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Abstract: 

Transport studies that adopt complex analyses present methodological challenges that lead to the use of innovative tech-

niques to address the limitations of traditional methods. In the Latin American context, people consider security as a rele-

vant variable in their daily lives. Thus, when people travel around the city and choose a mode of transport, security becomes 
an important factor and should therefore be included in transport studies. However, the definition of security in terms of 

transport in the Colombian context remains unclear. Therefore, we examined the security perception effect on transport 

mode choice by addressing security as a latent variable consisting of three elements: environment, subject and transport 
mode. We proposed the use of virtual reality (VR) to recreate travel routes and offer participants a scenario of choice 

closer to the natural conditions of a trip. The participants were provided routes in the form of immersive 3D videos recre-

ating natural trip conditions to identify their choices and travel behaviour. Recordings were made of daily scenarios and 
existing urban environments portraying real and active modes of transport, giving respondents an almost-natural experi-

ence. The use of 360-degree immersive videos offers a multisensory experience allowing both the capture of socioeconomic 

and travel information and the collection of journey perception. The experiment evaluated two environments in Medellín, 
Colombia (secure (E1) and insecure (E2)) and studied the effects of lighting conditions (day (D) and night (N)). A total of 

four videos (E1D, E1N, E2D and E2N) depicting six transport modes in tandem were assessed by 92 participants from 

Medellín and Bogotá, Colombia. We found that environment-associated security perception varies depending on the time 
of the journey (day/night) and one’s familiarity with the environment. The research results position VR as a tool that offers 

high potential to support transport studies. We found that people’s movements, gestures and expressions while participating 

in the VR experiments resembled what was expected from journeys in reality. VR constitutes a relevant tool for transport 
studies, as it allows for an assessment of active transport mode perceptions. It prevents participants from being exposed to 

the risk associated with travel to specific places and carries out several routes in different transport modes even when 

participants cannot or have never undertaken journeys in the modes under assessment. 
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1. Introduction 

Traditional tools for gathering journey-related infor-

mation and transportation modelling have been lim-

ited to surveys. These have been framed as static sit-

uations and assess typical trips appealing to past ex-

periences (revealed preferences, RP), hypothetical 

situations (stated preferences, SP) or automatic as-

sociations between objects and their positive con-

structs (automatic preferences, AP). AP surveys, 

which have relied on the subconscious link between 

an object and its positive constructs, generate pro-

behaviour choice (Córdoba, 2014). The subcon-

scious choice-making process at the subconscious 

level makes participants less vulnerable to manipu-

lation through presented information in the RP or SP 

surveys. We propose the use of virtual reality (VR) 

as a safe and flexible instrument to capture reliable 

primary data on transport mode decision-making. 

VR is a versatile and flexible technique for trip data 

collection in reliable, close-to-natural conditions. 

VR allows for a recreation of urban route conditions 

and trip experiences, overcoming the limitations of 

SP or RP surveys (Bogacz et al., 2020) and increas-

ing the realism of SP experiments. The use of VR in 

transport studies might improve decision-making 

comprehension and public policymaking regarding 

sustainable mobility. VR has high potential to sup-

port transport research and phenomena associated 

with the subject–territory relation. 

Understanding transport mode choice behaviour is 

more complex in developing countries than in devel-

oped ones (Alex et al., 2019). Hence, we examined 

the security perception effect on transport mode 

choice. We considered security as a latent variable 

with three elements: environment, subject and 

transport mode. The use of VR enables the assess-

ment of multiple combinations of environmental sit-

uations, subjects’ conditions and transport modes 

and the evaluation of their independent impacts. The 

proposed technique removes participants’ exposure 

to physical risk, one of the most important ethical 

considerations in this type of research. Experiments 

conducted using VR would allow the researcher to 

capture additional information in the form of partic-

ipants’ behaviours, expressions and reactions. This 

would then provide additional tools for urban and 

transport planning. 

Because security perceptions are subjective, we in-

cluded subjects’ characteristics and avoided treating 

people as homogeneous rational-utility-maximiser 

beings with complete information. We used subject 

to emphasise our consideration of individual charac-

teristics such as personality traits, habits, behav-

iours, thoughts, beliefs, perceptions, emotions and 

executive function as determinants of their security 

perception and thus transport mode choice. This was 

in contrast to the broadly used user, which refers to 

anyone who uses a transport mode. We also included 

variables such as time, cost and the subject’s socio-

economic characteristics, which are widely docu-

mented in the literature as determinants of transport 

mode choice. We found differences in security per-

ceptions depending on the environment in which the 

trips were made. This highlights the relevance of the 

environment in one’s choice of transport mode. We 

found that mode affects transport mode choice as 

well; according to our data, cars are perceived as the 

most secure mode, independent of the journey’s en-

vironmental conditions and the subject’s character-

istics. Besides this introduction, this paper is organ-

ised into six sections: a background that guides the 

study’s methodological development, followed by 

the methodology and the collection of primary infor-

mation. It then presents the results, discussion and 

concludes the study. 

 

2. Background 

Wann and Mon-Williams (1996) defined VR as 

three-dimensional interactive environments gener-

ated via computers. In this work, we created real sce-

narios through 360-degree immersive videos rec-

orded from urban environments. This allows for 

more credible conditions associated with people’s 

movement in different transport modes through var-

ious urban environments and elicits a multisensory 

experience to evaluate their perceptions. According 

to Rovira et al. (2009) and Slater et al. (2006), VR 

adds realism to experiments despite individuals’ 

awareness of the artificial nature of the scenarios and 

is a powerful tool for investigating human behaviour 

(Brookes et al., 2020). Animesh et al. (2011), Faiola 

et al. (2013), Jennett et al. (2008) and Nah et al. 

(2011) found that VR allows users to be immersed 

in an established environment and thoroughly assess 

their perceptions of such an environment. It is also 

enables user behaviour analysis. Sobhani et al. 

(2017), who studied multitasking using VR, such as 

walking and smartphone usage, found the tool useful 

for a close simulation of pedestrian behaviour in real 

conditions. O’Neill (1992), Ruddle et al. (1997) and 
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Tlauka and Wilson (1996) concluded that people can 

develop realistic spatial knowledge in VR. 

In transport studies, Farooq et al. (2018), Moussa et 

al. (2012), Frankenhuis et al. (2010), Underwood et 

al. (2011), Erath et al. (2017) and Patterson et al. 

(2017) used VR and provided evidence of real par-

ticipant behaviour associated with traffic. Farooq et 

al. (2018) stated that an important advantage of VR-

based research is the ability to examine multiple sce-

narios and assess treatments or policies and their ef-

fects before making decisions.  

The VR used in this research offers a better approach 

than the one that could be obtained one from an ex-

ercise supported by SP surveys, as it allows for the 

analysis of scenarios with greater realism through 

route-setting involving sound and actual environ-

mental conditions. According to Wang et al. (2016), 

an immersive VR environment consists of a head-

mounted display device that uses an optical system 

to present scenes through a screen and works with 

the human brain to produce a strong immersive sen-

sation. One of its limitations, however, involves the 

use of computerised environments with lags or low-

resolution graphics (Loomis et al., 1999), which we 

eliminated by recording images of a real environ-

ment. VR immersion allows participants to move 

and interact with the environment as if they were in 

a real journey. Swivel chairs were employed to al-

low participants to move. VR is an emerging inter-

active technology that enables transport studies to 

incrementally implement certain applications on hu-

man perception and behaviour. 

Mujber et al. (2004) addressed the applications of 

VR in manufacturing processes and stated that VR 

has been successfully implemented in several other 

areas such as rapid prototyping, scientific visualisa-

tion, engineering and education. Likewise, Górski 

(2017) demonstrated how VR is used in engineering 

with a knowledge-based approach.  

Meanwhile, Mantovanni et al. (2003) used VR train-

ing for healthcare professionals and said, ‘Virtual 

Reality represents a promising area with high poten-

tial of enhancing the training of health-care profes-

sionals. Virtual Reality Training can provide a rich, 

interactive, engaging educational context, thus sup-

porting experiential learning-by-doing’. Likewise, 

Aziz (2018) observed that VR applications in 

healthcare demonstrate the potential to address cog-

nitive, psychological, motor and functional impair-

ments and also provide opportunities for training 

clinical practitioners. Similarly, Bouchard et al. 

(2017) used VR to examine social anxiety disorder. 

In the field of social work, Lanzieri et al. (2021) 

showed that virtual simulation is a learning/teaching 

strategy that aims to enhance the connection be-

tween classroom learning and professional applica-

tions. Scholars have confirmed that students feel 

more comfortable and less under pressure to perform 

in virtual settings than in traditional face-to-face role 

play (Fitch et al., 2016). 

 

3. Methodology 

Agudelo (2019) suggested that an individual’s 

transport mode choice depends on their security per-

ception as well as traditional variables such as time, 

cost and socioeconomic characteristics. She consid-

ered security as a latent variable formed by three el-

ements: environment, subject and mode. The exper-

iment design involved finding a technique that com-

bines three security perception elements and six 

transport modes while acknowledging travellers as 

subjects. The number of combinations among these 

factors would be unsuitable for treatment through SP 

and RP. This complexity of the exercise led to a 

search for alternative tools to recreate different sce-

narios and combinations that were generated. 

We proposed assessing the environment element of 

security perception as a dual factor that involves im-

mersing participants in recorded videos in positive-

secure and negative-insecure environments. Consid-

ering Agudelo’s (2019) perception of security in so-

cial cartography and focus-group findings along 

with findings by Perone and Tucker (2003), Delbosc 

and Currie (2012), Iglesias et al. (2013), Sillano et 

al. (2006) and Puello and Geurs (2015), we evalu-

ated two environments –daytime and night-time. 

The experiment considered the six transport modes 

available in Medellín (walking, cycling, metro/bus 

rapid transit (BRT), bus, motorcycle and car). We 

isolated the effect of the three elements of subjective 

security perception by exposing different subjects to 

the same scenarios.  

The use of VR in transport research shields partici-

pants from risks associated with travel to specific 

places (two in this case) and carries out several 

routes in different transport modes (six). This tech-

nique reduces difficulties arising from participants 

being required to conduct the multiple combination 

trips for this experiment. Limitations in traditional 

research techniques include the need for participants 
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to have driving licences and to have knowledge, 

skills and aptitudes for driving individual transport 

modes, such as motorcycles, bicycles and cars. In 

addition, to standardise the experiment, it was nec-

essary to maintain the same distances by mode, the 

same time of day or night and the same environmen-

tal conditions, among others. This would not be pos-

sible unless all people could travel at the same time, 

which is practically unfeasible. 

These difficulties became great challenges to re-

search and triggered a search for new techniques that 

would allow for the collection of quality information 

from different combinations that must be evaluated. 

This led to the use of VR, through which the required 

assessments could be made, as this technique makes 

it possible to record a real scenario and have it eval-

uated by all participants, guaranteeing a standard-

ised experiment in terms of the scenarios for assess-

ment.  

To develop this methodology, three steps were car-

ried out: definition and construction of scenarios, 

context of choice and sample conformation. 

 

3.1. Definition and construction of scenarios 

We selected two sectors of the city of Medellín, one 

with conditions of security and the other insecurity. 

This selection considered the characteristics associ-

ated with security/insecurity according to the litera-

ture and Agudelo’s (2019) findings. Agudelo (2019) 

collected data from a 12-participant focus group and 

a 432-participant social cartography developed at 

different periods in 2016. The description of the 

travel experience of different subjects and the ethno-

graphic work allowed the selection of elements to be 

included in the film record. In addition, the activities, 

actions, behaviours and attitudes of travellers and 

nontravellers were established in the recording.  

We evaluated environments that the population clas-

sified as secure (E1) and insecure (E2). Lighting, re-

ported in the literature as a determinant of security 

perception and one of the most recurrent categories 

in Agudelo’s (2019) focus group and social cartog-

raphy, was directly associated with the variation be-

tween daytime (D) and night-time (N) (illuminated 

or nonilluminated, respectively). The video produc-

tion considered other elements associated with the 

security/insecurity of transport modes, such as the 

presence of the homeless, activity of street vendors, 

nontransparent enclosures, busy places (active), sol-

itary places, driving conditions, public transport 

stops, building conditions, lane segregation by user 

type (vehicle, bicycle, sidewalk) and behaviours of 

different actors on the street. 

Figure 1 shows images of the evaluated environ-

ments (secure (active place) and insecure (lonely 

place)). 
 

 
 

 
Fig. 1. Sample images with secure (up) and insecure 

elements (down). Source: Agudelo (2019). 
 

For each environment (secure and insecure, day and 

night) we recorded footage with a duration of ap-

proximately eight hours. We used a Xiaomi Mi 

Sphere camera (23.88 MP, video 3.5K) mounted on 

the head of a person who made real trips in the six 

transport modes. The tours were recorded as the per-

son travelled, which served as the input for the con-

struction of the 360-degree videos. The final videos 

for the experiment were produced through a process 

of scene selection and editing. Four video scenarios 

that were 10 to 15 minutes long were constructed: 

secure day environment (E1D), insecure day envi-

ronment (E2D), secure night environment (E1N) 

and insecure night environment (E2N). All these 

scenarios with the six defined transport modes were 

evaluated by the participants. 

To recreate conditions as close as possible to the nat-

ural environment, we registered real places in the 
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city (Figure 2, right). Meanwhile, the computer-rec-

reated scenarios (Figure 2, left) did not offer natural 

experiential possibilities and could constraint the as-

sessment of subjective security perceptions; hence, 

this option was rejected. The selected option was the 

recording of real places in the city, including rec-

orded sounds that enlivened the exercise and pro-

vided a more natural and immersive condition. For 

the participants’ experience, we used 3D glasses 

with hearing aids (Veer OASIS VR headphones) and 

a smartphone. The video display was made using the 

Android app ‘VaR’s VR player PRO’. 

 

 
 

 
Fig. 2. Computer-simulated 3D image (up) and real 

3D image and 360-degree recording for this 

research (down). Source: Agudelo (2019) 
 

3.2. Context of choice 

We conducted a blind experiment, in which one of 

the primary outcomes to be evaluated was the per-

ception of security. The participants were unaware 

of the secure or insecure status of the proposed sce-

narios. As previously mentioned, the main re-

searcher established the definition of secure and in-

secure according to the literature review, focus 

groups and social cartography; however, such infor-

mation was not provided to the participants. 

In a recreated VR travel situation, the subject trav-

elled through the study scenarios (E1D, E1N, E2D 

and E2N). Each scenario is the combination of one 

environment with one period (day or night). Every 

participant virtually used each transport mode 

(walking, cycling, metro/BRT, bus, motorcycle and 

car) in the scenarios so that they can describe and 

qualify their perceptions of security when travelling. 

Information were gathered as follows: 

1. A socioeconomic and travel characterisation 

survey was conducted. 

2. The secure day environment video was ob-

served (E1D). 

3. The respondents rated their security perception 

in each mode using a seven-point Likert scale.  

4. Among the different transport modes used in 

the virtual route, the respondents chose the one 

that provided the highest perception of security 

without considering time and cost. While it is 

true that time and cost are significant for one’s 

choice of transport mode, they were excluded 

from this exercise, as they have been exten-

sively studied and reported in the literature. Ac-

cording to Juhász et al. (2017), travel time is a 

fundamental factor in transport modelling. The 

selection was made in accordance with the fol-

lowing instruction: Consider that you should 

make a route like the one presented in the video. 

If you have to make a trip on the same route you 

have just travelled and you have available the 

six transport modes of presented (walking, cy-

cling, metro/BRT, bus, motorcycle and car) –

that is, you can choose the one you want, no re-

strictions of any kind. According to the percep-

tion of security, which of the modes would you 

choose to travel on the route you have just com-

pleted? Please note that your choice refers to 

this specific route, not associated with the 

routes you usually take. Mark with an X the im-

age of the chosen mode. This instruction in-

cluded a reminder for participants to exclude 

time and cost as elements of their choice. 

These four steps were repeated for the insecure day 

environment (E2D). 

5. After observing the two-day videos (E1D and 

E2D), the respondents were asked to choose 

one of the two environments and were given the 

following instruction: Consider that you must 

make a route equal to those presented to you in 

the video. Which of these two environments do 

you choose, considering the perception of secu-

rity? Consider that your choice refers to these 

journeys in specific, is not associated with the 
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trips you usually make. Mark the box below the 

photo with an X. 

The same process was applied to the assessment of 

the night environments (E1N and E2N). 

At the end of each video (E1D, E2D, E1N and E2N), 

the participants evaluated their perception of secu-

rity by mode in each scenario and chose their pre-

ferred mode for that route in terms of security. 

In addition, after completing each module, the re-

spondents described the reasons that motivated them 

to assign each qualification as well as indicated the 

elements, actions or situations that they associated 

with security/insecurity. The analysis of these narra-

tives is beyond this study’s scope. The participants 

rated their perception of security by mode for each 

of the four scenarios. The survey used generic sche-

matic images that did not contain logos or colours 

associated with real modes to avoid bias (Figure 3). 
 

3.3. Sample conformation 

The participants were selected through convenience 

sampling. Based on the data of the Medellín Origin 

Destination Survey ODS-2012 (AMVA-2012), the 

user profiles of the study area in terms of socioeco-

nomic characteristics (gender, age, strata and em-

ployment status) were defined. ‘The strata system 

(estratos) is a geographical classification that identi-

fies areas according to the external characteristics of 

the neighbourhood and dwellings where people live’ 

(OECD, 2016). Areas are classified into six strata, 

with strata 1 being the lowest, corresponding to 

those of lesser quality and strata 6 being the highest, 

corresponding to the best conditions. From these 

profiles, this study selected participants who wanted 

to voluntarily participate in the research and who 

met the associated characteristics, mainly age, gen-

der and employment status. 

 
Fig. 3. Methodological process for the execution of the experiment 
 

 
Fig. 4. Transport modes presented to participants 
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Ninety-two participants underwent the experiment, 

and the results were reported afterwards. Familiarity 

with the environment is vital to the perception of se-

curity (Agudelo, 2019). We controlled for this effect 

by exposing people from two different cities to the 

same environment. Considering that the videos were 

recorded in Medellín, Colombia, data collection was 

divided into two subsamples: 77 from Medellín and 

25 from Bogotá. Figure 4 presents the execution of 

the VR experiments. 
 

 
 

 
Fig. 5. Preparation of the participants and execution 

of the VR exercise. Source: Agudelo (2019) 
 

4. Results 

Considering that the discussion in this paper is part 

of a broader investigation, five results mainly asso-

ciated with the VR experiment were presented. 

These are (1) method robustness, (2) ratings of secu-

rity perceptions of transport modes in different envi-

ronments, (3) choice of environment based on secu-

rity, (4) choice of transport mode based on familiar-

ity with the surroundings and (5) choice of environ-

ment based on familiarity with the surroundings. 

Around 42% of the participants were women. Ap-

proximately 95% of the respondents reported work 

and study as their reasons for travelling, and the 

most used transport modes were metro and bus (24% 

and 23%, respectively). In terms of age group, ma-

jority of the participants were from the 20–39 age 

bracket (67%). The income level for 48% of re-

spondents ranged from USD100 to USD400 

(300,000–1,200,000 COP in 2019; COP is the Co-

lombian currency, and this range is less than the 

minimum). 

 

4.1. Method robustness 

The use of VR in this experiment enabled us to ob-

serve the participants’ involvement in the recorded 

journeys. We found that their movements, gestures 

and expressions were consistent with what was ex-

pected for the screening conditions. VR is a relevant 

tool for transport studies, as it allows for the evalua-

tion of active transport mode perceptions. These 

conditions cannot be achieved through RP or SP ex-

periments where choices are immediately made after 

undertaking the experimental journeys–just at the 

moment when the sensations are ongoing. The ob-

servations of participant behaviour feed the analysis 

and public policy design. 

 

4.2. Mode security perception in different envi-

ronments assessed via VR 

We compared the security ratings for each mode 

among the four environments. We analysed whether 

the modes received the same ratings in different en-

vironments (secure and insecure) during daytime 

and night-time. Considering that the sample data 

does not follow a normal distribution, this study 

used the nonparametric Kruskal–Wallis test to ac-

count for differences in the ratings for the same 

mode in various scenarios. 

For the bus and car modes, no differences were ob-

served in security perception for the different sce-

narios (P = 0.096 and 0.821, respectively; >0.05). In 

the case of cars, the ratings were not statistically dif-

ferent between day and night because they were al-

ways within the security range in all scenarios based 

on the Likert scale (Figure 2). In the case of buses, a 

similar situation to that of cars was observed; the 

scores were always in the same range in all the eval-

uated scenarios. In the other four modes, there were 

differences in perceptions of security depending on 

the scenario. In these cases, the ratings depended on 

the environment (secure/insecure) and time 

(day/night). 
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Variations in mode scores, depending on the sce-

nario, indicated that people differently perceive 

mode security in that environment and at that time. 

This means that the environment is important to 

one’s security perception associated with mode of 

transport. 

Close to 61% of respondents rated walking in a se-

cure day environment (E1D) in the security range 

(between moderately secure to extremely secure), 

while 30% placed this scenario in the insecure range 

(moderately insecure to extremely insecure); the rest 

were indifferent. Meanwhile, riding the bus was 

similar to walking, as 64% placed it in the secure 

range, while 23% considered it in the insecure range. 

Figure 6 presents the security perceptions of the dif-

ferent modes in the two environments both day and 

night. The vertical axis shows the seven levels of se-

curity perception ratings from extremely secure (1) 

to extremely insecure (7). The distribution of the 

bars corroborates what was obtained from the Krus-

kal–Wallis test. 

Figure 6 illustrates the weight and relevance of 

transport mode in one’s perception of security, and 

as previously mentioned, cars always receive ratings 

in the secure range regardless of whether people 

travel in secure or insecure places; that is, they travel 

by car, they feel secure. 

The metro and BRT also received ratings in the se-

cure range, but there was greater variability in the 

insecure day environment (E2D). Meanwhile, rat-

ings for walking varied between the two scenarios; 

it is considered safe in the secure environment both 

during the day and at night, while it tends to be per-

ceived as unsafe in the insecure environment and 

much more so at night. For buses, the perceptions 

remained constant towards the centre of the rating 

scale since, in general, the bus is not perceived as 

insecure. This is a positive result for the study over-

all and for the definition of sustainable mobility pol-

icies. Stakeholders may take advantage of the secu-

rity perception ratings for buses to gain more users 

and thus move society towards sustainable mobility 

practices. 

Meanwhile, to compare different environments and 

thus determine changes in the security perceptions 

of each mode depending on the travel environment, 

post-hoc tests were conducted. To analyse the results, 

this study conducted a Bonferroni adjustment, 

through which an adjusted value (0.0083) was ob-

tained according to the six comparisons between the 

four scenarios defined for the analysis of the envi-

ronments. For this comparison, the car and motorcy-

cle modes were not included since according to the 

Kruskal–Wallis test these modes showed no differ-

ences in security perception among different scenar-

ios. 

 

Table 1. Descriptive statistics of the participants 
Variable Characteristics Sample (%) ODS (2012) (%) 

Gender Male 58 56 

Female 42 44 

Age 20 or less 7 9 

20–24 30 30 

25–29 15 16 

30–39 22 23 

40–49 13 12 

50–59 9 8 

60 or above 4 3 

Reason for travel Work 52 54 

Study 42 43 

Other 6 4 

Employment status Employed 38 40 

Student 34 33 

Employed and student 23 20 

Housewife 2 3 

Other 3 4 
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Fig. 6. Mode security perception in both environments combined, day and night 
 

The results showed that when people choose 

transport modes based on security to travel the VR 

proposed routes, they were inclined to use cars, 

which were not part of the modes that aim for sus-

tainable mobility. This finding is consistent with 

López et al.’s (2014) assertion that habits created 

around transport modes used for daily commuting 

can hinder sustainable mobility, as they prevent peo-

ple from changing decisions despite having alterna-

tives. 

Regarding the choice of mode according to gender 

and age, this study found that in a secure day envi-

ronment, more women chose the metro than men. In 

this scenario (E1D), an association was observed be-

tween the selected mode and gender (likelihood ratio 

= 0. 013 < 0.05) whereas age did not influence the 

choice of mode in any scenario. Younger people 

usually chose walking and cycling, while senior par-

ticipants chose metro and BRT. In an insecure night 

environment, no participant chose walking and cy-

cling. 

In addition, to compare scenarios and check for dif-

ferences in each mode, multiple Mann–Whitney U 

tests were performed, adjusting the P-value by the 

number of scenario combinations. 

a) Day secure (E1D) –night secure (E1N) 

In the secure environment, there were no differences 

between day and night for walking, cycling and mo-

torcycle, as their significance values were higher 

than the adjusted adjusted value (0.0083); this is be-

cause the medians and percentiles (25 and 75, re-

spectively) were almost equal. Differences were ob-

served only in the perception of security in the 

metro/BRT mode (p = 0.000, < 0.008). This may be 

associated with the volume of people, as there were 

fewer people during the day than at night in the VR 

experiment. The respondents said that their percep-

tion of security decreases when the mode gets 

crowded–a situation that did not occur during the 

day virtual route with fewer people. Meanwhile, 

with respect to cycling, differences were found in 

the medians, but these were not significant 

(P= 0.017, > 0.008). 
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b) Day secure (E1D)–day insecure (E2D) 

In this relation, differences were observed between 

walking, cycling and metro/BRT (p = 0.000, < 

0.0083) whereas for the motorcycle mode, no differ-

ences were found in the perception of security be-

tween secure and insecure environments during the 

day. 

c) Day secure (E1D)–night insecure (E2N) 

As in the previous case, differences were found be-

tween walking, cycling and metro/BRT. The motor-

cycle mode showed no differences in perceptions 

between these two scenarios. 

d) Night secure (E1N)–day insecure (E2D) 

Again, there were differences in all modes except 

motorcycle. 

e) Night secure (E1N)–night insecure (E2N) 

In this case, differences were observed in security 

perceptions between the walking and cycling modes 

whereas no differences were found in security per-

ceptions between the BRT and motorcycle modes. 

f) Day insecure (E2D) –night insecure (E2N) 

For this relation, there were differences between 

walking, cycling and metro/BRT whereas there were 

no differences in perceptions for cycling and motor-

cycle. 

Table 1 summarises all the differences in the secu-

rity perceptions of the modes between the different 

environments. 

Walking, cycling and metro/BRT generally showed 

differences among different scenarios whereas bus 

and car only presented differences between day in-

secure and night secure scenarios. 
 

4.3. Choice of environment based on security 

As expected, most of the respondents (92%) chose 

the secure environment (E1) both in the daytime and 

night-time. Note that this was a place with a secure 

connotation (but this information was not provided 

to the respondents). 
 

4.4. Choice of mode based on familiarity with 

the environment 

The previous section referred to all analyses as one 

aggregate sample. Here and in the next section, to 

analyse the familiarity effect, the sample was di-

vided into two subsamples, one from Medellín and 

the other from Bogotá. There is an association be-

tween familiarity and mode choice in the insecure 

day environment (E2D, p = 0.049). In this scenario, 

cars were the most preferred mode, chosen by 73% 

of participants who were familiar with the environ-

ment (surveyed in Medellín). In addition, 54% of 

those who were unfamiliar with the environment (re-

spondents from Bogota) also chose the car mode. 

The second preferred mode according to the percep-

tion of security and its relation to environment fa-

miliarity was the BRT: 18% of those who chose it 

were familiar with the environment, while 12% were 

not. These results clarify the reasons why people 

from Bogotá would use cars less frequently in Me-

dellín. People with less familiarity seem to perceive 

lower risk, or they do not want to drive in an envi-

ronment that is not familiar to them. This factor of 

familiarity must be investigated more. 

 

4.5. Choice of environment based on familiarity 

with it 

In all cases, the participants’ most preferred environ-

ment was E1 regardless of their familiarity with it. 

According to the chi-square statistical test, no asso-

ciation exists between choice of environment and fa-

miliarity. 

 

Table 2. Modes with differences in perceptions 

among different scenarios 

 Day insecure Night secure Night insecure 

Day 

secure 

Walking, 

cycling, 

metro/BRT 

Metro/BRT 

Walking, 

cycling, 

metro/BRT 

Day  
insecure 

 

Walking, cycling, 

metro/BRT, bus, 

car 

Walking, 

cycling, 

metro/BRT 

Night 

insecure 
 Walking, cycling.  

 

5. Discussion 

Our study recorded real scenarios of urban environ-

ments and was not limited to computer-created ani-

mations or images like those traditionally used in 

driving simulators and VR exercises in both 

transport and other areas of knowledge such as 

health (Mantovanni et al., 2004; Aziz, 2018; Bou-

chard, 2017), manufacturing (Mujber et al., 2004), 

engineering (Górski, 2017) and social work (Lan-

zieri et al., 2021). In our study, consistent with 

Loomis’s (1999) findings, the problem of lagged im-

ages was addressed by recording videos of real 

scenes that provide a greater degree of realism to the 

experiment and enable respondents to interact with 

the evaluated scenario. 
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Schwebel et al. (2008) tested the validity of virtual 

environments in a study that evaluated the behaviour 

of pedestrians in immersive environments as well as 

in real conditions, finding significantly correlated 

behaviour in both real and virtual scenarios between 

child and adult pedestrians.  

Deb et al. (2017) also showed the validity of pedes-

trian simulators. Their study did not include ambient 

sounds (wind, environment, conversations, etc.) and 

only considered the sounds of cars, which was why 

participants gave the noise had a low rating com-

pared to other characteristics, which showed the 

simulator’s acceptability and utility. The VR videos 

used in our research included the sound of the envi-

ronment, that is, vehicles, people, music and all the 

sounds in a moving city. This helps increase the de-

gree of realism of the evaluated scenes.  

The limitations inherent in transport studies were 

mainly derived from SP and RP surveys, based on 

which approximations were obtained for conditions 

of choice of transport mode and how a respondent 

perceives behaviour in the face of a hypothetical sit-

uation. This study addressed these limitations by re-

cording real city scenes, in which the participants 

were immersed through VR devices. The interac-

tions displayed the respondents’ behaviour and ex-

pressions throughout the experiment. 

None of the traditional techniques in transport stud-

ies have predicted with certainty the choices of users, 

neither was it possible to exactly represent partici-

pants’ decisions. However, the specificity of the VR 

exercise used in this research helped diminish some 

limitations, as the subjects experienced a journey 

that was close to reality due to the reproduction of 

real traffic scenarios involving different transport 

modes. This experience was widely different than 

what could be obtained through SP surveys where 

two-dimensional images and text are presented. 

According to Górski (2017), the main obstacle to 

VR being commonly implemented is that most solu-

tions are specific, that is, created only for the pur-

pose of the current context. This would require sub-

stantial time and high costs. Meanwhile, the ad-

vantage of our research is that, although it is true that 

the videos were recorded following the design spec-

ifications for the specific investigation, they could 

be used for other investigative purposes, for instance, 

to examine other parameters or latent variables in the 

same context. Furthermore, other researchers can 

follow the methodology. 

Nevertheless, the cost of VR exercises can be con-

sidered a disadvantage of this technique since the 

scenes presented to the respondents involves several 

hours of recording to display the required scenarios 

and travel situations. As far as the execution of the 

experiment is concerned, the time required from 

each respondent is also high along with the addi-

tional time for visualising the videos (in this case, 

10–15 minutes per scenario).  

Despite the length of time that may be considered to 

execute the VR experiment, it will always be less 

than what must be invested if respondents were to 

conduct real trips, which have implications in terms 

of risk exposure, a situation, which, as mentioned 

above, should be addressed by the investigation. 

The duration of exercise can also be considered as 

an important limitation because of the risk of re-

spondent fatigue. In our case, this condition was mit-

igated by introducing a pause in the experiment. Af-

ter watching each video (for instance, E1D), a re-

spondent would answer questions associated with 

the choice of mode in this video as well as percep-

tions of the route, in the same way for the other vid-

eos (E1N, E2D and E2N). 

According to Kuze and Ukai (2008), eye fatigue can 

be determined through objective and subjective in-

dicators. Our research did not directly measure fa-

tigue, but its effect was controlled by monitoring as-

pects such as eye soreness, headache and tiredness, 

which were not present in the participants. Future re-

search may include objective measurements of fa-

tigue indicators. 

Sample selection was adjusted to the profiles of trav-

ellers who travel to the study area daily, according 

to the Origin Destination Survey (ODS). This means 

the results of this research can be generalised to pop-

ulations that maintain the established distribution of 

travellers. 

Sample size was directly related to the amount of 

time required by each experiment, and the costs 

were associated with the implementation of a greater 

number of experiments, which can be considered as 

further limitations of this research. However, the 

number of respondents was statistically suitable. 

Finally, Bogacz et al. (2020) argued that the ecolog-

ical validity of immersion technologies, the imple-

mentation of which in transport studies is recent and 

gaining popularity, has not yet been established; 

therefore, the use of these techniques in modelling 

human behaviour in transport has been limited. In 
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their study, they showed that participants behave dif-

ferently when confronted with a choice between im-

mersive and nonimmersive environments. The re-

search results indicated that immersive environ-

ments can increase levels of commitment to tasks. 

Meanwhile, Brookes et al. (2018) indicated that VR 

helps increase ecological validity. Likewise, studies 

by Farooq et al. (2018) and Moussa et al. (2012) in 

the context of transport, Frankenhuis et al. (2010) 

and Underwood et al. (2011) on transport risk, Erath 

et al., (2017) on urban design and Patterson et al. 

(2017) on social context have shed light on generat-

ing real behaviour in traffic situations despite the 

lack of consequences.  

For future research, we propose the development of 

a comparative study between two different environ-

ments in two different cities to evaluate security as a 

latent variable. Other studies could also investigate 

other latent variables such as comfort, reliability of 

travel time and fare affordability. 

 

6. Conclusions 

We proposed the use of VR as a safe and flexible 

instrument to capture reliable primary data for 

transport research. In this paper, we used VR to as-

sess the effects of security perception on transport 

mode choice. Perception of security was approached 

from three constitutive elements: environment, sub-

ject and mode. VR allowed us to isolate the effect of 

each element and apply multiple combinations of 

their variants in a sample of 92 participants. Our 

contribution lies in the testing of the use of VR-

based experiments with real urban scenario record-

ings in transport research and the capturing of on-

experiment participant behaviour as rich data for 

mobility and transport public policy design.  

Using VR, we recreated real journeys with six dif-

ferent transport modes considering variations in se-

curity perception elements and urban conditions. We 

recorded 360-degree immersive videos from real 

scenarios in Medellín, capturing daily urban life and 

compiling images in 3D along with their natural 

sounds. Video planning was conducted considering 

Agudelo’s (2019) focus-group and social cartog-

raphy findings on security perception determinants. 

The experiment considered two environments, se-

cure (E1–active, illuminated, etc.) and insecure (E2–

homeless presence, nonpermeable enclosures, etc.) 

and studied the effects of lighting conditions in the 

daytime (D) and night time (N). A total of four 

videos (E1D, E1N, E2D and E2N) in tandem with 

the six transport modes were assessed by 92 partici-

pants.  

We found that using real scenarios in a VR-based 

experiment in transport research allows for a realis-

tic assessment of multiple and simultaneous journey 

conditions (and their possible combinations), over-

coming the limitations of SP and RP surveys. VR 

videos improved the participants’ experience, ena-

bling close-to-natural sensorial immersion and as-

sessment as opposed to computer-simulated envi-

ronments. This method capitalised on participants’ 

assessment of their preferred transport mode imme-

diately after taking the virtual trip, as their emotions, 

sensations and perceptions were still active. This 

represents a significant advantage in front-to-static 

and memory-based or hypothetical survey experi-

ments (SP and RP). In SP surveys, participants fore-

cast their behaviour through a hypothetical journey 

that they might never have experienced, while VR-

based experiments provide them close to real trip ex-

periences and enable them to gauge their choices.  

VR-based experiments allow for the evaluation of 

multiple conditions, in which researchers test sev-

eral transport modes in different environmental con-

ditions and consider various subjects’ features. This 

technique enables the assessment of overall options 

set by the same subject despite never having been 

exposed to them. VR experiments capture partici-

pants’ movements, gestures and expressions while 

taking virtual journeys as additional sources of in-

formation for mobility and transport public policy 

formulation. This technique also reduces partici-

pants’ physical risk, a relevant ethical consideration 

in transport mode research. The structuring of sce-

narios from real city scenes, presented to partici-

pants through VR, allows the researcher to in-

clude/exclude elements whose effects they intend to 

evaluate. We evaluated multiple trip conditions: se-

cure and insecure surroundings, six transport modes 

and daytime and night-time trips. In the case of se-

cure and insecure surroundings, we included the 

presence of the homeless, activity of street vendors, 

nontransparent enclosures, busy places (active) and 

driving conditions. This combination was achieved 

with VR and is not offered by traditional techniques. 

VR helps users understand better the conditions as-

sociated with modes and environments. 

The study sought to determine the incidence of three 

elements in the perception of security (environment, 
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subject and mode), in which it was necessary to iso-

late the effects of one to identify those of the others. 

VR made it possible to cover the latter situation and 

to combine and analyse the proposed elements. This 

was in line with Brookes et al. (2020), who indicated 

that VR reduces barriers to research in real rather 

than laboratory environments.  

The VR exercise opens windows for a detailed study 

of phenomena, in which the territorial–subject rela-

tionship is presented. The use of cross-sectional data 

is predominant in transport studies given the limited 

access to panel data. This requires starting with sam-

ples of considerable size, such that, over time, the 

decrease in sample size can be compensated by the 

difficulty of preserving the same group because of 

participant withdrawal. VR experiments can be used 

to collect panel data with a reduced number of par-

ticipants and assess the same virtual journeys and 

environmental setups. Panel data collected from 

these conditions enable the further elaboration of the 

effect of familiarity with the environment on 

transport mode choice and the impacts of changes in 

psychological conditions on transport decision-mak-

ing. This will enable the design of public policies 

that address aspects determining security in the three 

elements proposed in this research: environment, 

subject and mode. 

Given this study’s exploratory nature, the experi-

mental design did not consider the time and cost of 

the trip in the participants’ decision-making since 

these variables have been widely studied and re-

ported in the literature. Subsequent studies may in-

clude these variables in the scenario of choice, as 

well as others considered relevant in the choice of 

transport mode, the impact of which must be deter-

mined. 
 

Disclosure statement 

The authors declare no conflict of interest. 
 

Author Contributions 

The authors confirm the contribution to the paper as 

follows: study conception and design: Agudelo-

Vélez, Sarmiento-Ordosgoitia and Córdoba-Maqui-

lón; Data collection: Agudelo-Vélez and Sarmiento-

Ordosgoitia; analysis and results interpretation: 

Agudelo-Vélez and Sarmiento-Ordosgoitia; draft 

manuscript preparation: Agudelo-Vélez. All authors 

reviewed the results and approved the final version 

of the manuscript. 
 

Funding 

Laura Agudelo-Vélez, Iván Sarmiento-Ordosgoitia 

and Jorge Córdoba-Maquilón acknowledge the sup-

port of the Universidad Nacional de Colombia 

through the Resolution V-1640/2015 and M.VS-

2399/2017. Additionally, this work was supported 

by Colciencias grant (Ph.D. grant no. 617) to Laura 

Agudelo-Vélez. 

 

References 

[1] ALEX, A.P., MANJU, V.S., ISAAC, K.P., 

2019. Modelling of travel behaviour of students 

using artificial intelligence. Archives of 

Transport, 51(3), 7–19. 

https://doi.org/10.5604/01.3001.0013.6159. 

[2] ANIMESH, A., PINSONNEAULT, A., 

YANG, S.-B., OH, W., 2011. An odyssey into 

virtual worlds: Exploring the impacts of tech-

nological and spatial environments on inten-

tion to purchase virtual products. MIS Quar-

terly, 35(3), 789–810. https://doi.org/10. 

2307/23042809. 

[3] AGUDELO, L., 2019. Los modelos híbridos de 

elección de modo en la planeación urbana in-

cluyendo la variable latente seguridad [Tesis] 

de Doctorado en Ingeniería–Ingeniería Civil. 

Universidad Nacional de Colombia, Sede Me-

dellín. 

[4] ÁREA METROPOLITANA DEL VALLE DE 

ABURRÁ -AMVA-, 2012. Encuesta Origen 

Destino de hogares para el Valle de Aburrá, 

Medellín. 

[5] AZIZ, H.A., 2018. Virtual reality programs ap-

plications in healthcare. Journal of Health and 

Medical Informatics, 09(1), 1–3. 

https://doi.org/10.4172/2157-7420.1000305. 

[6] BOGACZ, M., HESS, S., CHOUDHURYA, 

C., CALASTRIA, C., MUSHTAQ, F., 

AWAIS, M., VAN E.M., ERATH, A., 2020. 

Cycling in virtual reality: Modelling behaviour 

in an immersive environment. Transportation 

Letters, 1–15. https://doi.org/10.1080/19427 

867.2020.1745358. 

[7] BOUCHARD, S., DUMOULIN, S., 

ROBILLARD, G., GUITARD, T., KLINGER, 

É, FORGET, H., LORANGER, C., ROU-

CAUT, F.X., 2017. Virtual reality compared 

with in vivo exposure in the treatment of social 

anxiety disorder: A three-arm randomised con-

trolled trial. British Journal of Psychiatry, 



36 

 

Agudelo-Vélez, L., Sarmiento-Ordosgoitia, I., Córdoba-Maquilón, J., 

Archives of Transport, 60(4), 23-38, 2021 

 

 

210(4), 276–283. https://doi.org/10.1192/bjp. 

bp.116.184234. 

[8] BROOKES, J., WARBURTON, M., AL-

GHADIER, M., MON-WILLIAMS, M., 

MUSHTAQ, F., 2020. Studying human behav-

ior with virtual reality: The Unity Experiment 

Framework. Behavior Research Methods, 

52(2), 455–463. https://doi.org/10.3758/s134 

28-019-01242-0. 

[9] CÓRDOBA, J. E., 2014. Automatic prefer-

ences in the choice of transport mode. Proce-

dia-Social and Behavioral Sciences, 160, 381–

389. https://doi.org/10.1016/j.sbspro.2014. 

12.150. 

[10] DEB, S., CARRUTH, D.W., SWEEN, R., 

STRAWDERMAN, L., GARRISON, T.M., 

2017. Efficacy of virtual reality in pedestrian 

safety research. Applied Ergonomics, 65, 449–

460. http://doi.org/10.1016/j.apergo.2017.03. 

007. 

[11] DELBOSC, A., CURRIE, G., 2012. Modelling 

the causes and impacts of personal safety per-

ceptions on public transport ridership. 

Transport Policy, 24, 302–309. https://doi.org/ 

10.1016/j.tranpol.2012.09.009. 

[12] ERATH, A., MAHESHWARI, T., JOOS, M., 

KUPFERSCHMID, J., VAN EGGERMOND, 

M.A.B., 2017. Visualizing transport futures: 

The potential of integrating procedural 3D 

modelling and traffic micro-simulation in vir-

tual reality applications. Research Collection 

(pp. 2–23). https://doi.org/10.3929/ethz-b-

000240771. ETH Zürich. 

[13] FAIOLA, A., NEWLON, C., PFAFF, M., 

SMYSLOVA, O., 2013. Correlating the effects 

of flow and telepresence in virtual worlds: En-

hancing our understanding of user behavior in 

game-based learning. Computers in Human 

Behavior, 29(3), 1113–1121. https://doi.org/ 

10.1016/j.chb. 2012.10.003. 

[14] FAROOQ, B., CHERCHI, E., SOBHANI, A. 

2018. Virtual immersive reality for stated pref-

erence travel behavior experiments: A case 

study of autonomous vehicles on urban roads. 

Transportation Research Record, 2672(50), 

35–45. 

https://doi.org/10.1177/0361198118776810. 

[15] FITCH, D., CANADA, K., CARY, S., 

FREESE, R., 2016. Facilitating social work 

role plays in online courses: The use of video 

conferencing. Advances in Social Work, 17(1), 

78–92. https://doi.org/10.18060/20874. 

[16] FRANKENHUIS, W.E., DOTSCH, R., 

KARREMANS, J.C., WIGBOLDUS, D.H.J., 

2010. Male physical risk taking in a virtual en-

vironment. Journal of Evolutionary Psychol-

ogy, 8(1), 75–86. https://doi.org/10.1556/ 

JEP.8.2010.1.6. 

[17] GÓRSKI, F., 2017. Building virtual reality ap-

plications for engineering with knowledge-

based approach. Management and Production 

Engineering Review, 8(4), 64–73. 

https://doi.org/10.1515/mper-2017-0037. 

[18] IGLESIAS, P., GREENE, M., ORTÚZAR, J. 

D., 2013. On the perception of safety in low in-

come neighbourhoods: Using digital images in 

a stated choice experiment. En S. Hess A. Daly 

(Eds.), Choice modelling: The state of the art 

and the state of practice (pp. 193–210). Edward 

Elgar Publishing Ltd. 

[19] JENNETT, C., COX, A. L., CAIRNS, P., 

DHOPAREE, S., EPPS, A., TIJS, T., WAL-

TON, A., 2008. Measuring and defining the ex-

perience of immersion in games. International 

Journal of Human-Computer Studies, 66(9), 

641–661. https://doi.org/10.1016/j.ijhcs.2008. 

04.004. 

[20] JUHÁSZ, M., MÁTRAI, T., KOREN, C., 

2017. Forecasting travel time reliability in Ur-

ban road transport. Archives of Transport, 

43(3), 53–67. https://doi.org/10.5604/01. 

3001.0010.4227. 

[21] KUZE, J., UKAI, K., 2008. Subjective evalua-

tion of visual fatigue caused by motion images. 

Displays, 29(2), 159–166. https://doi.org/10. 

1016/j.displa.2007.09.007. 

[22] LANZIERI, N., MCALPIN, E., SHILANE, D., 

SAMELSON, H., 2021. Virtual reality: An im-

mersive tool for social work students to interact 

with community environments. Clinical Social 

Work Journal, 49, 1–13. 

https://doi.org/10.1007/s10615-021-00803-1. 

[23] LOOMIS, J.M., BLASCOVICH, J.J., BEALL, 

A.C., 1999. Immersive virtual environment 

technology as a basic research tool in psychol-

ogy. Behavior Research Methods, Instruments, 

and Computers, 31(4), 557–564. 

https://doi.org/10.3758/bf03200735. 

[24] LÓPEZ-SÁEZ, M., LOIS, D., FERNÁNDEZ, 

I., MARTÍNEZ-RUBIO, J., 2014. Influential 



Agudelo-Vélez, L., Sarmiento-Ordosgoitia, I., Córdoba-Maquilón, J., 

Archives of Transport, 60(4), 23-38, 2021 

37 

 

 

factors in the choice of public transportation or 

cars as the mode of transportation in habitual 

commutes/Factores que influyen en la elección 

del transporte público o el automóvil como 

modo de transporte en los desplazamientos ha-

bituales. Revista de Psicología Social, 29(2), 

371–399. 

https://doi.org/10.1080/02134748.2014.9 

18826. 

[25] MANTOVANI, F., CASTELNUOVO, G., 

GAGGIOLI, A., RIVA, G., 2003. Virtual real-

ity training for health-care professionals. Cy-

berpsychology and Behavior, 6(4), 389–395. 

https://doi.org/10.1089/109493103322278772. 

[26] MOUSSA, G., RADWAN, E., HUSSAIN, K., 

2012. Augmented reality vehicle system: Left-

turn manoeuvre study. Transportation Research 

Part C, 21(1), 1–16. https://doi.org/10.1016/j. 

trc.2011.08.005. 

[27] MUJBER, T.S., SZECSI, T., HASHMI, M.S. 

J., 2004. Virtual reality applications in manu-

facturing process simulation. Journal of Mate-

rials Processing Technology, 155–156, 1834–

1838. https://doi.org/10.1016/j.jmatpro-

tec.2004.04.401. 

[28] NAH, F.F.-H., ESCHENBRENNER, B., 

DEWESTER, D., 2011. ENHANCING 

BRAND EQUITY THROUGH FLOW AND 

TELEPRESENCE: A COMPARISON OF 2D 

AND 3-D VIRTUAL WORLDS. MIS Quar-

terly, 35(3), 731–747. https://doi.org/10.2307/ 

23042806. 

[29] OECD, 2016. ORGANIZATION FOR ECO-

NOMIC CO-OPERATION AND DEVELOP-

MENT, 2016. Reviews of Labour Market and 

social Policies. http://doi.org/10.1787/ 

9789264244825-en. OECD Publishing Paris. 

[30] O’NEILL, M.J., 1992. Effects of familiarity 

and plan complexity on wayfinding in simu-

lated buildings. Journal of Environmental Psy-

chology, 12(4), 319–327. https://doi.org/10. 

1016/S0272-4944(05)80080-5. 

[31] PATTERSON, Z., DARBANI, J.M., REZAEI, 

A., ZACHARIAS, J., YAZDIZADEH, A., 

2017. Comparing text-only and virtual reality 

discrete choice experiments of neighbourhood 

choice. Landscape and Urban Planning, 157, 

63–74. https://doi.org/10.1016/j.landur-

bplan.2016. 05.024. 

[32] PERONE, J., TUCKER, L., 2003. An explora-

tion of triangulation of methodologies: Quanti-

tative and qualitative methodology fusion in an 

investigation of perceptions of transit safety. 

National Center for Transportation Research. 

[33] PUELLO, L.L.P., GEURS, K., 2015. Model-

ling observed and unobserved factors in cy-

cling to railway stations: Application to transit-

oriented-developments in the Netherlands. Eu-

ropean Journal of Transport and Infrastructure 

Research, 15(1), 27–50. 

[34] ROVIRA, A., SWAPP, D., SPANLANG, B., 

SLATER, M., 2009. The use of virtual reality 

in the study of 19 people’s responses to violent 

incidents. Frontiers in Behavioral Neurosci-

ence, 3, 1–10. 

https://doi.org/10.3389/neuro.08.059.2009. 

[35] RUDDLE, R.A., PAYNE, S.J., JONES, D.M., 

1997. Navigating buildings in virtual environ-

ments. Experimental investigations using ex-

tended navigational experience. Journal of Ex-

perimental Psychology: Applied, 3(2), 143–

159. https://doi.org/10.1037/1076-

898X.3.2.143. 

[36] SLATER, M., ANTLEY, A., DAVISON, A., 

SWAPP, D., GUGER, C., BARKER, C., PIS-

TRANG, N., SANCHEZ-VIVES, M.V., 2006. 

A virtual reprise of the Stanley Milgram obedi-

ence experiments. PLOS ONE, 1(1), e39. 

https://doi.org/10.1371/journal.pone.0000039. 

[37] SCHWEBEL, D.C., GAINES, J., SEVERSON, 

J., 2008. Validation of virtual reality as a tool 

to understand and prevent child pedestrian in-

jury. Accident; Analysis and Prevention, 40(4), 

1394–1400. 

https://doi.org/10.1016/j.aap.2008.03.005. 

[38] SILLANO, M., GREENE, M., ORTÚZAR, J. 

DE D., 2006. Percepción de seguridad en bar-

rios de escasos recursos. Eure, 32, 17–35. 

[39] TLAUKA, M., WILSON, P.N., 1996. Orienta-

tion-free representations from navigation 

through a computer-simulated environment. 

Environment and Behavior, 28(5), 647–664. 

https://doi.org/10.1177/001391659602800504. 

[40] UNDERWOOD, G., CRUNDALL, D., CHAP-

MAN, P., 2011. Driving simulator validation 

with hazard perception. Transportation Re-

search Part F, 14(6), 435–446. 

https://doi.org/10.1016/j.trf.2011.04.008. 



38 

 

Agudelo-Vélez, L., Sarmiento-Ordosgoitia, I., Córdoba-Maquilón, J., 

Archives of Transport, 60(4), 23-38, 2021 

 

 

[41] WANN, J., MON-WILLIAMS, M., 1996. 

What does virtual reality NEED? Human fac-

tors issues in the design of three-dimensional 

computer environments. International Journal 

of Human-Computer Studies, 44(6), 829–847. 

https://doi.org/10.1006/ijhc.1996.0035. 

[42] WANG, Y., LIU, W., MENG, X., FU, H., 

ZHANG, D., KANG, Y., FENG, R., WEI, Z., 

ZHU, X., JIANG, G., 2016. Development of an 

immersive virtual reality head-mounted display 

with high performance. Applied Optics, 55(25), 

6969–6977. https://doi.org/10.1364/AO.55. 

006969. 


