, and necessary infographic in the latter stages of the experiment

Stage 2 - Conventional Safety Training

Trainees watched a video-recorded PowerPoint presentation that involves

the neccestities of on-site safety

Objective: Trainees learn the Essentials of the safety context

Stage 3 - First Examination

Trainees enter into close-ended examination

Objective: Evaluating the trainees’ comprehension level about the

lecture-based PowerPoint presentation.

Stage 4 - V-SAFE Tutorial and Infograhics

Trainees watch a video-recorded PowerPoint presentation and obtain an

infographic about V-SAFE controller configuration

Objective: Trainees learn the Essentials of the safety context about their

specified roles assigned in the previous stage and gather relevant information

about the controllers of V-SAFE, thus, they could select the preffered input device

Stage 5 - V-SAFE Training

Trainees enter into V-SAFE virtual training

Objective: Trainees could improve their comprehension level about the safety

context through visual elements and tasks defined in V-SAFE

Stage 6 - Second Examination

Trainees enter into same close-ended examination

Objective: Previous answer sheets in the stage 3 are delivered to the trainees

and asked them to revişe their answers.

Stage 7 - Data Analysis

Gathered data is evaluated through several analysis method.

Objective: Homogeneity, normality and randomness of the data is analyzed.

Power analysis is conducted. Finally, non parametric paired t-test was conducted.

Secondly, questions are categorized based on mnemonics and understandability.

The randomness of the data is analyzed. The power analysis were conducted.

Finally, McNemar test is conducted
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3.4.2. Repeatable Virtual Experiment

The methodological approach was to quantitatively analyze the effectiveness of

V-SAFE based on knowledge development and instructional feedback mechanism in a

four-step experiment procedure. The experiment is conducted through three trainees

on each session, due to the number of roles assigned in the V-SAFE. As the initial

step, three roles were assigned to three trainees in the session. The experiment was

conducted through six groups; in other words, eighteen trainees entered the experi-

ment. All trainees entered the experiment, were undergraduate students from Boğaziçi

University Civil Engineering Department participated in the experiments. These stu-

dents continued their undergraduate studies in the field of civil engineering, and they

completed their on-site internship.

As the second step of the experiment, all trainees watched a lecture-based video-

recorded V-SAFE tutorial, which involves (i) a tutorial about the usage of V-SAFE

software and (ii) the essentials of the safety behavior about the specified role. The

video-recorded PowerPoint presentations were provided to the trainees for each dif-

ferent role, to ensure an unbiased and objective information gathering process. For

instance, if lectures were presented to the trainees by an instructor, rather than video-

recorded PowerPoint presentation, potential forgotten information by the instructor in

any session, trainees could not have learned the essential information about the safety.

Therefore, as also mentioned in information comprehensibility experiment settings,

the error of an instructor could lead to a lack of information for trainees. Besides,

all trainees obtained an infographic about the usage of V-SAFE. The infographics in-

volved the necessary information required to use V-SAFE, such as how to select roles,

controller configuration, simulation settings, etc. As a result, it was ensured that all

the trainees received the same information based on their role, which was crucial to

sustaining a controlled environment for the experiments.

As the third stage, all trainees enter to V-SAFE training. During the tower

crane simulation, trainees are required to complete both personal and collaborative

responsibilities in the virtual environment. The trainees’ performance on V-SAFE is
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automatically analyzed based on their behavior and decisions during the simulation.

The safety performance of all trainees is captured, to make a comparative analysis

between their performances on the latter stages. If all trainees completed both personal

and collaborative responsibilities on the first trial, then their scores were counted as 1

on the latter stages. In this sense, unless simulation ends with flawless performance for

all trainees, the experiment was continued for this group. However, if they failed on

the previous stage, the trainees would re-enter to V-SAFE training second time and/or

the third time.

After the completion of V-SAFE training, the gathered data from the subjects

were analyzed by using several statistical analysis methods. Firstly, the multivariate

normality distribution of the dataset was analyzed. Secondly, sphericity and random-

ness of the distribution were analyzed. Thirdly, Cohen t-test is conducted to examine

the effect size, and power test was conducted to check, whether the required sample size.

Finally, the One-Way ANOVA with Repeated Measures was conducted. Table 3.4.2

illustrates the experimental setting of the information comprehensibility experiment.

Table 3.4. Experimental setting of the repeatable virtual experiment.

Stage 1 - Assigning Each Trainees’ Roles and Groups

Instructor assigns each trainees’ role in the sessions for the following

stages of the experiment.

Objective: Assigning each trainees’ role, in order to provide them relevant

video-recorded lecture-based safety training, and necessary infographic in

the latter stages of the experiment.

Stage 2 - V-SAFE Tutorial and Infograhics

Trainees watch a video-recorded PowerPoint presentation and obtain an

infographic about V-SAFE controller configuration.

Objective: Trainees learn the Essentials of the safety context about their

specified roles assigned in the previous stage and gather relevant information

about the controllers of V-SAFE, thus, they could select the preffered input device.

Stage 3 - First V-SAFE Training

Trainees enter into V-SAFE virtual training

Objective: Traniees could learn the Essentials of the safety context,

and improve their safety knowledge through hands-on-practice.

Stage 4 - Second V-SAFE Training

Trainees re-enter into V-SAFE virtual training

Objective: Trainees could improve their safety knowledge through

repetable practice.
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Table 3.4. Experimental setting of the repeatable virtual experiment. (cont.).

Stage 5 - Third V-SAFE Training

Trainees re-enter into V-SAFE virtual training

Objective: Trainees could improve their safety knowledge through

repetable practice.

Stage 6 - Data Analysis

The safety performance of trainees automatically captured by V-SAFE in

each stage (1st, 2nd and 3rd) were compared.

Objective: The multivariate normality, sphericity and randomness

of the data is analyzed. Moreover, the effect size is evaluated and the

power analysis is conducted. Finally, based on the conducted descriptive

analyses, ANOVA with repeated measures is conducted.

3.4.3. Hazard Identification Experiment

The methodological approach was to quantitatively analyze the effectiveness of

V-SAFE based on hazard identification in a four-stage experiment procedure. All ses-

sions are conducted through one trainee. The experiment is done through two groups,

while, there are ten sessions on each group. In other words, twenty trainees enter the

experiment. Twenty students from Boğaziçi University Civil Engineering Department

participated in the experiments. These students continue their undergraduate and

graduate studies in the field of civil engineering. The students who participated in the

experiments completed their construction field internship for at least fifteen days.

As the second stage, trainees in the first group examined text-based safety notes,

which involves the essential safety information and regulations. Thus, students in the

first group could be able to identify each risk sources. Text-based information was

provided to the first group trainees, to ensure an unbiased and objective informa-

tion gathering process. At the same stage, trainees in the second group obtain an

infographic about the usage of V-SAFE. The infographics involve the necessary infor-

mation required to use V-SAFE such as, how to select roles, controller configuration,

simulation settings, etc. Later on, trainees in the second group enter to V-SAFE vir-

tual environment and monitor the risky situations and potential accident sources.
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After the completion of the second stage, all trainees identified the potential risk

sources. The hazard identification process is completed through, writing the potential

safety hazard sources down in their own words. Rather than using a close-ended hazard

identification list, the open-ended method is used to clarify the level of trainees’ hazard

identification. Close-ended methods such as checklists might support the trainees to

orient or remember the hazard sources. For instance, when a trainee monitors fire

and explosion as a risk source in the list, they could easily identify this risk source.

Checking a close-ended list manipulates the results by orienting trainees to confirm all

asked risk sources. However, when the question is open-ended, the trainees could not

be able to identify a risk source if they do not learn anything about it. Also, trainees

might not remember that risk source. As a result, open-ended questions found more

suitable during the hazard identification process. All verbal and written statements

of trainees matched with the relevant groups of risk sources. For instance, a trainee

stated that crane operator might fall when he is climbing to the crane, this statement

is marked as falling from a height.

As the third stage, the students in the first group toured the V-SAFE envi-

ronment, and they revised the risk sources identified in the first stage. Therefore,

they improve the number of recognized risk sources, which are defined during V-SAFE

process. Similarly, the students in the second group examined written texts on occupa-

tional safety and were asked to revise the sources of risk encountered at the construction

sites. Briefly, each group completed other groups’ tasks in the previous stage.

The experiment setting does not allow the performance decrease in the second

phase. In the first phase of the experiment, participants identify potential safety hazard

sources based on text-based safety notes. In the second phase of the experiment,

participants involved additional safety hazard sources in their original list after walking

through the virtual environment. Therefore, technically, it is not possible to observe

a lower risk identification level in the second part of the experiment. To cover this

limitation, the analysis was conducted through two different methods. Firstly, the

improvement in each group were analyzed through the McNemar test. As the initial

descriptive analyses, randomness and power were also analyzed. Dataset of one groups’
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pairs failed to provide randomness and power, which is crucial for the significance of the

Fisher Exact Test. Therefore, the results were evaluated for one paired group. Secondly,

it was aimed to assess the difference in each group through the Fisher Exact test, if

dataset provides necessary assumptions. However, the dataset fails to provide essential

assumptions of Fisher Exact Test such as randomness and power. Consequently, only

the results of paired samples in one group were evaluated. Table 3.5 shows the steps

of the experiment included in the study.

Table 3.5. Experimental setting of the hazard identification experiment.

Stage 1 - First Hazard Identification Training

Conventional Hazard Identification V-SAFE Hazard Identification Process

Process

Trainees in the first group examined Trainees in the second group obtain an

the text-based safety notes. infographic about V-SAFE controllers.

Objectives: Trainees learn the Objective: Trainees could gather relevant information

essantials of the safety context about about the controllers of V-SAFE, thus, they could select

each hazard sources occured on the the preffered input device.

real construction sites. Trainees in the second group tour the virtual

construciton site and monitör potential risk sources

occuredin V-SAFE.

Objective: Trainees could monitör virtual environment,

thus, they could identify potential on-site risks.

Stage 2 - First Identification of the Hazard Sources

All trainees identified the potential risk sources.

Objective: Gathering the first part of necessary data to evaluate the effectiveness of both

conventional and virtual methods during hazard identification process.

Stage 3 - Second Hazard Identificaiton Training

V-SAFE Hazard Identification Process

Conventional Hazard Identification

Process

Trainees in the first group obtain an infographic about Trainees in the second group

V-SAFE controllers. examinated the text-based safety notes.

Objective: Trainees could gather relevant information Objective: Trainees learn the Essentials

about the controllers of V-SAFE, thus, they could select of the safety context about each hazard

the preffered input device. sources occured on the real construction

Trainees in the first group tour the virtual sites.

construction site and monitör potential risk sources

occured in V-SAFE.

Objective: Trainees could monitör virtual environment,

thus, they could identify potential on-site risks.

Stage 4 - Second Identification of the Hazard Sources

All trainees identified the potential risk sources.

Objective: Gathering the second part of necessary data to evaluate the effectiveness

of both conventional and virtual methods during hazard identification process.

Stage 5 - Data Analysis

The difference between the improvement in the groups is evaluated through

several analysis methods

Objective: The randomness of the data is analyzed. The power analysis were conducted.

Finally, McNemar testis conducted.
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3.4.4. Eye-Movement Behavior Comparison Experiment

To determine whether V-SAFE provides an effective hands-on practice, a four-

staged experiment procedure is prepared. Eleven construction workers from Bertuğ

Bey Construction participated in the experiment. In each session, one worker enters

the real construction site. Later on, the same worker enters the V-SAFE virtual en-

vironment. During touring the actual construction site, it is asked workers to identify

potential hazards. The total fixation duration, first fixation duration, time to the first

fixation, and fixation count during the experiment were recorded for further analysis.

Tobii ProGlasses 2 eye-tracker was used to record each workers’ visual attention move-

ment, including their fixation, visit, and saccade on the real construction site (Figure

3.20). Each worker interacted with the instructor and identified the potential hazards

by their verbal statements, and the instructor interviewed the workers, following the

experiment.

Figure 3.20. Gathering eye-tracking metrics through Tobii X2-30 and Tobii Pro

Glasses 2.

In the second stage, workers watch a lecture-based video-recorded PowerPoint

presentation, which involves a tutorial about the usage of V-SAFE software. The

video-recorded PowerPoint presentations were provided to the trainees to ensure an

unbiased and objective information gathering process. In addition, all workers obtain

an infographic about the usage of V-SAFE. The infographics involve the necessary in-

formation required to use V-SAFE such as controller configuration, simulation settings,

etc.
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As the third stage, the same construction workers in the first stage entered the

V-SAFE virtual environment. Before the interaction with V-SAFE, the experiment

facilitator supported each worker in calibrating the Tobii X2-30 on-screen eye-tracker.

Subsequently, the workers commenced the experiment by inspecting the virtual con-

struction site to identify potential hazards without any time limitations. Workers

identify the hazards by verbal notice.

After the completion of the training, potential risk sources were defined as the area

of interests (AOI) on the real construction site and V-SAFE. For instance, potential

risk sources such as ladders without a railing, nails on the construction site, which exist

on the viewpoint of the trainees is defined on the real construction site and V-SAFE

(Figure 3.21).

Figure 3.21. The sample assignment of the area of interests on real construction site

and V - SAFE.

Consequently, the necessary eye-tracking data: (i) total fixation duration, (ii) first

fixation duration, (iii) time to first fixation and (iv) fixation count gathered. Firstly,

the normality distribution is analyzed through the Kolmogorov-Smirnov test. Secondly,

the homogeneity of the distribution is analyzed through the Levene test of homogene-

ity. Thirdly, Cohen t-test is conducted to analyze the effect size, and power test is

conducted to find out the required sample size. Moreover, Wald-Wolfowitz Runs Test

conducted to check, whether the sample group is random from the population. Finally,

the nonparametric Mann-Whitney U test is performed. Table 3.6 shows the steps of

the experiment included in the study.
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Table 3.6. Experimental setting of the eye-movement behavior comparison

experiment.
Stage 1 - Eye Tracking Calibration

Workers put on mobile eye-tracker device. Experiment facilitator supported trainees in

calibrating the eye-tracker.

Stage 2 - Real Construciton Site Hazard Identification

Trainees enter to real construction site to identify on-site risks

Objectives:

-To gather eye tracking data to the trainees

-To provide identified hazard sources by the trainees

Stage 3 V-SAFE Tutorial and Infograhics

Workers watch a video-recorded PowerPoint presentation and obtain an infographic about

V-SAFE controller configuration.

Objectives: Trainees learn the Essentials of the safety context about their specified roles

assigned in the previous stage and gather relevant information about the controllers of

V-SAFE, thus, they could select the preffered input device.

Stage 4 - V-SAFE Hazard Identification

Trainees enter into V-SAFE environment.

Objectives:

-To gather eye tracking data of the trainees

-To provide identified hazard sources by the trainees

Stage 5 - Data Analysis

The eye tracking data of the trainees will be analyzed through comparative analysis

methods.

Objectives: To understand the difference between the trainees eye tracking behavior between

real site interaction and V-SAFE interaction, several analyses were conducted. Firstly, the

homogeneity, normality, randomness of the data is alayzed. Secondly, effect size and power

analysis were conducted. Finally, non parametric student t-test were conducted.

3.4.5. Construction Site and Gaming Experience Experiment

In order to assess the impact of the virtual work safety training tool on trainees

without any construction site and gaming experience, two different study groups were

compared. All trainees in each group are either graduate or undergraduate students

from various universities. The first group was composed of a total of twelve students

with a civil engineering background. Besides, subjects in Group 1 completed site in-

ternship, and they are familiar with construction site activities. The second group was

composed of twelve students from other disciplines such as computer engineering, me-

chanical engineering, etc. Subjects in Group 2 do not have any construction experience

about the construction site environment.
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It is developed a four-staged experiment procedure. In the first stage, all trainees

watched a video-recorded PowerPoint presentation for their specified role. The recorded

PowerPoint presentation provides (i) a tutorial about the usage of V-SAFE software

and (ii) the essentials of the safety behavior about the specified role. Moreover, the

trainees obtained an infographic that involves the necessary information about the

controller configuration of V-SAFE. Furthermore, it was asked all the trainees to select

their preferred input device. Some trainees found it challenging to use the keyboard

and mouse layout, so they chose gamepads, which provide them a simpler interface.

In the second stage, all trainees enter V-SAFE training. During the tower crane

simulation, trainees are required to complete both personal and collaborative responsi-

bilities in the virtual environment. The trainees’ performance on V-SAFE is automati-

cally analyzed based on their behavior and decisions during the simulation. The safety

performance of all trainees’ is captured, to make a comparative analysis between their

performances on the latter stages.

In the third stage, all trainees received specific feedback from V-SAFE based on

their safety behavior during the virtual training. After the completion of V-SAFE

training, a survey was conducted on a Likert scale to determine the participants’ gam-

ing experience level. Accordingly, we gathered the necessary data and examined the

correlation between the gameplay experience of the trainees and their virtual safety

training score.

After the completion of V-SAFE training, the gathered data from the subjects

were analyzed by using several statistical analysis methods. Firstly, the normality

of distribution was analyzed. Secondly, equality of variances was analyzed. Thirdly,

Cohen t-test was conducted to analyze the effect size, and power test is conducted.

Finally, based on the results of descriptive analyses, Scheirer-Ray-Hare Test was per-

formed. Table 3.7 illustrates the experimental setting of the construction site and

gaming experience experiment.
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Table 3.7. Experimental setting of the construction site and gaming experience

experiment.

Stage 1 - V-SAFE Tutorial and Infograhics

Trainees watch a video-recorded PowerPoint presentation and obtain an infographic about

V-SAFE controller configuration.

Objectives: Trainees learn the Essentials of the safety context about their specified roles and

gather relevant information about the controllers of V-SAFE, thus, they could select the

preffered input device.

Stage 2 - V-SAFE Training

Trainees enter into V-SAFE virtual training.

Objectives: Trainees could improve their comprehension level about the safety context

through visual elements and tasks defined in V-SAFE

Stage 3 - Filling in Questionnaires

Trainees fill in the questionaires at the end of V-SAFE simulation

Objectives:

-Trainees inform their demographic information through survey (expertise, age, gaming

experience).

-Trainees fill in questionnaires to Express their opininons about V-SAFE training.

Stage 4 - Data Analysis

The difference between the 1st and 2nd groups is evaluated through several analysis

method

Objectives: The normality, equality of varianhces of the data were analyzed. Moreover,

the effect size is evaluated and the power analysis is conducted. Finally, based on

the conducted descriptive analyses, Scheirer-Ray-Hare Test is executed
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4. ANALYSIS RESULTS

This chapter presents a statistical analysis of the collected data. The experiment

population for the data collection was the undergraduate, graduate students from the

various universities and construction workers from several construction companies. A

total of five experiment results are represented. Besides, the statistical findings are

summarized, and the descriptive analyses are presented.

4.1. Information Comprehensibility Experiment

This experiment is conducted to evaluate the following hypotheses:

• Hypothesis 1.1: V-SAFE provides effective demonstration process for the trainees,

thus, significantly improves the understandability of safety information, when

used after PowerPoint presentations.

• Hypothesis 1.2: V-SAFE significantly improves the spatial mnemonics of trainees

when used after PowerPoint presentations

The results of each trainee are illustrated in Table 4.1 and Table 4.2, the assign-

ment of each question to mnemonics and understandability is shown in Table 4.3.

Table 4.1. Information Comprehensibility Experiment Results.

Trainee Role

PowerPoint-based lectures V-SAFE

1 2 3 4 5 6 7 8 Overall 1 2 3 4 5 6 7 8 Overall

1 Crane 1 0 1 0 1 0 0 1 0.500 1 0 1 1 1 0 1 1 0.750

Operator

2 Crane 1 0 0 0 1 0 0 0 0.250 1 0 1 0 1 0 0 0 0.375

Operator

3 Crane 0 0 0 1 1 0 0 0 0.250 1 0 1 1 1 1 0 1 0.750

Operator

4 Crane 1 0 1 1 1 0 0 1 0.625 1 0 1 1 1 0 1 1 0.750

Operator

5 Crane 1 0 1 1 1 0 0 1 0.625 1 0 1 1 1 0 0 1 0.625

Operator

6 Crane 1 0 1 1 1 1 0 0 0.625 1 0 1 1 1 1 0 1 0.750

Operator

7 Pointer 1 0 1 1 1 0 0 0 0.5 1 0 1 1 1 0 1 0 0.625
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Table 4.1. Information Comprehensibility Experiment Results (cont.).

Trainee Role

PowerPoint-based lectures V-SAFE

1 2 3 4 5 6 7 8 Overall 1 2 3 4 5 6 7 8 Overall

8 Pointer 1 0 1 1 0 0 0 0 0.375 1 1 1 1 0 0 0 0 0.500

9 Pointer 1 0 0 1 0 1 0 0 0.375 1 0 0 1 1 0 0 0 0.375

10 Pointer 1 0 1 0 1 0 1 0 0.500 1 0 1 1 1 0 1 0 0.750

11 Pointer 1 0 1 1 0 0 0 0 0.375 1 1 1 1 1 1 0 0 0.750

12 Pointer 0 0 1 0 0 1 0 0 0.250 0 0 1 0 0 1 0 0 0.250

13 Brick 1 0 1 0 0 0 1 1 0.500 1 1 1 0 0 1 1 1 0.750

Layer

14 Brick 1 1 1 1 0 0 1 0 0.625 1 1 1 1 1 0 1 0 0.750

Layer

15 Brick 1 1 1 0 1 0 1 1 0.750 1 1 1 0 1 0 1 1 0.750

Layer

16 Brick 1 1 1 0 0 0 1 1 0.625 1 1 1 1 0 0 1 1 0.750

Layer

17 Brick 1 1 1 1 1 0 1 1 0.875 1 1 1 1 1 0 1 1 0.875

Layer

18 Brick 1 0 1 1 1 1 1 0 0.75 1 1 1 1 1 1 1 0 0.875

Layer

All Trainees: 0.524 All Trainees: 0.660

In the table, 1 denotes correct answers, while 0 denotes incorrect answers.

Table 4.2. Information Comprehensibility Experiment Results based on Information

Quality Parameters

Trainee

Questions Related to Mnemonics Questions Related to Understandability

PowerPoint-based Lectures V-SAFE PowerPoint-based Lectures V-SAFE

1 0.75 1.00 0.00 0.00

2 0.50 0.75 0.00 0.00

3 0.50 1.00 0.00 1.00

4 1.00 1.00 0.00 1.00

5 1.00 1.00 0.00 0.33

6 1.00 1.00 0.33 0.33

7 1.00 1.00 0.25 0.75

8 0.67 0.67 0.25 0.75

9 0.33 0.67 0.50 0.75

10 1.00 1.00 0.25 0.25

11 0.67 1.00 0.25 0.25

12 0.33 0.33 0.25 0.50

13 0.50 0.75 0.50 1.00

14 0.50 0.75 0.75 0.50

15 0.75 0.75 0.75 0.50

16 0.50 0.50 0.75 0.50

17 0.75 0.75 1.00 0.25

18 1.00 1.00 0.50 0.75

Overall 0.7083 0.8287 0.3519 0.5231
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Table 4.3. Categorization of Questions.

Role 1 2 3 4 5 6 7 8

Crane Operator M U M M M U U U

Pointer M U M U M U U U

Brick Layer M U U U M M U U

M denotes the mnemonics, U denotes understandability

The average of correct answers in the first multiple-choice examination was 0.524,

while, the average of correct answers in the second multiple-choice examination was

0.660 (Figure 4.1). This corresponds to an average increase of 0.136. Also, when all

questions were linked to the information quality parameters as mnemonics and under-

standability (Figure 4.2), there was still a considerable improvement. To illustrate,

the trainees’ performance in the questions related to mnemonics were 0.7083, when

they only watched PowerPoint lectures. After the completion of V-SAFE training,

their score improved to 0.8287, which corresponds to 0.1204 improvements. The same

situation exists on the questions related to understandability. The trainees’ examina-

tion score before and after V-SAFE training was 0.3519 and 0.5231 respectively, which

corresponds to 0.1712. In the first overview, there is a potential improvement deter-

mined in the dataset. It was noted that the dataset involves nominal data. When

analyzing an ordinal binary dataset, parametric approach, such as paired t-test is not

suitable, since binary data is usually skewed, in other words, datasets involve many

smaller values, few higher values (McElduff et al., 2010). To evaluate the skewed data,

the previous literature emphasizes that using a non-parametric paired t-test, namely

Wilcoxon signed-rank test is a more suitable approach (McElduff et al., 2010). How-

ever, as an essential assumption of Wilcoxon signed-rank test, the dataset used in the

analysis should contain continuous data (Wilcoxon et al., 1970). To evaluate a nomi-

nal binary data in paired groups, McNemar method is a suitable method. The main

assumptions of McNemar test involve one ordinal variable with two categories and one

independent variable with two connected groups (McCrum-Gardner, 2008). To select

the appropriate data analysis method, it is crucial to define the experimental setting of
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the conducted experiment and data characteristics (Figure 4.4). According to dataset

in the experiment, McNemar Test is selected as the most appropriate method (Figure

4.1).

Table 4.4. Experiment and Data Features for Paired Samples.

Experiment Safety Information Transfer

Data Measure Type of Dependent

Categorical, Ordinal DataVariable and Independent Variables

Data Characteristics Binary, Discrete Data

Experimental Procedure Paired Samples

Number of Repeated Measures 2

Potential Analysis Method McNemar Test

Figure 4.1. The Appropriate Data Analysis Method for Information

Comprehensibility Experiment.
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4.1.1. Descriptive Analyses

According to the previous literature, the significant assumptions of the McNemar

test is randomness (Riffenburgh, 2006). In addition, it is crucial the evaluate power,

to ensure the required sample space was met. As the preliminary analysis of data,

randomness test and power tests were conducted.

4.1.1.1. Testing the Power. The achieved power is an important parameter that must

be taken into consideration in McNemar Test (Kılıç, 2014). To analyze the effect size,

power analysis is performed. The analysis results are illustrated in Figure 4.5.

Table 4.5. The Summary of the Power Test.

Risk Trial

Odds Sample The Lower Upper Actual Power

Ratio Size Proportion Critical Critical α (1-β)

of N N

Discordant

Pairs

Mnemonics

Lecture Notes

2.06 120 0.43 33 33 0.0352 0.7729V-SAFE

Understandability

Lecture Notes

441 17 0.03 32 32 0.046 0.8255V-SAFE

4.1.1.2. Testing the Randomness. On of the major assumptions of the McNemar test

is the randomness (Taeger and Kuhnt, 2014). To check, whether or not randomness

is provided in the data, Wald-Wolfowitz Runs Test is performed. The analysis results

are illustrated in Table 4.6.

Table 4.6. The summary of randomness test analysis results

Mnemonics Understandability

PowerPoint

V-SAFE

PowerPoint

V-SAFELecture Lecture

Runs 25 21 33 39

N0 19 11 50 38

N1 41 49 34 46

N 60 60 84 84

Expected Runs 29.967 18.967 41.476 42.619

Variance Runs 10.988 5.167 19.251 20.368

Standard Deviation Runs -3.315 2.273 4.388 4.513

Z -0.593 0.895 -1.932 -0.802

ρ-Value 0.276 0.814 0.053 0.423
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Analysis results highlight that the datasets provided the randomness. In addition,

the achieved power of dataset related to mnemonics is 0.7729 (Table 4.5). In default,

the value should be 0.80 as default (Ellis, 2010). However, because the difference is

quite low, the power value is acceptable in the dataset related to mnemonics. In the

dataset related to understandability, achieved power is 0.8255, which is more than 0.80.

Therefore, it is suitable to conduct the McNemar test.

4.1.2. Analysis Results

In statistics, the McNemar is a statistical test used in paired binomial data. Due

to the dataset of each risk source is binomial, it is determined to use the McNemar test

to evaluate whether the row and column marginal frequencies are equal. The analysis

results of the McNemar test is illustrated in Table 4.7. Consequently, the status of the

hypotheses is represented as following (Table 4.8).

Table 4.7. Wilcoxon Signed-Rank Test Results.

Related Information

Trial Mean St. Dev.

Sample Exact

ImpactQuality Parameter Size Significance

Mnemonics

Lecture 0.683 0.469 60

0.031 **V-SAFE 0.816 0.39 60

Understandability

Lecture 0.405 0.494 17

0.001 ***V-SAFE 0.548 0.501 17

In the first group. trainees firstly identified hazard sources through V-SAFE.

Then, they identified hazard sources through lecture notes.

Analysis results: *: ρ < 0.10. **: ρ < 0.05. ***: ρ < 0.01. N.S.= not statistically significant.

Table 4.8. The status of the hypotheses.

Hypotheses Abbreviation Status

V-SAFE provides effective demonstration

H1.1. Accepted (ρ < 0.05)

process for the trainees, thus, significantly

improves the understandability of safety information,

when used after PowerPoint presentations.

V-SAFE significantly improves the spatial

H1.2. Accepted (ρ < 0.01)
mnemonics of trainees when used after

PowerPoint presentations



95

4.2. Repeatable Virtual Experiment

This experiment is conducted to evaluate the following hypotheses:

• Hypothesis 2.1: Trainees using V-SAFE significantly correct their mistakes by

repeatable practice.

• Hypothesis 2.2: V-SAFE significantly improves the implicit knowledge level of

trainees by providing repeatable hands-on practice.

To evaluate the effectiveness level of feedback, the improvement in each trial are

analyzed. The results of each trainee are illustrated in Table 4.9.

Table 4.9. Analysis results of the information comprehensibility experiment.

Automated Safety Training Performance

Trainee 1st Trial 2nd Trial 3rd Trial

1 1.0000 1.0000 1.0000

2 0.8500 1.0000 1.0000

3 0.8500 1.0000 1.0000

4 0.9500 1.0000 1.0000

5 0.7300 0.7800 0.9300

6 1.0000 1.0000 1.0000

7 0.8000 0.8000 1.0000

8 0.8000 1.0000 1.0000

9 1.0000 1.0000 1.0000

10 0.8000 1.0000 1.0000

11 0.9400 0.9400 0.9500

12 1.0000 1.0000 1.0000

13 0.7200 0.9000 1.0000

14 1.0000 1.0000 1.0000

15 1.0000 1.0000 1.0000

16 0.6700 1.0000 1.0000

17 0.9200 1.0000 1.0000

18 1.0000 1.0000 1.0000

Average 0.8906 0.9678 0.9933

Standard Deviation 0.1143 0.0700 0.0197

Sample Size 18 18 18

From the first overview, it was noticed that the increase in the automated safety

training performances between 1st to 3rd trial was 0.1027, 1st to 2nd trial was 0.0772
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and 2nd to 3rd trial was 0.0255. These increases point out a high potential for statisti-

cally significant improvement. Just like the information comprehensibility experiment

described in the previous section, this experiment is also conducted through the same

trainees in a paired experimental design. The data of each trainees’ results are an

interval, continuous and the number of repeated measures are three. To analyze the

differences between each group that contain three interval continuous data, two data

analysis methods as One-Way ANOVA with Repeated Measures and Friedman tests

existed in the literature (Table 4.15). To select the appropriate data analysis method,

it is essential to define the experimental setting of the conducted experiment and data

characteristics (Table 4.10).

Table 4.10. Experiment and Data Features.

Experiment Repeatable Virtual Experiment

Data Measure Type of

Interval Data
Dependent Variable and

Independent Variables

Data Characteristics Continuous Data

Experimental Procedure Paired Samples

Number of Repeated Measures 3

Potential Analysis Methods

One-Way ANOVA with Repeated

Measures and Friedman test

4.2.1. Descriptive Analyses

As the preliminary analysis of data, several tests were conducted to understand

the features and characteristics of the data. The lack of sphericity of covariance across

repeated measures enlarges the error rates of type I in the univariate repeated-measures

analysis of variance (Muller and Barton, 1989). Without sphericity, there are not any

methods available to compute power (Muller and Barton, 1989) and the impact of

violating sphericity causes loss of power, and that results from the trivial comparison

of F-distribution due to tabulated values (Field, 2013).

4.2.1.1. Testing the Sphecirity of the Data. To check the data, whether or not the

sphericity is provided, and Mauchly test of sphericity is performed (Table 4.11).
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Table 4.11. Mauchly Test of Sphericity Results.

Within Subjects Mauchly’s Approx. Chi-

df Sig.

Epsilon

Effect W Square Greenhouse- Huynh- Lower-

Geisser Feldt bound

Time 0.629 7.406 2 0.025 0.73 0.781 0.5

According to the multivariate Mauchly test of sphericity results, Mauchlys’ W

equals to 0.629, which corresponds to ρ-value of 0.025. Therefore, the sphericity of the

data is significantly provided in the dataset.

4.2.1.2. Testing the Effect Size, Power and Multivariate Normality. Several standard-

ized measures exist, which summarize the strength of the correlation among the inde-

pendent variables and dependent variable in the One-Way ANOVA with Repeated

Measures model (Wilkinson, 1999). Standardized effect-size is one of these measures,

which facilitates statistical comparison and not commonly used in One-Way ANOVA

with Repeated Measures analysis (Wilkinson, 1999).

Another critical analysis, which is applied in the One-Way ANOVA with Re-

peated Measures is power analysis method. The power analysis method is executed to

determine the probability of type II error, thus, evaluating the effect size in population,

sample size, and significance level becomes possible (Howell, 2009). Accordingly, the

multivariate test is performed to analyze the effect size, achieved power and multivari-

ate normality. The analysis results are illustrated in Table 4.12.

Table 4.12. Multivariate Test Results.

Effect Value F

Hypothesis Error Signific Partial Eta Noncentrality Observed

df df ance Squared Parameter Power

Time

Pillai’s

0.474 7.206 2 16 0.006 0.474 14.411 0.879Trace

Wilks’

0.526 7.206 2 16 0.006 0.474 14.411 0.879Lambda

Hotelling’s

0.901 7.206 2 16 0.006 0.474 14.411 0.879Trace

Roy’s

0.901 7.206 2 16 0.006 0.474 14.411 0.879
Largest

Root
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According to multivariate test results, observed power is 0.879, which highlights

that the probability of type II error is higher than 0.8, which is highly acceptable in

default. Besides, there is a large effect size between the groups. Moreover, multivariate

test results show that partial eta squared value equals to 0.474. The effect size, which

is 0.474 is significantly larger than 0.22 (see Table 3.2). As a result, the achieved effect

size in the dataset is substantially larger than the required effect size. Finally, the

significance value of Wilks’ lambda (0.006) clearly shows that the dataset significantly

provides multivariate normality.

4.2.1.3. Testing the Randomness. To check, whether or not randomness is provided in

the data, Wald-Wolfowitz Runs Test is performed. The analysis results are illustrated

in Table 4.13.

Table 4.13. The summary of randomness test analysis results.

First Trial Second Trial Third Trial

Test Value 0.93 1 1

Cases < Test Value 9 4 2

Cases >= Test Value 9 14 16

Total Cases 18 18 18

Number of Runs 13 9 5

Z 1.215 0.924 0

Asymp. Sig. (2-tailed) 0.224 0.355 1

Based on each tested values on the Wald-Wolfowitz Runs Test, as could be seen

from Table 4.12 that significance values are much higher than 0.05. Therefore, one can

conclude that randomness is significantly provided on each trial in the dataset.

Descriptive analyses result show that the dataset significantly provides the as-

sumptions of parametric One-Way ANOVA with Repeated Measures, which are mul-

tivariate normality, sphericity, and randomness. In this case, One-Way ANOVA with

Repeated Measures should be conducted (Figure 4.2).
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Figure 4.2. The Appropriate Data Analysis Method for Repeatable Virtual

Experiment.

4.2.2. Analysis Results

According to the Wilks’ Lambda values’ significance equals to 0.006, which high-

lights a significant difference between at least one combinations of two different groups

(e.g., 1st - 3rd Score, 1st - 2nd Score, 2nd - 3rd Score). To evaluate each groups’ differ-

ences, posthoc analysis is performed (Table 4.14).
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Table 4.14. Post-Hoc Analysis Results.

(I) Time (J) Time

Mean Difference

Std. Error Sig.

95% Confidence Interval

(I-J) for Differenceb

Lower Bound Upper Bound

1

2 -0.077* 0.024 0.013 -0.14 -0.015

3 -0.103* 0.026 0.003 -0.173 -0.033

2

1 0.077* 0.024 0.013 0.015 0.14

3 -0.026 0.014 0.263 -0.063 0.012

3

1 0.103* 0.026 0.003 0.033 0.173

2 0.026 0.014 0.263 -0.012 0.063

Analysis results indicate that the significance of improvement between 1st and

3rd trials were 0.003, which is far less than 0.01. Moreover, the importance of growth

among 1st and 2nd trials was 0.013, which is less than 0.05. However, the significance

of the improvement between 2nd and 3rd trials was 0.263, which did not indicate a

significant improvement. Therefore, the results indicate that the trainees’ performance

significantly improved between 1st and 2nd, and 1st and 3rd trials. However, there was

not any significant improvement between 2nd and 3rd trial. Consequently, the status of

the hypotheses is illustrated as following (Table 4.15).

Table 4.15. The status of hypotheses.

Hypothesis Abbreviation Status

Trainees using V-SAFE significantly correct

H.2.1 Acceptedtheir mistakes by repeatable practice

V-SAFE significantly improves the implicit

H.2.2 Accepted
knowledge level of trainees by providing repeatable

hands-on practice

4.3. Hazard Identification Experiment

This experiment is conducted to evaluate Statement 3: V-SAFE provides an

effective hazard identification process for trainees. Table 4.16 shows the hazard identi-

fication performance of the participants.
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Table 4.16. Experiment Results of Hazard Identification Experiment.

1st Group: V - SAFE and Conventional 2nd Group: Conventional Training and

Training V - SAFE

Risk

V- Conventional

Improvement

Conventional V-

ImprovementSAFE Method Method SAFE

Fall from height 9 9 0 11 16 5

Electrocution 10 10 0 5 16 11

Building / soil

0 0 0 5 8 3collapse

Accident by

2 2 0 8 16 8falling object

Heavy equipment

7 7 0 3 14 11accidents

Fire or explosion 9 10 1 5 16 11

Traffic accidents

4 7 3 3 9 6on site

Materials-based

10 10 0 5 17 12risks

Total 51 55 4 45 115 70

Average 5.1 5.5 0.4 2.647 6.764 4.117

In the first group, trainees’ average hazard identification performance was 5.100

in the V-SAFE environment, while their average was 5.500 after the completion of

conventional safety training. This increase corresponds to an average of 0.400. In the

second group, trainees identified an average of 2.647 hazards by using the conventional

safety training method. After completion of V-SAFE training, their hazard identifica-

tion average was 6.764, which corresponds to 4.117 improvement. In the first overview,

these increases highlight the great potential for statistically significant growth. It was

noted that the dataset contains binary data for each hazard sources, while, the total

number of identified hazard sources are counted through the summation of identified

hazard sources. In the experimental setting, two different evaluations existed.

Firstly, it is aimed to evaluate the trainees’ improvement between conventional

safety training method and V-SAFE for each hazard sources. Therefore, the experi-

mental setting of the first analysis is conducted through the same trainees in a paired

analysis procedure. The dataset involves ordinal binary data. When analyzing an

ordinal binary data, parametric approach, such as paired t-test is not suitable, since
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binary data is usually skewed, in other words, datasets involve many smaller values,

few higher values (McElduff et al., 2010). To evaluate the skewed data, the previ-

ous literature emphasizes that using a non-parametric paired t-test, namely Wilcoxon

signed-rank test is a more suitable approach (McElduff et al., 2010). However, as an

essential assumption of the Wilcoxon signed-rank test, the dataset used in the analysis

should contain continuous data (Wilcoxon et al., 1970). In order to evaluate a ordinal

binary data in paired groups, McNemar method is a suitable method. The main as-

sumptions of McNemar test involve one ordinal variable with two categories and one

independent variable with two connected groups (McCrum-Gardner, 2008). To select

the appropriate data analysis method, it is crucial to define the experimental setting of

the conducted experiment and data characteristics (Table 4.17). According to dataset

in the experiment, McNemar Test is selected as the most appropriate method (Figure

4.3).

Table 4.17. Experiment and Data Features for Paired Samples.

Experiment
Hazard Identification

Experiment (Paired Samples)

Data Measure Type of Dependent
Categorical, Ordinal Data

Variable and Independent Variables

Data Characteristics Binary, Discrete Data

Experimental Procedure Paired Samples

Number of Repeated Measures 2

Potential Analysis Method McNemar Test
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Figure 4.3. The Appropriate Data Analysis Method for Hazard Identification

Experiment for Paired Differences.

Secondly, it is aimed to evaluate the trainees’ improvement between two mutually

exclusive groups for each hazard sources. Therefore, the experimental setting of the

second analysis was conducted through trainees in two different groups. The dataset

involves ordinal binary data. When analyzing an ordinal binary data, parametric ap-

proach, such as student t-test, Mann Whitney-U test, are not suitable. As an essential

assumption of these tests, the dataset should contain continuous data (Wilcoxon et

al., 1970). Besides, the previous literature (McCrum-Gardner, 2008) states that if the

sample size is less than 20, using Fisher’s exact test is more suitable compared to the

chi-square test. To evaluate binary nominal data, the Fisher exact test is selected.

Fisher exact test is a statistical significance test used for analyzing the contingency
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tables (McCrum-Gardner, 2008). In practice, the method could be used, even sample

sizes are small, since, the method is valid for all sample sizes (Fisher, 1992). To select

the appropriate data analysis method, it is crucial to define the experimental setting

of the conducted experiment and data characteristics (Table 4.18). According to the

dataset in the experiment, Fisher Exact test is selected as the most appropriate method

(Figure 4.4).

Table 4.18. Experiment and Data Features for Mutually Exclusive Groups.

Experiment

Hazard Identification Experiment

(Mutually Exclusive Groups)

Data Measure Type of Dependent

Categorical, Ordinal DataVariable and Independent Variables

Data Characteristics Binary, Discrete Data

Experimental Procedure Independent Samples

Number of Groups 2

Potential Analysis Method Fisher Exact Test

Figure 4.4. The Appropriate Data Analysis Method for Hazard Identification

Experiment for Independent Groups.
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4.3.1. Descriptive Analyses

According to the previous literature, the major assumptions of chi-square related

tests such as McNemar and Fisher Exact test are quite similar to each other. Except

for experimental settings such as paired or independent dataset usage, randomness

is the only assumption on these tests (McCrum-Gardner, 2008). As the preliminary

analysis of data, randomness test and power tests were conducted.

4.3.1.1. Testing the Power. The achieved power is an important parameter that must

be taken into consideration in McNemar Test (Kılıç, 2014). To analyze the effect size,

power analysis was performed. The analysis results were illustrated in Table 4.19,

Table 4.3.1.1, and Table 4.21.

Table 4.19. The Summary of the Power Test for 1st Group.

Risk Trial

Odds Sample The Lower Upper Actual Power

Ratio Size Proportion Critical Critical α (1-β)

Of Discordant N N

Pairs

Fall from height

Lecture Notes

40.11 17 0.08 1 2 0.5000 0.9757V-SAFE

Electrocution

Lecture Notes

441.00 17 0.03 1 2 0.5000 0.9977V-SAFE

Building / soil Lecture Notes

0.00 17 0.58 0 0 0.0156 0.9881collapse V-SAFE

Accident by falling Lecture Notes

0.09 17 0.47 0 0 0.0313 0.6499object V-SAFE

Heavy equipment Lecture Notes

4.59 17 0.19 2 3 0.25 0.6742accidents V-SAFE

Fire or explosion

Lecture Notes

133 17 0.06 1 2 0.5 0.9925V-SAFE

Traffic accidents on Lecture Notes

1.48 17 0.28 3 4 0.125 0.2125site V-SAFE

Materials-based risks

Lecture Notes

441 17 0.03 7 7 0.5 0.9977V-SAFE

Total

Lecture Notes

3.8 17 0.2 2 3 0.25 0.6267V-SAFE

Table 4.20. The Summary of the Power Test for 2nd Group

Risk Trial

Odds Sample The Lower Upper Actual Power

Ratio Size Proportion Critical Critical α (1-β)

of N N

Discordant

Pairs

Fall from height

Lecture Notes

6.22 17 0.36 10 10 0.0461 0.9063V-SAFE

Electrocution

Lecture Notes

25 17 0.19 7 7 0.0078 0.7599V-SAFE
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Table 4.20. The Summary of the Power Test for 2nd Group (cont.).

Risk Trial

Odds Sample The Lower Upper Actual Power

Ratio Size Proportion Critical Critical α (1-β)

of N N

Discordant

Pairs

Building / soil Lecture Notes

2.03 17 0.42 12 12 0.0384 0.3495collapse V-SAFE

Accident by falling Lecture Notes

12.29 17 0.28 9 9 0.0327 0.9555object V-SAFE

Heavy equipment Lecture Notes

145 17 0.11 4 5 0.0625 0.9729accidents V-SAFE

Fire or explosion

Lecture Notes

25 17 0.19 7 7 0.0078 0.7599V-SAFE

Traffic accidents Lecture Notes

4.63 17 0.33 10 10 0.0193 0.6383on site V-SAFE

Materials-based Lecture Notes

79.55 17 0.17 7 7 0.0078 0.9163risks V-SAFE

Total

Lecture Notes

10.8 17 0.24 8 8 0.0195 0.8263V-SAFE

Table 4.21. The Summary of the Power Test for the Improvement Between Two

Independent Groups.

Risk Trial

Odds Sample The Lower Upper Actual Power

Ratio Size Proportion Critical Critical α (1-β)

of N N

Discordant

Pairs

Fall from height

Group 1

9.24 27 0.45 11 11 0.0287 0.9591Group 2

Electrocution

Group 1

37.15 27 0.24 7 7 0.0078 0.8303Group 2

Building / soil Group 1

5.07 27 0.52 12 12 0.0384 0.8909collapse Group 2

Accident by falling Group 1

18.79 27 0.34 9 9 0.0107 0.9123object Group 2

Heavy equipment Group 1

87 27 0.14 5 5 0.0313 0.9445accidents Group 2

Fire or explosion

Group 1

11.21 27 0.28 8 8 0.0195 0.8355Group 2

Traffic accidents Group 1

1.21 27 0.52 12 12 0.0384 0.0822on site Group 2

Materials-based Group 1

47.73 27 0.21 7 7 0.0078 0.8649risks Group 2

Total

Group 1

18.02 27 0.33 9 9 0.0107 0.9061Group 2

The power analysis results show that the majority of hazard categories contain

a quite high type 1 error (actual α) in 1st group. Except building/soil collapse and

accident by falling object hazard categories, type 1 error rates are higher than 0.05.

Therefore, evaluating the hazard sources, except building/soil collapse and accident by

a falling object in the 1st group could be trivial and statistically insignificant.
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In group 2, the power analysis results show that the power of building and soil

collapse hazard category is 0.3495, which is quite less than the objected power; 0.80.

Secondly, heavy equipment accidents type 1 error rate is 0.0625, which is slightly higher

than 0.05. Although the error rate is higher than 0.05, this hazard category could be

analyzed due to the low difference. Thirdly, traffic accidents on-site hazard category

is much less than the objected power. Therefore, it is not statistically meaningful to

analyze this hazard source. Finally, electrocution and fire or explosion hazard sources

are little less than objected power, which is 0.80. Therefore, except building and soil

collapse, and traffic accidents on-site hazard types, it is decided to analyze all-hazard

sources.

Finally, the power analysis results show that the power and type error rate signif-

icantly achieved the expected results between the improvements of two groups. There-

fore, according to power analysis results, evaluating the improvement between the two

groups are statistically meaningful.

4.3.1.2. Testing the Randomness. To check, whether or not randomness is provided in

the data, Wald-Wolfowitz Runs Test is performed. The analysis results are illustrated

in Table 4.3.1.2 and Table 4.23.

Table 4.22. Randomness Test Results of Group 1.

Hazard Training Method Sigma Z P > |Z| Randomness

Fall from a height V-SAFE 0.4 0.5 0.6171 Yes

Fall from a height Lecture Notes 0.4 0.5 0.6171 Yes

Fall from a height Improvement N.A. N.A. N.A. No

Electrocution V-SAFE N.A. N.A. N.A. No

Electrocution Lecture Notes N.A. N.A. N.A. No

Electrocution Improvement N.A. N.A. N.A. No

Building/soil collapse V-SAFE N.A. N.A. N.A. No

Building/soil collapse Lecture Notes N.A. N.A. N.A. No

Building/soil collapse Improvement N.A. N.A. N.A. No

Accident by the falling object V-SAFE 0.88 -2.49 0.0123 No

Accident by the falling object Lecture Notes 0.88 -2.49 0.0123 No

Accident by the falling object Improvement N.A. N.A. N.A. No

Heavy equipment accidents V-SAFE 1,22 -0.16 0.8700 Yes

Heavy equipment accidents Lecture Notes 1.22 -0.16 0.8700 Yes

Heavy equipment accidents Improvement N.A. N.A. N.A. No

Fire or explosion V-SAFE 0.4 0.5 0.6171 Yes

Fire or explosion Lecture Notes N.A. N.A. N.A. No

Fire or explosion Improvement 0.4 0.5 0.6171 Yes
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Table 4.22. Randomness Test Results of Group 1 (cont.).

Hazard Training Method Sigma Z P > |Z| Randomness

Traffic accident on site V-SAFE 1.42 -0.56 0.5741 Yes

Traffic accident on site Lecture Notes 1.22 -0.16 0.8700 Yes

Traffic accident on site Improvement 1.22 -0.98 0.3261 Yes

Materials-based risks V-SAFE N.A. N.A. N.A. No

Materials-based risks Lecture Notes N.A. N.A. N.A. No

Materials-based risks Improvement N.A. N.A. N.A. No

Total V-SAFE 0.92 0.65 0.5127 Yes

Total Lecture Notes 1.42 -0.56 0.5741 Yes

Total Improvement 1.42 0.14 0.8883 Yes

Table 4.23. Randomness Test Results of Group 2.

Hazard Training Method Sigma Z P > |Z| Randomness

Fall from a height Lecture Notes 1.81 -0.42 0.673 Yes

Fall from a height V-SAFE 0.32 0.37 0.715 Yes

Fall from a height Improvement 1.63 -1.26 0.2079 Yes

Electrocution Lecture Notes 1.63 -0.04 0.9713 Yes

Electrocution V-SAFE 0.32 0.37 0.715 Yes

Electrocution Improvement 1.81 -0.42 0.673 Yes

Building/soil collapse Lecture Notes 1.63 -0.65 0.5172 Yes

Building/soil collapse V-SAFE 1.99 0.27 0.7901 Yes

Building/soil collapse Improvement 1.1 -1.76 0.0785 Yes

Accident by the falling object Lecture Notes 1.99 1.27 0.2034 Yes

Accident by the falling object V-SAFE 0.32 0.37 0.715 Yes

Accident by the falling object Improvement 1.99 1.27 0.2034 Yes

Heavy equipment accidents Lecture Notes 1.1 0.96 0.3372 Yes

Heavy equipment accidents V-SAFE N.A. N.A. N.A. No

Heavy equipment accidents Improvement 1.1 0.96 0.3372 Yes

Fire or explosion Lecture Notes 1.63 1.19 0.2351 Yes

Fire or explosion V-SAFE 0.32 0.37 0.715 Yes

Fire or explosion Improvement 1.81 -0.42 0.673 Yes

Traffic accident on site Lecture Notes 1.1 0.96 0.3372 Yes

Traffic accident on site V-SAFE 1.99 1.77 0.0759 Yes

Traffic accident on site Improvement 1.81 -0.97 0.3301 Yes

Materials-based risks Lecture Notes 1.63 1.8 0.072 Yes

Materials-based risks V-SAFE N.A. N.A. N.A. No

Materials-based risks Improvement 1.63 1.8 0.072 Yes

Total Lecture Notes 1.6 0.73 0.4622 Yes

Total V-SAFE 1.93 -0.12 0.903 Yes

Total Improvement 1.63 -1.26 0.2079 Yes

Analysis results highlight that the majority of the dataset in the first group have

not provided the randomness. Therefore, except traffic accident on site, falling from a

height, heavy equipment accidents, fire or explosion, and total categories, comparing

the differences in the first group is statistically insignificant. Also, the majority of

datasets in group 1 fail to provide necessary type 1 error rate. Therefore, the evaluation

of group 1 would not make a statistical meaning. So, it is decided to not analyze the

data in the first group for both independent samples and paired tests.
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Except for building/soil collapse category, all hazard sources provide adequate

type 1 error rate and targeted power in the second group. Besides, all hazard categories

in the second group provide randomness. Therefore, it is statistically meaningful to

analyze all datasets, except building/soil collapse category in group 2. However, due

to the inadequacies in type 1 error rates, power, and randomness in the first group

hazard categories, it is insignificant to conduct an independent samples analysis.

4.3.2. Analysis Results

In statistics, the McNemar is a statistical test used in paired binomial data. Due

to the dataset of each risk source is binomial, it is determined to use the McNemar test

to evaluate whether the row and column marginal frequencies are equal. The analysis

results of the McNemar test is illustrated in Table 4.24. Consequently, the status of

the hypotheses is represented as following (Table 4.25).

Table 4.24. The summary of McNemar test analysis results for 2nd Group.

Risk Trial Mean St. Dev.

Sample Exact

ImpactSize Significance

Fall from height

Lecture Notes 0.647 0.493 17

0.031 **V-SAFE 0.941 0.243 17

Electrocution

Lecture Notes 0.294 0.47 17

0.001 ***V-SAFE 0.941 0.243 17

Building / soil Lecture Notes 0.294 0.47 17

0.25 N.S.collapse V-SAFE 0.471 0.514 17

Accident by falling Lecture Notes 0.471 0.514 17

0.008 ***object V-SAFE 0.941 0.243 17

Heavy equipment Lecture Notes 0.176 0.393 17

0 ***accidents V-SAFE 1 0 17

Fire or explosion

Lecture Notes 0.294 0.47 17

0 ***V-SAFE 0.941 0.243 17

Traffic accidents Lecture Notes 0.176 0.393 17

0.25 N.S.on site V-SAFE 0.529 0.514 17

Materials-based risks

Lecture Notes 0.294 0.47 17

0 ***V-SAFE 1 0 17

Total

Lecture Notes 2.647 1.539 17

0 ***V-SAFE 6.765 0.903 17

In the first group, trainees firstly identified hazard sources through V-SAFE.

Then, they identified hazard sources through lecture notes.

***: ρ < 0.01. N.S.= not statistically significant.

***: ρ < 0.01. N.S.= not statistically significant.
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Table 4.25. The status of the hypotheses.

Hypotheses Abbreviation Status

Trainees trained by V-SAFE identify the risk of

H3.1. Accepted (ρ < 0.05)
falling from height more effectively than trainees

trained by the conventional safety training methods.

Trainees trained by V-SAFE identify the risk

H3.2. Accepted (ρ < 0.01)
of electrocution more effectively than trainees

trained by the conventional safety training methods.

Trainees trained by V-SAFE identify the risk of

H3.3. Rejected
building/soil collapse more effectively than

trainees trained by the conventional safety training methods.

Trainees trained by V-SAFE identify the risk

H3.4. Accepted (ρ < 0.01)

of accident from the falling object more effectively

than trainees trained by the conventional safety

training methods.

Trainees trained by V-SAFE identify the risk of

H3.5. Accepted (ρ < 0.01)

heavy equipment accidents more effectively

than trainees trained by the conventional safety

training methods.

Trainees trained by V-SAFE identify the risk

H3.6. Accepted (ρ < 0.01)

of fire or explosion accidents more effectively

than trainees trained by the conventional safety

training methods.

Trainees trained by V-SAFE identify the traffic

H3.7. Rejected
accidents risk more effectively than trainees

trained by the conventional safety training methods.

Trainees trained by V-SAFE identify the risk

H3.8. Accepted (ρ < 0.01)

of materials-based risks more effectively than

trainees trained by the conventional safety

training methods.

Trainees trained by V-SAFE identify commonly

H3.9. Accepted (ρ < 0.01)
encountered risks more effectively than trainees

trained by the conventional safety training methods.

4.4. Eye-Movement Behavior Comparison Experiment

This experiment is conducted for evaluating the Statement 4: Statement 4:

Trainees? eye-tracking behavior in V-SAFE are more effective than the trainees on

a real construction site. The analysis results are illustrated in Appendix A. The de-

scriptive statistics of the analysis is shown in Table 4.26.

Table 4.26. Experiment Results of Eye-Movement Behavior Comparison Experiment.

Time Total Fixation First

To First Fixation Count Fixation

Fixation Duration Duration

Real Construction Site - Mean 6.28 1.95 8.87 0.15

Real Construction Site - St. Deviation 11.12 3.01 11.18 0.13

Real Construction Site - N 91 91 91 91

V-SAFE - Mean 19.24 3.35 10.65 0.29

V-SAFE - St. Deviation 25.58 3.79 12.51 0.35

V-SAFE - N 127 127 127 127
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It was noted that the dataset contains interval and continuous data. Moreover,

the experiment was conducted through two different groups. To analyze the differences

among mutually exclusive groups, two data analysis methods such as Student t-test

and Mann-Whitney u test existed in the literature (see Figure 3.16). To select the

appropriate data analysis method, it is important to define the experimental setting of

the conducted experiment and data characteristics (Table 4.27).

Table 4.27. Experiment and Data Features.

Experiment Eye-Movement Behavior Comparison Experiment

Data Measure Type of

Interval Data
Dependent Variable and

Independent Variables

Data Characteristics Continuous Data

Experimental Procedure Independent Samples

Number of Independent Groups 2

Potential Analysis Methods Student t-test, Mann-Whitney U test

The analysis of student t-test contains various assumptions such as normality,

homogeneity, and randomness, while, the only assumption of Mann Whitney-U Test

is randomness. Unless these assumptions are met, then the analysis method will not

run statistically significant results. The purpose of analysis of the collected data will

be decided upon the assessment of the assumptions of the available techniques, and

the most appropriate method of analysis will be determined. To select the appropriate

data analysis method, several descriptive analyses were conducted, which explained in

the following section.

4.4.1. Descriptive Analyses

The assumption of normality always requires to be evaluated for parametric tests,

since the validity depends on the normality of the data (Ghasemi and Zahediasl, 2012).

Also, the assumption of homogeneity is another critical parameter that needs to be

evaluated for parametric tests (Cuzick, 1995).
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4.4.1.1. Testing the Normality of the Data. As the initial analysis, it is checked the

normality of the eye-tracking data by using the Kolmogorov Smirnov test illustrated

in Table 4.28.

Table 4.28. Kolmogorov Smirnov Test Results.

Metric Experiment Unit Count Mean St. Dev. Skewness Kurtosis D ρ - value

Time To Real Construction

Second 91 6.28 11.12 3.11101 11.45874 0.29

0.00001

First Site ***

Fixation

V-SAFE Second 127 19.24 25.58 1.68749 2.860908 0.23

0.00001

***

Total Real Construction

# 91 1.95 3.01 2.89561 11.146205 0.26

0.00001

Fixation Site ***

Duration

V-SAFE # 127 3.35 3.79 1.854631 4.029669 0.19

0.0002

***

Fixation Real Construction

Second 91 8.87 11.18 2.340675 6.519743 0.24

0.00004

Count Site ***

V-SAFE Second 127 10.65 12.51 2.294403 6.341663 0.22

0.00001

***

First Real Construction

Second 91 0.15 0.12 1.542132 2.825057 0.13

0.08468

Fixation Site *

Duration

V-SAFE Second 127 0.29 0.35 3.895181 18.57625 0.22

0.00001

***

4.4.1.2. Testing the Homogeneity of the Data. To check, whether or not homogeneity

is provided in the data, the Levene test is performed. The analysis results are illustrated

in Table 4.4.1.2 and Table 4.30.

Table 4.29. The summary of data variables.

Eye Tracking Metric

Sample Variances

c d Total

Time to First Fixation

N 91 127 218

ΣX 639.7129 2543.166 3182.879

Mean 7.0298 20.0249 14.6

ΣX2 11135.01 82424.61 93559.62

Std.Dev. 8.5881 15.8109 14.7308

Total Fixation Duration

N 91 127 218

ΣX 181.3115 363.3367 544.6482

Mean 1.9924 2.8609 2.498

ΣX2 814.35 1811.13 2625.48

Std.Dev. 2.2438 2.4747 2.4142

Fixation Count

N 91 127 218

ΣX 714.1758 1125.102 1839.278

Mean 7.8481 8.8591 8.437

ΣX2 11252.42 19706.76 30959.17

Std.Dev. 7.9215 8.7919 8.4355
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Table 4.29. The summary of data variables (cont.).

Eye Tracking Metric

Sample Variances

c d Total

Time to First Fixation

N 91 127 218

First Fixation Duration

N 91 127 218

ΣX 8.591 25.0219 33.6129

Mean 0.0944 0.197 0.154

ΣX2 1.4626 15.6864 17.149

Std.Dev. 0.0851 0.2922 0.2348

Table 4.30. The variables descriptive and the results of Levenes’ test of Homogeneity.

Eye Tracking Metric Source SS DF MS F ρ - value

Time to First Fixation

Between-treatments 8952.5951 1 8952.5951

50.70716 0.00001
Within-treatments 38135.849 216 176.5549

Total 47088.444 217

Total Fixation Duration

Between-treatments 39.9864 1 39.9864

7.0521 0.008507
Within-treatments 1224.7517 216 5.6701

Total 1264.7381 217

Fixation Count

Between-treatments 54.1852 1 54.1852

0.76065 0.76065
Within-treatments 15386.895 216 71.2356

Total 15441.081 217

First Fixation Duration

Between-treatments 0.5582 1 0.5582

10.56965 0.001334
Within-treatments 11.408 216 0.0528

Total 11.9663 217

4.4.1.3. Testing the Randomness. To check, whether or not randomness is provided in

the data, Wald-Wolfowitz Runs Test is performed. The analysis results are illustrated

in Table 4.31.

Table 4.31. The summary of randomness test analysis results.

V-SAFE

Time Total Fixation First Time To Total Fixation First

Fixation Fixation Count Fixation First Fixation Count To First

Fixation Duration Duration Fixation Duration Duration

Test Value 1.48 0.55 4 0.12 6.43 1.99 6 0.22

Cases < 45 45 43 45 63 63 60 63

Test Value

Cases >= 46 46 48 46 64 64 67 64

Test Value

Total Cases 91 91 91 91 127 127 127 127

Number of Runs 40 44 48 48 60 62 60 67

Z -1.369 -0.526 0.346 0.317 -0.801 -0.445 -0.77 0.446

(2-tailed) 0.171 0.599 0.729 0.751 0.423 0.656 0.441 0.655

Asymp. Sig.
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Based on the Kolmogorov-Smirnov analysis results, all eye tracking metrics’ skew-

ness and kurtosis values are not close to 0. In addition, corresponding ρ - value was

less than 0.01. Therefore, except for the first fixation duration of the trainees on a

real construction site, all eye tracking metrics are not normally distributed. More-

over, except fixation count, all eye tracking metrics do not provide homogeneity. Also,

Wald-Wolfowitz runs test results show that the significance values are much higher than

0.05 (Table 4.30). According to Wald-Wolfowitz runs test results, one can conclude

that randomness is significantly provided on each metrics in the dataset. Therefore,

it is decided to use non-parametric analysis methods. To compare the search patterns

of the trainees between V-SAFE and real construction site interaction, it is used the

Mann-Whitney U test (Figure 4.5).

Figure 4.5. The Appropriate Data Analysis Method for Eye-Movement Behavior

Comparison Experiment.
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4.4.1.4. Testing the Effect Size and Power. As mentioned, the effect size is a concept

that must be taken into consideration when calculating the minimum required sample

size when planning any study (Kılıç, 2014). Even if the difference of means is viable

and statistically significant, the results could be trivial, when the effect size is small.

In order to analyze the effect size, Cohen t-test is performed. The analysis results are

illustrated in Table 4.32.

Table 4.32. The summary of Cohen t-test analysis results

Eye Tracking

Environment Mean St. Dev.

Sample Effect

PowerMetric Size Size

Time to First Real Construction Site 6.2765 11.123 91

0.6574 0.9991Fixation V-SAFE 19.2426 25.576 127

Total Fixation Real Construction Site 1.9482 3.008 91

0.4089 0.907Duration V-SAFE 3.3475 3.7913 127

Fixation Count

Real Construction Site 8.8681 11.1815 91

0.1505 0.2903V-SAFE 10.6535 12.5061 127

First Fixation Real Construction Site 0.1532 0.1275 91

0.4986 0.9758Duration V-SAFE 0.2854 0.3528 127

Cohen analysis results show that the effect size of fixation count is quite small.

Moreover, the power of fixation count is 0.2903, which is quite low. Therefore, one can

conclude that evaluating the impact of fixation count is not statistically meaningful.

Secondly, the first fixation duration, time to first fixation and total fixation duration

are quite close to medium effect size, while a high level of power is achieved in these

metrics’ analysis. Therefore, improving the sample size might be considered as a suit-

able method to enhance the effect size. However, due to the very high level of achieved

power, the impact of effect size could be neglected.

4.4.2. Analysis Results

To compare the difference in the eye-tracking behavior of the trainees, non-

parametric independent samples t-test analysis is conducted. Table 4.33 illustrates

the detailed independent samples non-parametric t-test results.
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Table 4.33. Mann Whitney-U test analysis results.

Time Total Fixation First

To First Fixation Count Fixation

Fixation Duration Duration

Real Construction Site - Mean 6.28 1.95 8.87 0.15

Real Construction Site - St. Deviation 11.12 3.01 11.18 0.13

Real Construction Site - N 91 91 91 91

V-SAFE - Mean 19.24 3.35 10.65 0.29

V-SAFE - St. Deviation 25.58 3.79 12.51 0.35

V-SAFE - N 127 127 127 127

Mann-Whitney U 3861.5 3945.5 4678 5031

Z -4.18 -3.99 -2.4 -1.64

Asymptote Significance (2-tailed) 0 0 0.02 0.1

Exact Significance (2-tailed) 0 0 0.02 0.1

Exact Significance (1-tailed) 0 0 0.01 0.05

Point probability, significance (1-tailed) values on each metrics indicate that there

is a statistical difference between the workers’ eye-tracking data on the real construction

site and V-SAFE training. However, since power value and effect sizes are significantly

small in fixation count metric, analysis results could not be considered as significant.

Therefore, accepted hypotheses are illustrated in Table 4.34.

Table 4.34. The status of the hypotheses in eye-movement behavior comparison.

Hypotheses Abbreviation Status

The time to first fixation durations of

H4.1.

Rejected

participants using V-SAFE are significantly (ρ < 0,01)

lower than the time to first fixation

durations of the same participants on the

real construction site.

The total fixation durations of participants

H4.2.

Accepted

using V-SAFE are significantly higher than (ρ < 0,01)

the total fixation durations of the same

participants on the real construction site.

The first fixation durations of participants

H4.3.

Accepted

using V-SAFE are significantly higher (ρ < 0,01)

than the first fixation durations of the same

participants on the real construction site.

The fixation count of participants using V-SAFE

H4.4.

Rejected due to

are significantly higher than the fixation small effect size

count of the same participants on the real and power

construction site.



117

4.5. Construction Site and Gaming Experience Experiment

This experiment is conducted for evaluating the following hypotheses: Hypothesis

5.1: Both trainees with and without site experience could use virtual construction safety

training tool in a similar and effective manner Hypothesis 5.2: Both trainees with and

without computer gaming experience could use virtual construction safety training tool

in a similar and effective manner.

Table 4.35 illustrates the experimental results, including the safety training per-

formance together with the construction site and gaming experience. Table 4.36 sum-

marizes descriptive results, including the safety training performance, ranks along with

the gaming and construction site experience.

Table 4.35. Analysis results of the trainees based on construction site experience.

Trainee Site Experience Gaming Experience Safety Training Performance

1 No 1 1.00

2 No 1 0.96

3 No 1 0.95

4 No 2 0.8

5 No 2 1.00

6 No 2 1.00

7 No 3 1.00

8 No 3 1.00

9 No 3 0.50

10 No 4 0.92

11 No 4 1.00

12 No 4 0.69

13 Yes 1 0.96

14 Yes 1 0.92

15 Yes 1 0.78

16 Yes 2 1.00

17 Yes 2 0.61

18 Yes 2 0.92

19 Yes 3 0.93

20 Yes 3 0.90

21 Yes 3 1.00

22 Yes 4 1.00

23 Yes 4 1.00

24 Yes 4 1.00
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Table 4.36. Descriptive results.

Factor Level N Mean Std. Dev.

Construction Site Experience No

3 0.9700 0.02646Construction Gaming Experience 1

Construction Site Experience No

3 0.9333 0.11547Construction Gaming Experience 2

Construction Site Experience No

3 0.8333 0.28868Construction Gaming Experience 3

Construction Site Experience No

3 0.8700 0.16093Construction Gaming Experience 4

Construction Site Experience No

12 0.9017 0.15971Construction Gaming Experience Total

Construction Site Experience Yes

3 0.8867 0.09452Construction Gaming Experience 1

Construction Site Experience Yes

3 0.8433 0.20599Construction Gaming Experience 2

Construction Site Experience Yes

3 0.9433 0.05132Construction Gaming Experience 3

Construction Site Experience Yes

3 1.0000 0.00000Construction Gaming Experience 4

Construction Site Experience Yes

12 0.9183 0.11668Construction Gaming Experience Total

Construction Site Experience Total

6 0.9283 0.07705Construction Gaming Experience 1

Construction Site Experience Total

6 0.8883 0.15728Construction Gaming Experience 2

Construction Site Experience Total

6 0.8883 0.19498Construction Gaming Experience 3

Construction Site Experience Total

6 0.9350 0.12422Construction Gaming Experience 4

Construction Site Experience Total

24 0.9100 0.13705Construction Gaming Experience Total

From the first overview, the average of trainees’ safety performance in V-SAFE

is quite similar to each other. The average of trainees’ score without construction site

experience was 0.9017, while the average of trainees with site experience was 0.9183.

The difference between the trainees with and without site experience was 0.0166.

It was noted that the dataset contains interval and continuous data. Moreover,

there are two different factors evaluated on the dataset, which could contain potential

correlations with each other. Comparing safety performance through one factor could
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result in neglecting the potential correlations between factors. Therefore analyzing the

impact of two factors to the dependent variable and evaluating the relation between

factors could be an appropriate approach. To analyze the impact of factors, Two-Way

ANOVA and Kruskal Wallis H test with Scheirer-Ray-Hare test are suitable methods

(see Figure 3.16). To select the appropriate data analysis method, it is essential to

define the experimental setting of the conducted experiment and data characteristics

(Table 4.37).

Table 4.37. Experiment and Data Features.

Experiment Construction Site and Gaming Experience Experiment

Data Measure Type of Variables Dependent Variable: Interval and Continuous Data

Experimental Procedure Independent Samples

Number of Factors 2

Potential Analysis Methods

Two-Way ANOVA, Kruskal-Wallis

H test with Scheirer-Ray-Hare Extension

4.5.1. Descriptive Analyses

As essential requirements of the two-way ANOVA; normality, equality of error

variances, effect size are evaluated.

4.5.1.1. Testing the Normality of the Data. To check the data, whether or not the

normality is provided, Shapiro-Wilk test for different factors is performed. According

to the normality tests, it could be seen three of four variables do not provide normality

(Table 4.38).
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Table 4.38. Test of normality results.

Shapiro-Wilk

Factor Level Statistic

Degrees of

SignificanceFreedom

Construction Site Experience No

0.893 3 0.363Construction Gaming Experience 1

Construction Site Experience No

0.750 3 0.000Construction Gaming Experience 2

Construction Site Experience No

0.750 3 0.000Construction Gaming Experience 3

Construction Site Experience No

0.928 3 0.480Construction Gaming Experience 4

Construction Site Experience Yes

0.907 3 0.407Construction Gaming Experience 1

Construction Site Experience Yes

0.896 3 0.373Construction Gaming Experience 2

Construction Site Experience Yes

0.949 3 0.567Construction Gaming Experience 3

Construction Site Experience Yes

- 3 -Construction Gaming Experience 4

4.5.1.2. Testing the Equality of Error Variances. To check, whether or not homogene-

ity is provided in the data, the Levene test is performed. The analysis results are

illustrated in Table 4.39.

Table 4.39. Levene Test of equality of error variances.

Factor Levene Statistic df1 df2 Significance

Based on Mean 5.749 7 16 0.002

Based on Median 0.556 7 16 0.78

Based on Median and with
0.556 7 5.112 0.768

adjusted degrees of freedom

Based on Trimmed Mean 40.825 7 16 0.004

From Table 4.40, it could be noticed that significance (ρ - value) equals to 0.002

based on means, while, it is 0.798 in the median. Previous literature (Levene, 1961)

states that if the achieved ρ-value is less than 0.05, the observed differences in sample

variances are not likely to occur based on random sampling from a population with
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equal variances. Alternatively, the test of equality of error variances could be evalu-

ated through the median, rather than mean. The optimal selection depends on the

distribution of dataset (Derrick et al., 2018). In other words, if the distribution is

not normally distributed, using the median is optimal (Derrick et al., 2018). Accord-

ing to the normality and equality of error variances tests, Kruskal-Wallis H test with

Scheier-Ray-Hare extension should be performed (Figure 4.6).

Figure 4.6. The Appropriate Data Analysis Method for Construction Site and

Gaming Experiment.
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4.5.2. Analysis Results

4.5.2.1. Kruskal-Wallis H Test with Scheier-Ray-Hare Extension. Table 4.40 summa-

rizes the descriptive results, including the safety training performance, ranks together

with the gaming and construction site experience. Table 4.41 shows the analysis results

of between-subjects effects.

Table 4.40. Kruskal-Wallis Ranks.

Factor Level N Mean Std. Dev. Mean Rank

Construction Site Experience No

3 0.9700 0.02646 14.1667Construction Gaming Experience 1

Construction Site Experience No

3 0.9333 0.11547 14.3333Construction Gaming Experience 2

Construction Site Experience No

3 0.8333 0.28868 13.0000.Construction Gaming Experience 3

Construction Site Experience No

3 0.8700 0.16093 9.6667Construction Gaming Experience 4

Construction Site Experience Yes

3 0.8867 0.09452 8.3333Construction Gaming Experience 1

Construction Site Experience Yes

3 0.8433 0.20599 9.8333Construction Gaming Experience 2

Construction Site Experience Yes

3 0.9433 0.05132 11.6667Construction Gaming Experience 3

Construction Site Experience Yes

3 1.0000 0.00000 19.0000Construction Gaming Experience 4

Total 24

Table 4.41. Kruskal-Wallis Test Results.

Sum of Degrees of

H

ρ-

SignificanceSquares Freedom value

Site Experience 2.0416667 1 0.0451957 0.8316446 -

Gaming Experience 30.75 3 0.6807026 0.8777332 -

Site*Gaming Experience 212.70833 3 4.7086542 0.194417 -

Within 793.5 16

Total 1039 23

The results of the Kruskal-Wallis H test show that there is not any relationship

between safety training performance, gaming experience, and site experience.
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4.5.2.2. Testing the Effect Size. Another critical analysis, which is applied in the ANOVA

is effect size. Accordingly, the test of between-subjects is performed to analyze the ef-

fect size. The analysis results are illustrated in Table 4.42.

Table 4.42. Achieved Effect Size.

Partial Eta Square

Safety Training
0.23628

Performance * Experience

Based on epsilon squared effect size analysis, it could be seen that the achieved

effect size is 0.236284889, which corresponds to a medium effect size (see Table 3.2).

According to the Kruskal-Wallis H test analysis results, the similarity of the

training performance for the trainees with and without construction site experience is

statistically significant (H = 4.708654, ρ = 0.194417). Therefore the status of hypothe-

ses is illustrated as follows (Table 4.43).

Table 4.43. The status of the hypotheses in the construction site and gaming

experience experiment.

Both trainees with and without site

H5.1. Acceptedexperience could use virtual construction

safety training tool in a similar and effective manner

Both trainees with and without computer gaming

H5.2. Acceptedexperience could use virtual construction safety

training tool in a similar and effective manner.
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5. DISCUSSION

5.1. Introduction

As mentioned in chapter 1, the research questions are fulfilled in the thesis con-

cerned whether V-SAFE could provide effective process about safety training parame-

ters defined as safety information transfer, instructional feedback, knowledge develop-

ment, hazard identification, and hands-on practice. Unlike any other studies, a compar-

ative analysis of the effectiveness of occupational safety training between conventional

methods and V-SAFE was performed, and critical factors to provide adequate safety

training are discussed. However, significant findings contribute to the understanding

of critical factors to provide an effective training method, which is discussed in this

chapter.

5.2. Research Motivation

The number of occupational accidents and fatalities have been quite high in the

construction industry all around the world. In Turkey, according to official records,

1633 fatal accidents and 587 deaths were occurred in the construction industry in 2017

(SSI, 2019a). Consequently, the construction sector ranks first in terms of the number

of occupational accidents in Turkey (SSI, 2019b). Similarly, 3876 fatal occupational

accidents occurred in 28 EU countries in 2015 (Eurostat, 2018a), while, around 20%

of these fatal accidents took place in the construction industry (Eurostat, 2018b).

Moreover, the construction industry had the highest fatal accident rate in the 28 EU

countries (Eurostat, 2018b). Just as EU countries and Turkey, 991 fatal accidents

were recorded in the American construction industry in 2016 (BLS, 2017). Compared

to other sectors, the construction industry had the highest number of occupational

deaths in 2016 (BLS, 2017).

Many studies have emphasized the importance of human behavior-oriented fac-

tors to provide a safe construction working environment (e.g., Abdelhamid and Everett,
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2000, Albert et al., 2014; Carter and Smith, 2006; Shapira and Lyachin, 2009; Lingard

and Rowlinson, 2005; Han et al., 2010). Also, several studies (e.g., Cohen et a, 1998;

Demirkesen and Arditi, 2015; Wong et al., 1999; Tam and Fung, 2011) highlight the

importance of safety training to ensure a safe working environment. A comprehen-

sive literature review (e.g. Burke et al., 2006; Albert et al., 2014; Alliger and Janak,

1989; Frese and Zapf, 1994; Shapira and Elbaz, 2014; Bahn and Barratt-Pugh, 2014)

emphasizes that an effective construction safety training method should provide in-

formation transfer, knowledge development, hands-on training, behavioral modeling,

programmed instructional feedback and hazard identification to the trainees. However,

construction companies have used conventional training methods that merely focus on

information transfer.

The major objective of this thesis is to develop a conceptual model for evaluating

the effectiveness of the developed virtual construction safety training tool, namely V-

SAFE, based on effectiveness parameters existed in the literature Figure 5.1. In this

context, information transfer, instructional feedback, knowledge development, hazard

identification, hands-on practice, behavioral modeling are defined as the parameters

of effective safety training. The developed virtual environment contained significant

features such as multiplayer support, detailed feedback, tower crane scenarios, realistic

construction site simulation, which offer high potential to provide an adequate safety

training method. To measure the effectiveness of the developed software, all parameters

were validated by five different experimental designs. Analysis results show that all

developed research hypotheses were significantly accepted. In the following sections,

the relationship between these hypotheses and related statements were discussed.
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Figure 5.1. Conceptual Model to Evaluate the Effectiveness of Virtual Construction

Safety Training Methods.



127

5.3. Safety Information Transfer

As a primary requirement of the safety training effectiveness, delivering the safety

information to the trainees in an appropriate method is compulsory. To provide ade-

quate information representation, Arthur Jr. and colleagues (2003) state that assessing

the objectives of training, thus, identifying the essential skills and tasks to be trained

is crucial. Based on specific tasks or skills, it is quite likely that any safety training

method could be more effective compared to any other (Arthur Jr. et al., 2003). In

other words, Arthur Jr. and colleagues (2003) argue that all safety training meth-

ods can communicate a specific skill, attitudinal or task information to the trainees;

therefore, various training methods could be superior to each other based on the task

information. Consistently, Wexley and Latham (2002) state that the determination of

task characteristics is quite crucial in finding the most effective safety training method.

In this sense, one can conclude that the statement by Wexley and Latham (2002) high-

light the importance of information quality context defined by Huang and colleagues

(1999). The quality of information could be evaluated by determining what extent the

information fits the needs of the consumers (Huang et al., 1999). In order to provide

high-quality information in the safety training process, the information must be in-

terpretable, consistent, and relevant to the trainees’ needs. In addition, the training

method should enhance the mnemonics of trainees (Albert et al., 2014). However, the

previous literature (e.g. Frese and Zapf, 1994; Burke et al., 2006) criticizes the con-

ventional safety training (least engaging) methods such as lectures, videos, textbooks

fail to provide an adequate safety information transfer process, compared to the highly

engaging methods.

To bridge this gap, it is aimed to provide an adequate safety information transfer

process through V-SAFE by integrating the learning-by-doing approach. The objective

of learning-by-doing strategy is (1) to build a virtual environment design for trainees

to experience daily tasks during tower crane tasks in simulation-based scenarios, (2) to

establish a base for the trainees to evaluate what safety precautions should be taken

on a site, (3) to provide a high quality, understandable, relevant safety information to

the trainees. To ensure these parameters, V-SAFE effectiveness is analyzed through
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paper-based examination. All questions are directly related to safety information about

tasks and the necessary safety information provided by V-SAFE.

The information comprehensibility, which is a two-stage experiment, was con-

ducted to evaluate safety information transfer quality. As the initial stage, all trainees

watch video-recorded PowerPoint-based lectures, which could be considered as a quite

similar approach for least engaging safety training methods. After completion of con-

ventional safety training, all trainees answer the questions on the close-ended exam-

ination. As the second stage, the same trainees entered into V-SAFE and asked to

revise their answers in the examination. Analysis results indicate that, when V-SAFE

was used after conventional methods, the trainees’ mnemonics level are significantly

improved (H1.1: ρ = 0,008, H1.2: ρ = 0,031).

Several studies (e.g., Li et al., 2012a; Park and Kim, 2013; Le et al., 2014) followed

a very similar approach with the experiment design and developed virtual environ-

ment. For instance, Li and colleagues (2012a) developed a virtual environment-based

safety training method and integrated a close-ended examination procedure. In other

words, Li and colleagues (2012a) used the inspection-based environment to establish a

question and answer procedure by the integration of questions with the relevant risk

source involved in the virtual media. In this procedure, when a trainee moves closer

to construction equipment, the specific safety question about the equipment appears,

and trainees could answer the question by clicking the correct response in the virtual

media. From 20 questions in the database, trainees could answer embedded image-

based, text-based, or video-based questions to the virtual objects. Similarly, Park and

Kim (2013) developed a virtual environment-based safety training method that con-

tains question and answer game for regular safety education. Workers could decide

what-to-do during the risk situation by selecting an option from multiple choice safety

measures. Park and Kim (2013) state that utilized virtual-environment-based safety

training software to improve the cognition level of trainees by enabling the monitoring

of hazardous site elements. Despite the advantages of both approaches, a significant

limitation occurs in these studies. A potential weakness of both these methods could

be considered as lack of multiplayer support in the developed environments. Without
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any multiplayer gaming support, trainees fail to learn safety needs that could be inter-

preted through collaboration and interaction. Training provided by V-SAFE enables

multiplayer support, which allows trainees to gather safety information through a col-

laborative environment. For instance, the responsible role to assign the load points is

bricklayer role in the simulation, while, pointer role could easily learn this information

from other roles by interacting with them.

During the evaluation of answers, it was noticed that students were not able to

memorize the information definitively after the completion of the PowerPoint presen-

tation. In general, presentations are based on the illustration of graphical elements

with verbal explanation (Bartsch and Cobern, 2003), which help the trainees to recall

information (ChanLin, 1998; Szabo and Hastings, 2000). However, the graphical el-

ements used in presentations are 2D materials, which are inadequate for translating

necessary safety information into a mental picture (Hadikusumo and Rowlinson, 2002).

For instance, the lifting process of the load in V-SAFE was based on four-point hinge

linking system, which was indicated in the presentation of trainees assigned to pointer

and bricklayer roles (totally twelve trainees) as written texts, verbal explanation, and

photo (Figure 5.2).

Figure 5.2. The illustration of four-hinge link system in Power Point presentation.

Although the information was provided to twelve trainees, who were assigned to

pointer and bricklayer roles in oral, written, and graphical representation together, only

five out of these twelve trainees were able to answers the question about four-hinge link

system correctly after PowerPoint presentation. During the V-SAFE training, it was

observed that three more trainees, who misunderstood during the PowerPoint presen-
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tation, actively understand the lifting method by visualizing the lifting process in a 3D

virtual environment. Therefore, one can conclude that the visualization of lifting pro-

cess provides better information quality for the trainees to see the lifting from different

angles. Besides, the simulation improves the interaction duration within the object;

thus, trainees were able to learn the lifting process, and they were able to improve their

spatial mnemonics. Moreover, after the completion of V-SAFE training, trainees were

informed by the instructional feedback. As a result, three trainees successfully revised

their answers correctly.

In addition, because lectures are instructor-based methods, the duration allo-

cated to transfer some information could be insufficient to memorize the information.

For instance, the information required for crane operators to select the right rope type

was given in a total of nine seconds, and this time was insufficient for the students to

memorize and retain the information correctly. In the experiment, the improper rope

selection of the trainee is detected by the virtual tool, and proper feedback is provided

to the trainees; thus, trainees could translate this information to their memory without

having any time limitation. As a result, the trainees have sufficient amount of time to

memorize the information. Acquired information to memory could be considered as be-

tween short and long term memory. Short-term memory is a memory that has less than

thirty seconds of retention of information (Smith et al., 2013). A very limited amount

of information received through detection is retained in short-term memory (Smith et

al., 2013). After getting specific feedback from the environment, two trainees out of

six, who assigned to crane operator role were able to memorize the information and

revised their answers. From these two examples, one could be concluded that V-SAFE

improves the memorization level of the trainees by (i) providing better representational

information by integrating third dimension, (ii) increasing the interaction duration be-

tween information and trainee, (iii) providing specific information to the trainees by

instructional feedback. Taken together, V-SAFE is significantly effective (ρ=0.031) in

improving the memorization process by meeting the deficits of PowerPoint presenta-

tion, and the following hypothesis is accepted: Hypothesis 1.2: V-SAFE significantly

improves the spatial mnemonics of trainees when used after PowerPoint presentations.
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As another essential parameter of the adequate information transfer process, the

provided information must be understandable in terms of representational information

quality (Al-Hakim, 2007). The PowerPoint lectures are instructor-centered methods,

which does not allow the participation of trainees in the process of learning (Daluba,

2013). In this sense, although the PowerPoint-based lectures might be appropriate for

the trainees to learn necessary safety information, redundant information might lead

to misunderstandings. To bridge this gap, the previous literature (Shakhashiri, 1984)

suggests that lectures should be supported by adequate demonstration method, which

involves (i) demonstration by the instructor, (ii) allow trainees to practice, what is

demonstrated by the instructor. In the experimental setting, students were not able to

practice the instructions demonstrated by the instructor before they entered to first ex-

amination. During the evaluation of trainees’ first examination results, it was noticed

that lack of demonstration led to severe misunderstandings. For instance, eight out

of twelve trainees misunderstood about the responsibility of assigning loading points.

The assignment of loading points is one of the primary duties of the bricklayer role,

while, the pointer roles’ responsibility is to check the bricklayer, whether the points

are correctly assigned. However, eight of twelve trainees in pointer and bricklayer role

misunderstood this information, and they thaught crane operator is responsible for

assigning loading points. During V-SAFE simulation, trainees completed their tasks

including assignment and checked loading points. Therefore, they clearly understood

their responsibility, and three of these eight trainees corrected their answers. Quite

similarly, trainees assigned to the crane operator role were visually and verbally in-

formed about the load weight, and dimensions should be reported by the trainees of

the bricklayer role (Figure 5.2).
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Figure 5.3. The illustration of weight load and dimensions in Power Point

presentation.

Before the completion of V-SAFE training, the half of trainees correctly answered

the question about informing the load weight and dimensions to the crane operator.

After the end of V-SAFE training, two of three trainees, who were not able to an-

swer the question correctly in the first examination, corrected their answers. From

these examples, it could be concluded that practicing safety information via V-SAFE

significantly reduces misunderstandings (H1.1: ρ = 0,008).

In brief, the analysis results indicate that V-SAFE has a significant positive

impact on safety information transfer quality. Quite consistent with the findings of the

previous research, the visual interface of V-SAFE enhances (i) the understandability of

trainees by enabling them to monitor the model construction site (Park and Kim, 2013),

(ii) improving mnemonics by enhanced information quality and effective instructional

feedback (Albert et al., 2014) and (iii) improving the collaboration by providing a

multiplayer experiment. Consequently, the following statement is accepted: Statement

1: V-SAFE significantly improves the quality of safety information when used after

conventional safety training methods.

5.4. Instructional Feedback Mechanism and Knowledge Development

Other parameters of effective safety training are instructional feedback and knowl-

edge development. As mentioned in the previous section, the instructional feedback
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allowed learners to correct their mistakes in information comprehensibility experiment.

In the repeatable virtual experiment, it is aimed to evaluate the impact of instructional

feedback to the knowledge development process.

The previous literature (e.g., Burke et al., 2006) highlights that instructional

feedback should be represented to each trainee based on a standardized manner such

as on a personal computer or workbook format. In addition, the feedback must be

specific for the trainees’ weaknesses and safety knowledge level (Burke et al., 2006).

This statement is related to the appropriate amount of information parameters defined

by Wang and Strong (1996) since the amount of information should be specific for

each trainees’ weaknesses. The previous literature also (e.g., Kirkpatrick, 1979) high-

lights that feedback intervention leads learners to change (i) reactions, (ii) learning of

skills and knowledge level and (iii) behavior. Therefore, the evaluation of instructional

feedback mechanism must be analyzed through these parameters.

To evaluate the changes in trainees’ reactions and behavior, a four-step exper-

iment procedure was followed. In the first stage, trainees watched a video-recorded

PowerPoint tutorial to ensure that all subject know their roles’ responsibilities and

essentials of V-SAFE. In the following steps, all participants received V-SAFE train-

ing three times. At the end of each stage, trainees receive specific feedback based on

automated performance analysis structure. In the previous section, it was noted that

instructional feedback was quite assistive for trainees to improve understandability and

mnemonics in information transfer (H1.1: ρ = 0,008, H1.2: ρ = 0,031). The evaluation

of knowledge development should be analyzed through the reactions and the safety

behavior of trainees, rather than safety information. V-SAFE uses an automated per-

formance analysis method. The automated performance analysis method of V-SAFE

involves three major stages as follows; i) analyzing the safety decisions of the trainees,

ii) finding the trainees’ safety errors, iii) representing the trainees’ safety errors and

corrections in a listed format. As a result, V-SAFE provides specific and individual

feedback for each trainee based on their decisions and safety behavior during virtual

training. In this sense, V-SAFE not only offers effective and need-based feedback but

also establishes a base for the trainees to improve safety knowledge and safety behavior
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by representing their mistakes and correct them.

To compare the reactions and safety behavior, the differences in trainees’ safety

training performance were statistically analyzed in three repetitive runs. Between the

first and second (ρ = 0.013), first and third (ρ = 0.003) runs, trainees safety training

performance was significantly improved, while there was not any significant improve-

ment between second and third runs (ρ = 0.263). The analysis results indicate that two

runs repeatable practice is sufficient in V-SAFE. Besides, these results clearly indicate

that V-SAFE provides effective instructional feedback for the trainees to change their

safety behavior and reactions in the virtual environment. Not only in the lights of these

results, but also from the results in the information comprehensibility experiment, one

could be concluded that V-SAFE provides an effective training method, in terms of de-

livering instructional feedback. Therefore, following hypothesis accepted: Hypothesis

2.1: Trainees using V-SAFE significantly correct their mistakes by repeatable practice.

Another critical parameter for effective safety training is knowledge development

(Burke et al., 2006). As mentioned in section 3.1.2, explicit knowledge is developed

through information-based techniques such as pamphlets, lectures and safety notes.

Although these methods are able to communicate explicit knowledge effectively, they

failed to establish a base for trainees to develop adequate necessary implicit knowledge,

since they do not involve any practice. In order to bridge this gap, V-SAFE contains

training on the virtual construction site to communicate necessary implicit knowledge.

During the investigation of trainees’ reaction, it was noticed that trainees were able to

improve their behavior in the virtual environment after getting feedback. For instance,

putting on safety belt is one of the major precautions to be taken, when workers take

place in activities at height. In V-SAFE training, three out of twelve trainees did not

put on their safety belt in the first run. However, after getting feedback from V-SAFE,

all of them put on their safety belt. As another example, turning on the audio warning

system and checking, whether the audio system works, is one of the primary tasks of

the crane operator. In V-SAFE training, it was seen that three out of six trainees did

not turn on the audio warning system in the first run. In the second run, all trainees

corrected their mistakes by activating audio warning system. From these examples,
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one can conclude that V-SAFE established a suitable method to improve the safety

behavior of trainees by orienting them to correct actions in the virtual environment.

In the lights of this research, following hypothesis and statement are accepted:

• Hypothesis 2.2: V-SAFE significantly improves the implicit knowledge level of

trainees by providing repeatable hands-on practice.

• Statement 2: V-SAFE provides effective feedback to the trainees, thus, they de-

velop adequate implicit knowledge.

5.5. Hazard Identification

The effective hazard identification process is quite essential in the construction

industry (Carter and Smith, 2006; Huang and Hinze, 2003; Patrucco et al., 2010). The

previous literature (Carter and Smith, 2006; Huang and Hinze, 2003; Patrucco et al.,

2010) states that the workers’ hazard identification level is quite less than targeted

level, which leads to the severe on-site accidents. In order to take correct action and

manage hazards; identifying the risks properly is a crucial stage. So, the effectiveness

of hazard identification stage is quite essential to prevent on-site accidents before they

occur.

In order to provide an effective hazard identification process, the previous lit-

erature (Chen et al., 2013; Albert et al., 2014) stated that hazard identification is

executed through mentally constructing and visualizing the on-site construction tasks,

thus, evaluating potential accidents occurred in these activities. The conventional haz-

ard identification methods such as investigating the contract drawings, design draw-

ings, safety notes, etc. cause difficulties to translate information into a mental picture

(Hadikusumo and Rowlinson, 2002). Moreover, 2D drawings and safety notes do not

contain construction components and processes, where hazards are inherited into them

(Hadikusumo and Rowlinson, 2002). As a result, hazard identification could not be

undertaken through such methods (Hadikusumo and Rowlinson, 2002). Hadikusumo

and Rowlinson (2002) state the necessity of visualizing construction equipment and

construction processes to improve hazard identification level. By visualizing the con-
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struction processes, and equipment, one can define risks more effectively in terms of

integration of the third dimension (Hadikusumo and Rowlinson, 2002).

To evaluate the benefits of 3D environment, a two-stage hazard identification ex-

periment was conducted, and trainees were divided into two groups. The trainees in

the first group first identified the risks through V-SAFE and then with conventional

occupational safety training methods. The trainees in the second group identified risks

firstly with conventional occupational safety training tools and then with V-SAFE.

In the first group, around 7% improvement was noticed, while, major assumptions

of McNemar test such as the randomness, power, probability of type 1 error, effect

size were not in the targeted level in the dataset. Therefore, it was not statistically

meaningful to analyze the improvement in the first group. In the second group, there

was a significant improvement around 60.8%, while, all assumptions of the McNemar

test were met. The analysis results clearly indicate that using V-SAFE significantly

improves the hazard identification level of trainees in the accidents: (i) falling from

height (H3.1; ρ = 0.031), (ii) electrocution (H3.2; ρ = 0.001), (iv) accidents by falling

object (H3.4; ρ = 0.008), (v) heavy equipment accidents (H3.5; ρ = 0.000), (vi) fire or

explosions (H3.6; ρ = 0.000), (viii) materials-based risks (H3.8; ρ = 0.000) and total

(H3.9; ρ = 0.000). The findings make an important contribution to prevent previously

occurred accidents. Except soil and structure collapse and traffic accidents on con-

struction site, all-hazard sources frequently encountered in the construction industry

were successfully identified by trainees. In addition, the findings offer some important

insights into integration of triggers to identify major risk sources by using visualized

elements. For instance, several risk sources such as electrocution, fire or explosions

risks were mentally visualized by trainees using warning signals occurred in the virtual

environment (Figure 5.3). Thus, one can conclude that workers could be able to take

correct action by identifying hazards using V-SAFE.
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Figure 5.4. The trigger effect of risk identification through visualizing warnings.

However, V-SAFE was found to be ineffective in identifying the risks of soil and

structure collapse (H3.3; ρ = 0.250). The main reason could be considered as the

inadequacy of the visual element in which the soil and structure collapse is defined in

the virtual environment (Fig. 3.9). It is thought that the pit defined for identifying

the risk of soil collapse in the virtual environment will be effective, but this visual

element is not enough to determine this risk. The risk of building collapse was thought

to be determined by the collapse of the building model itself, but this visual element

was again insufficient. In later versions of the software, a retaining wall to be placed

in the ground and damaged columns to be identified in the structure, etc. visuals

will be aimed to identify these risks. Another frequently encountered risk, on-site

traffic accidents, has been tried to be visualized by the truck defined in the virtual

environment, but this object was not sufficient in determining the risks (H3.7; ρ =

0.250) is intended to identify.

The hazard identification process of the trainees arises from mentally visualizing

the construction task and evaluating the potential risks (Hadikusumo and Rowlinson,

2002). The indicators and other visual elements improve mental visualization pro-

cess; thus, identifying risks become easier (Hadikusumo and Rowlinson, 2002). Quite

consistently, Albert and colleagues (2014) developed a human-computer interactive

augmented virtuality training platform was developed and cognitive mnemonics based

on energy sources such as mechanical, electrical, etc. The observation of Albert and

colleagues (2014) in developed augmented virtuality platform involve some similarities
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with V-SAFE. Similar to V-SAFE, Albert and colleagues (2014) improved the trainees’

mental visualization by defining triggers based on energy-sources. In this research, it is

aimed to develop a similar but different approach. Rather than defining energy sources,

it was aimed to integrate triggers by visualizing warnings and unsafe situations. As

a result, the findings of the study reported by Albert and colleagues (2014) is quite

similar to this research’ results. The findings of the study showed that participants

were able to identify a 46% of field risks before using an augmented virtuality-based

safety training method, but they identified 77% of field risks after augmented virtu-

ality use (Albert et al., 2014). In other words, using the augmented virtuality-based

safety training method improved the hazard identification level of trainees by 31%.

The findings of Albert and colleagues (2014) are quite similar to this research. In the

second group of the experiment, around 33% of the eight risk sources in total could be

identified by conventional methods. Moreover, the risk identification level of trainees

improved to 84.55%, when V-SAFE was used after conventional safety notes. This

improvement corresponds to 51.55% improvement. The technology used by Albert

and colleagues (2014) in occupational safety training methods showed some differences

compared to this study. Albert and colleagues (2014) classified risk sources according

to energy types. The data were transferred from building information modeling and

construction scenarios. In short, it has transferred the real field data to the virtual en-

vironment using augmented virtuality. The occupational safety training method used

in this study is similar because it is based on virtual environment. However, in Albert

and colleagues’ study (2014), risks are based on the principle of classifying over energy

sources, rather than fatal accidents. Similarly, Sacks and colleagues (2013) tested the

risk identification skills before, immediately after, and a month after the occupational

safety training, thus assessing the effectiveness of occupational safety training in three

different processes. The analysis results of Sacks and colleagues (2013) showed that

virtual reality-based occupational safety training had a significant effect only in the

immediately after process, and not any statistical impact was found in the analyzes,

which took place one month later.In their research, Sacks and colleagues used a virtual

reality-based occupational safety training program, and the experimental method used

was similar to this study (2013). The main difference is that virtual reality uses a

different representation method than the virtual environment. Similarly, a very similar
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approach to experimental design was used by Dzeng and colleagues (2016). Dzeng and

colleagues (2016) divided the participants into two groups as an experimental method

and compared the virtual environment-based occupational safety training tool devel-

oped with conventional risk identification methods. The study results of Dzeng and

colleagues (2016) showed that trainees’ risk identification level was significantly more

effective than traditional safety training methods under 99% level of significance. Sim-

ilar to this study, Dzeng and colleagues (2016) associated risks to objects based on

total 20 different risk sources. Unlike V-SAFE, the same threats were defined for more

than one object in Dzeng and colleagues’ study (2016). As an essential limitation of

this research, hazardous situations are assigned to a single object in V-SAFE. To over-

come these limitations, the same accident risks can be assigned to multiple objects in

future versions of V-SAFE. In addition, the efficacy of V-SAFE in hazard identification

process was measured immediately after the training, and its long-term effect was not

examined. The long-term impact of V-SAFE can be measured in future studies.

To summarize, the effectiveness of the experimental method and virtual safety

training method used in other studies (e.g., Albert et al., 2014; Dzeng et al., 2016;

Sacks et al., 2013) are similar to this study on risk identification. In addition, utilizing

V-SAFE in improving the trainees’ hazard identification level could be considered as

statistically significant. Therefore, the following statement is accepted: Statement 3:

V-SAFE provides an effective hazard identification process for trainees.

5.6. Hands-On Practice and Eye Tracking

Burke and colleagues (2006) highlight that an adequate safety training method

should cover hands-on practice. The hands-on practice is vital in safety training process

to reinforce safety knowledge (Burke et al., 2006). To provide adequate hands-on

practice, the previous studies (Hsiao et al., 2014; Tichon and Diver, 2010) simulated

some construction tasks through virtual environments. For instance, Tichon and Diver

(2010) simulated plant operator activities by using an immersive virtual environment.

The comparative analysis results show that the developed training method provides

novice trainees an opportunity to gain adequate hands-on practice. Similarly, Hsiao and
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colleagues (2014) executed an augmented virtuality-based training platform to improve

the safety awareness of the trainees, during scaffolding activities. Hsiao and colleagues

(2014) found that the developed model can provide adequate safety training during

scaffolding tasks. Taken together, these studies highlight that virtual environments are

able to provide hands-on practice.

To evaluate the effectiveness of hands-on practice, eye-tracking metrics could be

considered as an appropriate approach. The hands-on training is defined as “In terms

of a specific instructional strategy where trainees are actively engaged in manipulating

materials’ (Flick, 1993:9). As mentioned in previous sections, the hands-on practice

should be executed under realistic working conditions and, the trainee should do the

same practice, what they will be required to do every day (Sisson, 2001). As a result,

the hands-on practice level could be evaluated through the safety behavior of trainees

between the real and virtual construction site. Therefore, it could be concluded that

if the safety behavior of trainees such as attention level and risk perception level are

equally or more effective in V-SAFE compared to the real construction site, V-SAFE

is able to provide adequate hands-on practice.

To determine whether V-SAFE provides an effective hands-on practice, a four-

staged experiment was conducted with eleven construction workers. In each session,

one worker entered the construction site and identified potential risk sources. Later

on, the same worker entered the virtual environment of V-SAFE and asked to define

potential risk sources, just like the first stage. During touring the real and virtual

construction sites, primary eye-tracking metrics such as total fixation duration, first

fixation duration, time to first fixation and fixation count were captured. In addition,

each worker interacted with the instructor and identified the potential hazards by their

verbal statements. Analysis results indicate that the majority of safety behavior such

as attention, risk perception were preferable in V-SAFE environment compared to the

real construction site.

As mentioned in section 3.1.4, the sensitivity to the potential risks by taking

quick safety action is a crucial factor to prevent potential accidents (Wang et al.,
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2016). In this sense, the eye-tracking behavior of trainees in terms of time to first

fixation duration was analyzed. The analysis results show that the trainees’ time to

first fixation duration was significantly lower, compared to V-SAFE (Z = -4.18, ρ <

0.01). On the construction sites, the trainees’ lower time to the first fixation could

be considered as an unfavorable situation, since, workers might not be able to take

quick safety actions. In this sense, the visual search attitudes of workers on the real

construction site were preferable, compared to V-SAFE. The major reason for higher

time to first fixation duration in V-SAFE could be considered as the unsafe environment

of real construction sites. For instance, a potential lack of attention on V-SAFE does

not lead to an accident, due to risk-free nature of virtual environments. However, a

potential error of a worker could lead to catastrophic accidents on real construction

sites. Therefore, it was observed that the awareness and risk sensitivity of workers on

the actual site was higher on the construction site, compared to V-SAFE. Therefore,

following hypothesis is rejected: Hypothesis 4.1: The time to first fixation durations

of participants using V-SAFE are significantly lower than the time to first fixation

durations of the same participants on the real construction site.

The previous literature highlights that trainees’ lack of attention, which leads to

failure to define risky situations, is one of the main reasons of on-site accidents (Garrett

and Teizer 2009; Rozenfeld et al. 2010). As a result of not identifying hazards accu-

rately by trainees, they are not able to take correct safety action (Garrett and Teizer

2009; Rozenfeld et al. 2010). Therefore, a high level of attention is quite crucial in

safety management context to identify hazards correctly. In order to compare, whether

trainees’ attention level is higher on V-SAFE training, compared to real construction

site, their total fixation duration was analyzed. The analysis results show that the

trainees’ total fixation duration was significantly higher in V-SAFE environment, com-

pared to the real construction site (Z = -3.99, ρ < 0.01). The analysis results provide

a suitable outcome in terms of eye-tracking literature. The previous research (Garrett

and Teizer 2009; Rozenfeld et al. 2010) states that the higher total fixation duration

points out higher motivation, in other words, total fixation duration and attention

level are directly proportional. Therefore, one can conclude that trainees’ attention

level was significantly higher in V-SAFE training and the following hypothesis is ac-



142

cepted: Hypothesis 4.2: The total fixation durations of participants using V-SAFE are

significantly higher than the total fixation durations of the same participants on the real

construction site.

Risk perception is another crucial parameter for hands-on practice effectiveness.

According to Paek and Hove (2017:1), risk perception refers to “people’s subjective

judgments about the likelihood of negative occurrences such as injury, illness, disease,

and death”. In this sense, the risk perception is indispensable in the construction

safety management context, since, it figures out which hazards individuals pay atten-

tion to and how they manage them (Paek and Hove, 2007). In their seminal study,

Habibnezhad and colleagues (2016) analyzed the workers’ risk perception impact to

their visual search strategies. The analysis results show that the trainees with higher

risk perception have higher first-fixation duration. In other words, the first fixation

duration is an essential factor for the risk perception of trainees, and they are directly

proportional. In this sense, higher first fixation duration is preferable in V-SAFE, since,

higher first fixation duration proves the fact that V-SAFE improves the risk perception

level of trainees. In order to check, whether trainees’ risk perception level is higher

on V-SAFE training, compared to real construction site, their first fixation duration

was compared. The analysis results show that the trainees’ first fixation duration was

significantly higher in V-SAFE environment, compared to the real construction site (Z

= -3.99, ρ < 0.01). Therefore, the following hypothesis is accepted: Hypothesis 4.3:

The first fixation durations of participants using V-SAFE are significantly higher than

the first fixation durations of the same participants on the real construction site.

As mentioned in the previous section, hazard identification is a crucial factor

to provide on-site safety (Carter and Smith, 2006; Huang and Hinze, 2003; Patrucco

et al., 2010). Therefore, finding the parameters influence the efficiency of the hazard

identification process is vital in construction industry. To fill this gap, Hasanzadeh

and colleagues (2017) checked the impact of eye-tracking metrics of trainees to ana-

lyze the hazard identification ability based on the attentional level. The findings of

Hasanzadeh and colleagues found that higher numbers of fixation count had the largest

impact on the hazard identification performance of the trainees (2017). The analysis
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results also indicate that fixation counts and the attention level of trainees are directly

proportional (Hasanzadeh et al., 2017). Therefore, higher fixation counts in V-SAFE

provides evidence of higher attention level of trainees, compared to real construction

sites. The analysis of this research shows that the number of trainees’ fixation counts

in V-SAFE are higher, compared to the number of fixations on the real construction

site (Z = -1.64, ρ < 0.05). However, the analysis results also indicate that achieved

power was 0.2903, which is quite lower than default power level. As a result of high

probability of type II error, the results could be considered as trivial, and the follow-

ing hypothesis is rejected: Hypothesis 4.4: The fixation counts of participants using

V-SAFE are significantly higher than the fixation count of the same participants on the

real construction site.

The analysis results of the research indicate that V-SAFE was able to improve the

risk perception level of trainees. Moreover, the attention level of trainees was higher

in V-SAFE, compared to the real construction site. Therefore, one could be concluded

that major of the safety behavior parameters of trainees are more effective in V-SAFE

compared to the actual construction site. Therefore, following statement is accepted:

Statement 4: Trainees’ eye-tracking behavior in V-SAFE are more effective than the

trainees on a real construction site.

5.7. Gaming and Site Experience

As mentioned in the previous sections, construction companies have used information-

based techniques such as lectures, videos, or presentations (Burke et al., 2006). Con-

sequently, construction workers fail to develop necessary implicit knowledge about the

essentials of safety and gather adequate implicit knowledge through the tasks on the real

construction site. While gathering required practical knowledge on the real construc-

tion site, the inexperienced worker could have potential severe accidents. Consistent

with this statement, workers with less than 1-year of work experience are exposed to

around 80% of all fatal accidents (Chi et al., 2005).
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To fill this gap, it is suggested that trainees without having any construction

site experience should demonstrate a similar performance in V-SAFE training with

the trainees having prior site experience. In other words, prior site experience should

not be related to training performance in V-SAFE. Therefore, trainees without any

construction site experience such as novice workers could be considered as the target

population of virtual environment-based safety training. To assess the impact of the

construction site on the effectiveness of V-SAFE training, two different study groups

were compared. The first group involved students with a civil engineering background,

while the subjects in the second group were from other disciplines such as computer

engineering, mechanical engineering, etc. Briefly, subjects in the first group have site

experience, since they completed site internship. In the second group of trainees do not

have any construction site experience. Kruskal-Wallis H Test with Scheier-Ray-Hare

Extension was applied to check, whether the performance of all trainees is similar to

each other. The analysis results show that the training performance of the trainees

with and without construction site experience is similar (H = 0.045195701, ρ = 0.8316).

Therefore, trainees without site experience could benefit from the training provided

by V-SAFE. This outcome has some significant practical implications. The previous

analysis results of the repeatable virtual experiment (see Section 4.2) clearly indicate

that V-SAFE is a suitable tool to provide necessary implicit knowledge through hands-

on practice. In this analysis, it is also found that prior construction site experience does

not impact the trainees’ performance in V-SAFE. As stated, workers with less than 1-

year work experience were exposed to around 80% of fatal accidents (Chi et al., 2005).

In this sense, the results offer a significant practical implication by a great opportunity

for the novice trainees to provide sufficient safety training method. Instead of being

exposed to on-site risks, novice workers could develop necessary implicit knowledge in a

risk-free virtual environment. Therefore, following hypothesis is accepted: Hypothesis

5.1: Both trainees with and without site experience could use virtual construction

safety training tool in a similar and effective manner.

Limited computer literacy of construction workers is another significant barrier

for adequate safety through the virtual environment. The previous literature (e.g.

De Kort and Ijsselsteijn, 2008; Nacke et al., 2010) argue that the effectiveness of vir-
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tual training methods is directly proportional to the computer gaming experience of

trainees. In order to develop an effective safety training method, the user interface

of the developed environment should be very simple; thus, trainees with limited com-

puter literacy could use the environment effectively. To check, whether trainees with

less gaming experience could also benefit from V-SAFE training, trainees grouped un-

der four different gaming experience level. In addition, the trainees’ safety training

performance was compared through Kruskal-Wallis H Test with Scheier-Ray-Hare Ex-

tension. In other words, the results were evaluated, whether the performance of all

trainees is similar to each other based on their gaming experience. The analysis results

show that the training performance of all groups with varied gaming experience is sim-

ilar to each other (H = 0.680702599, ρ = 0.8777). Therefore, the following hypothesis

and statement are accepted:

• Hypothesis 5.2: Both trainees with and without computer gaming experience could

use virtual construction safety training tool in a similar and effective manner

• Statement 5: Trainees’ construction site and gaming experience do not have any

correlation with safety training performance.
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6. CONCLUSIONS

This study proposes a safety training measurement procedure for construction

firms. In this respect, safety training effectiveness elements were adopted as the key

parameters. The safety training effectiveness was evaluated through five major parame-

ters as safety information transfer, instructional feedback mechanism, knowledge devel-

opment, hazard identification, and hands-on practice. Data was collected through sev-

eral methods as automated performance analysis procedure of developed virtual tool,

the paper-based examinations results of trainees and the eye-tracking metrics gath-

ered through Tobii eye-tracking devices. Besides, collected data was analyzed through

varied data analysis methods based on experimental procedure and data types. Con-

ducted data analysis methods involve Wilcoxon Signed Rank Test, One-Way ANOVA

with Repeated Measures, McNemar Test, Mann-Whitney U Test, Kruskal Wallis-H

Test with Scheirer-Ray-Hare extension to test the conducted hypotheses. Findings of

the research reveal that V-SAFE is able to provide adequate safety training in terms of

all evaluated parameters as safety information transfer, instructional feedback mecha-

nism, knowledge development, hazard identification, and hands-on practice. Based on

the research findings, the following recommendations are represented to improve safety

training effectiveness. project management performance.

6.1. Key Findings of the Research

• Based on the investigation of trainees’ answers in close-ended examination in in-

formation comprehensibility experiment, it was noticed that understandability of

information is quite crucial. Construction companies opt for using conventional

safety training methods such as lectures, videos, or pamphlets, which unable to

represent the information clearly. During the investigation of answers, it was

clearly seen that the majority of trainees were misunderstood the information

provided by conventional methods. The similar misunderstanding of informa-

tion could occur on real construction workers. In order to bridge this gap, it

was found that virtual environment-based safety training methods significantly
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reduce the misunderstandings. However, it was still not possible to consider

virtual environment-based safety training methods as flawless materials about

understandability. In other words, despite the virtual environment-based safety

training methods are quite suitable to improve the understandability of informa-

tion, it is not possible to state trainees’ misunderstandings would be eliminated

by using virtual environment-based safety training methods. Therefore, evalu-

ating the trainees’ understanding by other means such as paper-based, oral, or

written examinations are also useful for construction safety management context.

• Based on the evaluation of interactions between the trainees in information com-

prehensibility experiment, it was found that trainees had problems in not being

able to memorize information or inability to recall the information they had

memorized. In terms of collaboration, the interaction between trainees might

be considered as a desired situation; however, trainees sometimes gather wrong

information from other trainees. Both lack of memorization or failing to recall

information were arisen from lack of time to memorize information.In virtual

environment-based safety training, it becomes possible to provide limitless time

to check and memorize information via practice. However, the memorization level

of trainees based on mnemonics should be evaluated by the safety management

team.

• Knowledge development, and especially establishing a base for trainees to develop

implicit knowledge, is a quite important process in safety management context.

Conventional safety training methods fail to cover implicit knowledge due to no

hands-on practice. As a result, trainees learn the essentials of safety during

real on-site activities, and unfortunately, the novice trainees expose to serious

accidents. In safety management context, it is quite crucial to provide hands-on

practice for trainees to provide opportunities to develop implicit knowledge. In

addition, evaluating their safety knowledge level through monitoring their safety

attitudes and behavior on the real construction site is required to ensure their

knowledge level. In order to check their knowledge level, as a common error,

close-ended or written examinations should not be used, because these methods

are merely based on safety information. Checking their attitudes and behavior

by close supervision could be considered as the main element of understanding
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their knowledge level. Therefore all construction safety management department

should put attention for close supervision of workers’ safety attitudes.

• Based on the evaluation of the results in the repeatable virtual experiment, it was

found that trainees did not learn the basics of safety fully in the first attempt.

To improve their learning, the risk-free and repetitive approach of virtual safety

training can be seen as an indispensable element. In the first attempt, it was

noticed that most trainees made some wrong decisions. Although trainees collect

specific feedback based on their behavior, it will not be possible to measure how

they react to this feedback unless a second attempt is made. In order to check

whether the trainees have learned the information fully, it is necessary to evaluate

their performance until the performance is perfect. In this sense, it is essential for

the safety management departments to verify trainees’ performance in the virtual

environment before they enter the real construction site.

• Conventional safety training methods such as lectures, videos or safety notes fail

to cover the dynamic construction tasks since they are quite limited to support

trainees to visualize on-site activities mentally. Consequently, previous accident

reports show that the majority of accidents are arisen from quite similar risk

sources such as electrocution, working at height, structure collapses, etc. The

majority of hazards could not be adequately identified by the workers. In or-

der to bridge this gap, virtual environment-based safety training methods are

quite suitable methods, because, they significantly enhance the mental visual-

ization process of trainees by integrating the third dimension. However, visual

elements used in the virtual environments are very substantial to determine the

effectiveness of hazard identification process. In order to enhance the mental

visualization of trainees, the quality of virtual elements has a high impact. In ad-

dition, virtual environments should also contain representation of dynamic tasks,

hazardous materials, and risky situations to diversify the accident types. In this

sense, construction companies should ensure that varied reasons for all accidents

are visually supported by the virtual environment. In other words, they need

to ensure that developed virtual environments should contain all precursors that

lead to accidents. Consequently, the mental visualization process of workers could

be improved and hazard identification process becomes efficient.
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• Eye-tracking devices are quite suitable devices to measure the psychological ele-

ments of trainees. The majority of hazards arose from psychological factors such

as attention level. In addition, crucial individual safety skills such as risk per-

ception, sensitivity to potential risks, and quick safety action could be directly

analyzed through several eye-tracking metrics. So, eye tracking technologies have

high potential to evaluate safety training effectiveness, via integrated innovative

algorithms to the safety behavior analysis of trainees. As mentioned in the previ-

ous sections that providing on-site safety is quite related to human-based factors

such as, attention level, unsafe behavior, etc. In order to check human-based

factors, it is quite essential for the construction safety management department

to integrate eye-tracking devices into the safety training process.

6.2. Revisiting the Research Aim, Objectives and Major Contribution of

Thesis

The main aim of the research was to quantitatively analyze the effectiveness of

virtual construction safety training tool entitled Virtual Safety Analysis For Engineer-

ing applications (V-SAFE) in terms of all parameters of effective safety training. In

order to achieve this aim, several objectives were developed as critical milestones of

the thesis. The objectives of this research are as follows;

The first objective of the research was about measuring the effectiveness of virtual

construction safety training method: V-SAFE. To achieve this objective, the previous

literature was reviewed and the critical factors of effective safety training were deter-

mined. As a result, section 2.3 was developed, which constitutes the literature review

upon this objective. After the completion of the review, the previous studies about

virtual construction safety training were reviewed in section 2.4, in order to understand

the different types of safety training effectiveness models used. After the completion

of literature review, relevant hypotheses were developed, the experimental design of

experiments were built and data analysis methods were assigned in chapter 3. Later

on, collected datasets were analyzed and the analysis results were represented. As a

result of the issues mentioned above, this objective is clearly accomplished.
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The second objective of the research was about evaluating construction work-

ers? behavior patterns through eye-tracking methods. To achieve this objective, the

previous literature about eye-tracking studies used in construction safety training were

reviewed in section 2.6. In addition, eye tracking metrics and their use areas in different

studies related to psychology was investigated in 2.6.1. As a result, it becomes possible

to bridge the eye-tracking metrics, human psychology and effective safety training pa-

rameters, which explained in detail in section 3.2.2. After the completion of the review,

the experimental setting of eye movement behavior comparison experiment was set and

the results of this analysis indicate that eye-tracking approach were quite successful to

evaluate the trainees safety behavior in both virtual environment and on real construc-

tion site. As a result of the issues mentioned above, objective is clearly satisfied in the

study.

The third objective of the research was about gathering relevant feedback about

the use of V-SAFE from the workers; the main target group. In order to accomplish this

objective, the eye-tracking experiments were conducted by using construction workers

from two different construction companies, Bertuğ Bey Construction and Zetaş. In

addition, demographic data of workers such as age, expertise, number of years of ex-

perience, etc. were collected through questionnaires. All collected data established a

base for evaluating the effect of psychological factors such as behavior patterns, mental

workload,etc. in the construction safety training process. As a result of the conducted

analyses, it was objected to minimize the concerns about the use of students as subjects

in construction health and safety training research. In brief, the objective is satisfied

completely.

The fourth objective of the research was about developing a conceptual model

that explains the effectiveness of virtual construction safety training methods. In or-

der to accomplish this objective, the previous studies that focused on evaluating the

effectiveness of the safety training methods were reviewed in section 2.3. In addition,

the previous literature about the studies that focused on safety training and contained

any features of mixed reality tools were reviewed in section 2.4. Based on the litera-

ture review, Table 2.4 and 2.5 were developed for systematically evaluating previous
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studies and represent the major features of effective safety training. Later on, relevant

hypotheses were developed, experimental design of experiments were built and data

analysis methods were assigned in chapter 3. During the assignment of data analy-

sis methods and experimental design, experience, implicit and implied knowledge was

acquired. Through the experience and knowledge gained, it has been found out how

the hidden effects of virtual security training methods can be evaluated in different

parameters of effective security training. Based on acquired knowledge, a new concep-

tual model was created to evaluate all parameters of effective virtual safety training

process (Fig 5.1). As a result of the issues mentioned above, the objective is clearly

accomplished.

As the major contribution of the thesis, it is found that virtual tools are suitable

to provide effective construction safety training. As could be seen from the key findings

of the research and analysis results, all parameters of effective safety training could be

provided through virtual construction safety training methods. As a major gap in the

literature, the previous studies emphasized on only one or two of specific parameters of

the efficient safety training. The findings of the previous studies offers some insights for

the following studies to understand how virtual tools could be implemented to the safety

training process. However, their methodology on evaluating safety training could be

considered as quite limited, due to lack of focus on hands-on practice and behavioral

modeling. So, it is also important to develop a conceptual model to integrate all

parameters of virtual safety training and define key phases of evaluation of virtual safety

training performance. In brief, this study offers new insights by integrating different

knowledge areas as: virtual construction safety training, safety training effectiveness,

eye tracking and psychology.

6.3. Limitations and Recommendations for Further Research

Although several contributions of the study explained in the previous section,

there are also some limitations, which should be analyzed in the following research.
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• Behavioral modeling, which is a quite important parameter for effective safety

training, puts attention on the evaluation of trainees’ safety behavior adjust-

ment. So, the assessment of behavioral modeling could be seen as a vital part of

effective safety training. In order to evaluate the impact of V-SAFE on behav-

ioral modeling, it was required to assess the changes in trainees’ behavior over a

long period. Due to the time limitation of the research and impossibility to enter

a real construction site daily, behavioral modeling could not be analyzed in the

study. However, the previous literature (Burke et al., 2006; Kirkpatrick, 1979)

state that improving the knowledge level in training could lead to changes in the

behavior of trainees. Therefore the adjustment of safety behavior was indirectly

analyzed through knowledge development to minimize the limitation. Further

research might explore the direct impact of virtual safety training methods to

safety behavior adjustment process.

• Due to easy access to students, the conducted experiments were mainly used

students as the subjects. For quite long time, the debate has still continued,

whether students can be used as the surrogates of industry professionals in the

engineering experiments. In other words, there are some disputes among the

researchers about how well the results acquired from the students represent the

results obtained by the industry professionals. To evaluate the validity of using

students as surrogates, Runeson (2003) compared the performance of freshmen

students, graduate students and industry professionals in the context of the per-

sonal software process. The analysis results indicate that quite similar improve-

ments occurred between these three groups. Similarly, Salman and colleagues

(2015) compared the results acquired from the students and industry profession-

als to comprehend, what level of students represent professionals as experimental

subjects in software engineering. Salman and colleagues (2015) observed sim-

ilar results between the students and industry professionals. In virtual safety

training context, it was noticed that a considerable amount of previous studies

(e.g., Bosché et al., 2015; Chen et al., 2016; Chi et al., 2012; Ding et al., 2013;

Hadipriono and Barsoum, 2002; Juang et al., 2013; Lu and Davis, 2016; Paes et

al., 2017; Pedro et al., 2015; Perlman et al., 2014; Teizer et al., 2013; Le et al.,

2015) conducted experiments, while the students were the surrogates. Besides, a
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study conducted by Perlman and colleagues (2014) aimed to compare the hazard

identification level between the safety management team and students to eval-

uate, what extent students could be used as surrogates. Analysis results show

that there are not any major differences between the performance of students

and industry professionals. According to the high number of studies that used

students as subjects in the virtual safety training context (e.g., Runeson, 2003;

Salman et al., 2015; Bosché et al., 2015; Chen et al., 2016; Chi et al., 2012; Ding

et al., 2013; Hadipriono and Barsoum, 2002; Juang et al., 2013; Lu and Davis,

2016; Paes et al., 2017; Pedro et al., 2015; Teizer et al., 2013; Le et al., 2015),

and previously conducted analyses between students and industry professionals

(e.g., Perlman et al., 2014; Runeson, 2003; Salman et al., 2015) one can conclude

that students could be used during the experiments as surrogates. In this study,

students were used as surrogates in four of the conducted experiments. How-

ever, the real construction workers were also used as subjects in eye-movement

behavior experiment to overcome a potential limitation. Further studies might

assess the outcome of virtual environment-based safety training methods using

real construction workers as subjects.

• The mnemonics and memorization process were evaluated during the information

comprehensibility experiment in this research. The results clearly indicated that

V-SAFE was able to improve the memorization process of trainees by enhancing

the mnemonics. However, due to the experimental procedure, the trainees’ mem-

ory enhancement could be considered for long and short term impact. A further

study could assess the long-term effects of developed virtual environments to the

trainees’ mnemonics

• To evaluate the improvement in knowledge development, it was necessary to an-

alyze the changes in the behavior of trainees. However, due to the possibility of

checking the safety behavior of trainees on a real construction site, the knowl-

edge development was evaluated through monitoring the changes in the virtual

environment. The analysis results significantly show that the knowledge level

of trainees was improved. However, as a more eligible approach, further studies

might determine the improvement in knowledge development through checking

the changes the trainees on the real construction site.
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APPENDIX A: THE EYE MOVEMENT BEHAVIOR

EXPERIMENT RESULTS

Figure A.1. The Eye Movement Behavior Experiment Results 1.
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Figure A.2. The Eye Movement Behavior Experiment Results 2.
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Figure A.3. The Eye Movement Behavior Experiment Results 3.



182

APPENDIX B: THE QUESTION SHEET OF CRANE

OPERATOR ROLE

Figure B.1. The Question Sheet of Crane Operator Role 1.
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Figure B.2. The Question Sheet of Crane Operator Role 2.
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APPENDIX C: THE QUESTION SHEET OF POINTER

ROLE

Figure C.1. The Question Sheet of Pointer Role 1.
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Figure C.2. The Question Sheet of Pointer Role 2.
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APPENDIX D: THE QUESTION SHEET OF

BRICKLAYER ROLE

Figure D.1. The Question Sheet of Bricklayer Role 1.
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Figure D.2. The Question Sheet of Bricklayer Role 2.




