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Abstract
Traffic rules are essential and part of today’s road safety education programs at school. However, learning how to properly 
use attention in complex traffic situations has never before been a focus when teaching pupils. A new road safety education 
program based on latest findings in Neuro-Education has been developed. In the program, pupil learned three new concepts: 
risk, orientation and attention. This to stimulate the pupil’s reflection about own behavior on school roads, before attended 
a session at a traffic center, where teachers encouraged pupil’s reflection about how to practically use their new knowledge 
about the three concepts. This new program design was evaluated in a Virtual Reality laboratory. This paper presents the 
approach for evaluation using VR and eye-tracking, including scenario building, measurement approach, and procedure for 
measurements in addition to a look at the actual evaluation results. The results showed that pupils managed to cycle in a safer 
way by putting their attention at the right places after the course compared to student following existing curriculum. As such 
the selected validation approach utilizing VR gave clear support for the proposed education program.

Keywords  Virtual reality · Education · Cycling

Introduction

The Norwegian Council for road safety (Trygg Trafikk), 
SINTEF and Nord University have developed a new road 
safety education program, focusing on teaching methods 
for children’s development of attention and risk perception 
during cycling. Over the past 20 years, an international dis-
cipline has developed under the term “Neuroeducation” in 
which knowledge from psychology, pedagogy and neurosci-
ence was united in the understanding of educational methods 
and learning processes [1–3].

Traffic rules are essential and part of today’s road safety 
education programs in Norwegian schools. On the other 
hand, although risk awareness and perception Training 
(RAPT) is well known methods in driving education of driv-
ers [4, 5], learning how to properly use attention in complex 
traffic situations has never before been a focus in Norway 
when teaching children. As such a new real world educa-
tion program (new teaching approach, new curriculum) was 
develop using learning methodology design based on Neu-
roeducation, targeted especially toward children.

This paper summarizes the approach taken to develop 
the new education program, but have a focus on the design 
of evaluation of the education program using eye tracking 
in Virtual Reality. The decision for using Virtual Reality 
(VR) for the evaluation of the new education program were 
based on multiple factors. First, using a VR approach ena-
bled construction of tests that was easily repeatable between 
participants. Secondly, analysis of eye tracking data from 
real world are labor intensive. In the VR evaluation applica-
tion this was significantly simplified, as the method used 
in our implementation gathered eye tracking data for each 
separate scene object. Third, using VR enables fast defi-
nition and testing of potential interesting areas to observe 
by traffic safety experts. Finally, VR enables one to pack a 
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larger amount of interest areas to study compared to what 
would be natural in a real world setting.

For evaluation of the new learning program, it was 
hypothesized that measuring eye fixations on selected 
regions of interest (ROI) in a virtual reality environment 
mirroring the real world site where education was per-
formed, would show differences in perception of risk, ori-
entation and attention between pupils having been educated 
using new versus old curricula. The results from this novel 
application of virtual reality for evaluation using did show 
that the group having undergone the new curricula man-
aged to cycle in a safer way by directing their attention at 
the right places.

The remaining work is structured as follows: Sect. “Previ-
ous Work” introduce previous work in context of this work. 
Section “Methods” explains the new education program, as 
well as details on the evaluation; scenario building, hardware 
and software setup, pretest–posttest design, trial setup and 
procedures for measurements. Section “Results” presents the 
findings and results from the trial, while Sect. “Discussion 
and Future Work” presents an in-depth discussion of the 
results and findings.

Previous Work

In the field of Neuroeducation a range of findings in the 
last decade from Neurobiology has increased understanding 
and expanded the toolbox for constructing new education 
programs and curriculums. In 2014, May-Britt and Edvard 
I. Moser shared the Nobel Prize in Physiology or Medicine 
with John O’Keefe of University College London for their 
discoveries of place cells and grid cells in the hippocampus 
formation. How to find a known place includes two inde-
pendent processes, navigation, and episodic memory [6–9]. 
The brain systems guiding navigation, the hippocampus and 
entorhinal cortex, are according to Buzsaki and Moser [10] 
the same that support´ episodic or declarative memories.

In the hippocampus formation the brain is not only creat-
ing a mental map about the physical environment and the 
surroundings, but also about what happened there and when. 
It means that when you are moving in an environment you 
will make a mental map of the location, and at the same time 
create episodic memories of things you experienced. Many 
reviews have summarized how brain systems involved in 
navigation, episodic memory, imagination, and planning of 
actions strongly interacts [8–11]. Neuroplasticity deals with 
the brain’s ability to change and is very high in children and 
adolescents and reduces with increasing age [12, 13].

Several studies indicate that bicycle education and train-
ing increases children’s knowledge about traffic safety, for 
instance the work by Hooshmand et al. [14] and Lachapelle 
et al. [15]. Children’s inhibition of irrelevant information 
while cycling was specifically explored in a study at Eberg 

traffic center by Roche-Cerasi et al. [16]. The Eberg facility 
consists of a traffic system in miniature, with roads, intersec-
tions, working traffic lights and signs, identical to those in 
cities. The aim of the study was to provide knowledge and 
understanding of children’s inhibitory control system while 
cycling by the use of a Tobii Eye Tracker. More specific the 
study focused on children’s ability to use their planning and 
attentional capacity during cycling.

There are clear anatomical connections between the dif-
ferent parts of the brain which communicates by means of 
many neurotransmitters like dopamine, serotonin, noradren-
alin and acetylcholine, as pointed out by Amso and Scerif 
[17]. During childhood and adolescence there is a dramatic 
change in the development of these anatomical connections 
and the biochemical systems. Fjell et al. [18] showed that the 
maturation of the brain brings about the gradual improve-
ment in self-regulation during childhood that refers to the 
ability to control behavior, cognition, and emotions. The 
awareness of the situation and existence (context) is always 
what the brain is focused on consciously as unconsciously. 
The main questions are “where am I?”, “why am I here?”, 
“what am I going to do?” and “what will be the result?” 
[19]. The anatomical connections of interacting cognitive 
subsystems underpinning functions like goal-directed behav-
ior, attentiveness and impulsivity are still immature among 
children aged 8–10, as described by Posner et al. [20].

Thus, children’s ability to make a correct cognitive prior-
ity map of a situation is insufficient because the executive 
attention network is not fully developed yet. Fjell et al. [18] 
and Ptak et al. [21] showed that this affects their concentra-
tion and the ability to suppress (inhibit) stimuli from their 
surroundings and are easily distracted.

In the Eberg eye-tracking study, the task was to respec-
tively look at and avoid looking at a selection of stimuli 
in the surroundings in a GO/NO GO test. The children’s 
basic skills on a bicycle were tested before the attentiveness 
study. These measurements showed that 40% of the pupils 
failed the NO-GO test. This means that they did not manage 
to resist the temptation of focusing on distractions on the 
roadside.

Based on the understanding of the neural mechanisms 
described above, including the results from the Eberg eye-
tracking study, a didactic cognitive teaching approach was 
chosen for the new education program, to encourage children 
to create and construct cognitive maps and to develop chil-
dren’s attention and the ability to assess risk during cycling 
[22].

This new read world education program would have to be 
evaluated and its impact on learning studied. The immersive 
experience provided by virtual reality (VR) can be used for 
numerous purposes such as education, training, entertain-
ment and therapy. Using VR in education has often been 
motivated by the wish for increased students' intrinsic 
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motivation, and development has usually been based on fac-
tors such as constructivism pedagogy, especially inquiry-
based learning for the exploratory stage.

However, the mayor focus of the VR implementation 
presented here is not toward making a training or an edu-
cational VR software, but on utilizing VR in studying and 
evaluating the proposed new real world education program 
and its effect.

In the education program the observation ability was of 
critical importance. Observation ability can be measured 
through eye-tracking. This enables exploration of the learn-
ing outcome, as this data is directly derived and impacted 
from the learning process. To help evaluate the new educa-
tion program, a software using eye tracking in a VR cycling 
simulator was developed. The approach of using VR cycle 
simulator with eye-tracking for evaluating a educational pro-
gram, differs with earlier concept of VR cycling simulators 
that utilizes eye-tracking data. For instance, an eye-tracking 
based cycling VR simulator feedback system on gaze behav-
ior, was focused on online feedback to a trainer for children 
with Developmental Coordination Disorder [23].

Validation and evaluation of virtual reality learning soft-
ware for soft road users, such as ViStreet [24], has been 
previously done for pedestrians [25–27]. In such validations 
the focus has mostly been on fidelity between the virtual 
world and the real world, spanning from visual and inter-
active fidelity to behavioral and situational fidelity, i.e. the 
observed behavior in the virtual world at a given situation 
is the same as in real world, and the situations are perceived 
as equal to real world situations.

In previous works validation has typically been done 
using tools such as post-usage questioners, and comparison 
of orientation, walking paths, walking speed, speed percep-
tion and so on. As such, our approach is similar to such exist-
ing approaches as we have a high focus on visual and inter-
active fidelity. However, instead of parameter and behavioral 
comparison between the real world and the virtual reality 
education software, we focused in the use of eye tracking 
in VR. Previously, [28] has shown that the use of eye track-
ing in VR can be helpful in pure observation of behavior 
and monitoring relevant skills and abilities (of pedestrians). 
The work presented here does however show an approach 
on how to use region of interests to actually measure fixa-
tion, and their application in evaluation and analysis of the 
educational program.

Methods

A virtual world was constructed to evaluate and gather 
knowledge on the effect of the new learning program, based 
on the Eberg centre. However, an overview of the new learn-
ing program is included before going into details on the VR 

application, as the learning method forms the context for the 
implementation of the VR evaluation software and method.

Learning Program

The innovative and adapted learning methodology was built 
with voluntary teachers. In the program, pupils learned three 
concepts: risk, orientation and attention. This was then 
applied through discussions so that the pupils could reflect 
on their own behaviour on their school road. This was to 
trigger learning from the pupil’s own experiences, i.e., epi-
sodic and semantic memory. Next, the pupils attended a ses-
sion at Eberg traffic center, where teachers encouraged them 
to reflect about how to practically use their new knowledge 
about the three concepts.

As part of the new model, teachers had to be introduced 
to the new working method. The problem-based teaching 
model required the teachers to help define the problems in 
complex traffic situations and control the instructional stim-
uli to engage the children’s reflection and actions. Based on 
discussion and discoveries, new successive questions were 
created and answered. A more in-depth discussion on this 
new methodology can be found in [22].

In the execution of the new curriculum, teachers instruct 
their own pupils in special attentiveness drills in traffic situ-
ations. The execution of the new curriculum, nor the new 
curriculum in itself was the focus for the VR development 
presented in this work. There was, however, a need for test-
ing and evaluation in order to ensure specific changes in 
behaviour after participating in the new proposed curricu-
lum, to further development of the bicycle education and 
training and for information to teachers and parents.

The new education model has a strong focus on attention, 
orientation, and risk assessment. The children will develop 
mental (cognitive) maps by discussion’s and walking around 
in the traffic center. The task given is to identifying risk 
factors, working together in groups. Afterward, they have 
to explain to teachers what they have come up with. Finally, 
the children had to use their cognitive maps when planning 
for action and navigation at the traffic center while cycling.

Virtual Reality Evaluation Software

For the implementation of the VR software for evaluation, 
interaction fidelity, visual fidelity and the design for data 
gathering of eye tracking data was of special importance.

Virtual Reality Interaction Fidelity

To enable interaction fidelity a physical bicycle was placed 
on a stand, and the brakes was instrumented to measure 
braking. This enabled limited user control over the speed of 
a digital representation of the bike in a virtual world. A test 
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subject could then cycle in the virtual world, seen through 
an HMD.

To achieve high interaction fidelity, a standard physical 
child bike was purchased and placed on a bike stand, as seen 
in Fig. 1, and the brakes was instrumented to measure brak-
ing. The bike was recreated in the VR application and the 
player controlled this model. The HMD was then positioned 
and oriented to synchronise the position of the virtual bike 
with the real bike.

To achieve re-createability in measurements, the virtual 
bike was implemented to follow a predefined path through 
the virtual world, so all participants had the same viewing 
distances and angles toward different objects and areas in the 
world. This did influence the interaction fidelity, as turning 
the handlebar on the bike did not introduce the expected 
change of steering angle in the virtual world.

Speed control was also simplified to not take undue focus 
away from eye usage. The speed model implied that the vir-
tual bike character controller was accelerated to a set maxi-
mum speed at a set rate and independent from pedal usage. 
The maximal speed was adjusted somewhat for downhill and 
uphill areas. Also, if the participant used the brake handle, 
the virtual bike decelerated (braking) at a rate consistent 
with the pressure the participant applied to the brake han-
dle. Usage of a physical brake handle was detected using an 
in-house developed load sensor attached to the brake wire. 
The sensor values were measured using an Arduino trans-
mitting the measurements to the unity game engine through 
threaded asynchronous serial communication inspired by 
Zucconi [29].

Virtual World Visual Fidelity

Graphic fidelity in virtual environments does not necessarily 
matter for player experience and engagement in a non-VR 
setting [30], or even in a VR setting if only an emotional 

response is required [31]. Although, if strategy and perfor-
mance, as well as subjective judgments of presence, engage-
ment, and usability are to be considered, both display and 
interaction fidelity may significantly affect performance 
[32].

When considering VR to explore children’s awareness 
and attentiveness in a setting where they have received edu-
cation and training to develop a cognitive map of the real-
world environment, it is therefore paramount that both inter-
action and display fidelity closely follows this environment. 
This, as the curriculum and teaching focused on developing 
self-insight on strategical traffic safety issues.

In this work, it was also important that the results were 
not influenced by additional cognitive workload or distrac-
tions forcing the children to make new plans and actions 
that is not agreeable with the teaching or by experiencing a 
virtual environment not easily recognizable from the train-
ing session onsite. As such, a high degree of fidelity to the 
Eberg site was required, while still maintaining a high fram-
erate. A Vive HMD with integrated eye-tracker modified by 
Tobii [33] was selected for the trial. Low refresh rate and 
frame rate of a VR headset are mayor factors that can cause 
motion sickness (cybersickness or simulator sickness), due 
to multiple reasons, including sensory mismatch and flicker. 
According to LaViola [34], a refresh rate of 30 Hz is usually 
good enough to remove perceived flicker from the fovea. 
However, the human eye is most sensitive to flicker in its 
peripheral vision, meaning that the periphery requires higher 
refresh rates. The Vive has a refresh rate of 90 HZ. A refresh 
rate may include repeated drawing of identical frames, but to 
limit sensory mismatch a frame rate of 90 Hz was targeted 
when constructing the 3D model and interaction.

The complete 3D model of Eberg the site was built in 
Unity based on height map of 10 cm resolution, using a large 
rang of reference satellite images, photos and movies from 
the actual site. Some objects were modelled in 3DS Max, 

Fig. 1   Laboratory setup (left), operator view of rendered image to HMD (right)
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while others were generated or imported from commercially 
available Unity asset tools and models. A special focus was 
to get viewing distances and angles correct. For the Eberg 
site, this meant that trees’ foliage and shrubs had to be care-
fully considered, while constantly weighted against the ren-
dering cost of foliage. The final model, as seen in Fig. 2, 
was implemented in close cooperation with subcontractor 
Agility3 [35], that did most of the 3D modelling and the 
final assembly of the terrain model. Overall, the model could 
mostly be run at 90 Hz on the available hardware, although 
in areas with heavy vegetation some frame-rate drops had 
to be allowed for short periods to ensure fidelity in viewing 
distances and angles.

Evaluation Software Design

The implementation of the VR eye tracking was based on the 
(now deprecated) Tobii Pro VR Analytics software devel-
opment package [36], a Unity engine plugin and code. The 
supplied software was used to implement a cycle-character 
controller in unity engine for VR, complete with eye track-
ing. This unity software package was originally developed 
to simplify implementation of eye tracker setup, calibration, 
trial setup and control, data recording and data playback for 
standing and walking VR experiences. These concepts were 
reused in our implementation. While recording, the software 
collects time-stamped data position points of the participant 
in the 3D world, the gaze position in world space and the 
gaze orientation in object/local space. From this a view vec-
tor can be calculated for each eye.

The VR Analytics software package further works by 
defining what objects in the unity world should detect 3d 
intersection between the object itself and the view vectors 
calculated from the eye measurements of the user (i.e. the 
user looks at the object). For each such objects the point 

on the object for each intersection are gathered, and used 
to calculate if the user looks at the object long enough to 
be characterize as a fixation. The software package uses a 
dispersion filter (ID-T), based on the work by Widdel [37] to 
define fixations. The dispersion filter group data points into 
fixations by identifying fixations as spatially dense clusters 
of gaze positions over a continuous time period. A value of 
60 ms was used in this study as suggested by Komogortsev 
[38]. Metrics for each tracked object was exported for each 
participant, and included fixation count, total and average 
fixation duration and time to first fixation.

In the virtual world, the objects configured to record 
measurements were either invisible planes or visible objects 
such as a road roller placed around a corner at an intersec-
tion as seen in Fig. 3. The invisible planes were created, 
similar to normal scene objects for data gathering, except 
that a transparent material was applied. As such they were 
invisible for the participant but used to gather fixation posi-
tions and counts as described above. The position and ori-
entation of the invisible planes was defined to intersect the 

Fig. 2   Scenes from the Eberg traffic centre in VR

Fig. 3   Steam roller configured for eye tracking data gathering placed 
around a corner
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view direction between a participant and a Region of Interest 
(ROI), areas deemed of special importance by traffic safety 
experts, as seen in Fig. 4. In addition, as the user moved 
through the virtual world, several of the objects and invis-
ible planes were moved in and out of the scene dynamically. 
This was to avoid that the user cycled through objects placed 
in the road (steam roller) where the user would cycle later. 
Also, this ensured that fixation data was not recorded for 
any object when the user were not approaching a ROI from 
a direction of interest, as defined by the safety experts.

The position and orientation of the invisible planes, as 
well as visible objects, used for data gathering was of high 
importance to ensure that relevant and correct data was gath-
ered. First, an expert in traffic safety suggested ROI’s that 
should be observed, and defined critical locations/regions 
these ROI’s should be observed from, together with the 
route for a cycle trip at the Eberg site. This was then refined 
together with two more experts. Finally, the invisible planes 
and objects was placed into the virtual world to cover the 
region between the identified ROI’s and the critical viewer 
locations, so as to gather eye-tracking data for each ROI.

A version of the software for analysis mode was also 
implemented. When running the software in analysis mode, 
the observer could move freely in the virtual world, and 
observe both the position and view vector of each partici-
pant included for analysis. Fixation count and position data 

gathered for each object during the trials, could then be used 
in visual analysis post trial. Fixations were rendered as a 
heatmap and were overlaid on the models for visual study. 
As such, in an analysis session, the number and position 
of fixations on any invisible objects were made visible by 
adjusting the alpha value for any areas of the object with 
heatmap data, as seen in Fig. 5. This analysis supported 
any composition of participant and groupings of such, by 
including or excluding fixation data for the grouping when 
calculating heatmaps. For each ROI, we analyzed the eye 
fixations visually in the software’s analysis mode for indi-
vidual users as well as for each group of participants (old or 
new curriculum), and numerically by exporting the data for 
further statistical analysis.

Test Setup and Measurement Procedures

To evaluate if the new curriculum had measurable effect, 
a pretest and posttest were carried out as performing a run 
through the VR application by pupils in fifth grade; either 
having received training using the existing curriculum (pre-
test), or receiving training using the new curriculum (post-
test). The defining criteria for the evaluation was defined as 
a distinct and observable difference in eye usage behaviour 
between participants in the pretest and posttest groups.

In the early phase of the project, the Norwegian National 
Research Ethics Committees confirmed that a pre-approval 
was not required for the planned research. Similarly, the Nor-
wegian Data Protection Authority was contacted to check if 
preapproval was required for data gathering and data storage 
given the project’s data handling plan. Participant recruit-
ment to the trial was performed by personnel at schools in 
the local area. A requirement was an informed consent from 
both the participants and their parents. The parents of poten-
tial participants was given an information leaflet, authored 
by the project members. Signed consent forms from par-
ents were gathered and handled by the school personnel. 
The identification of the participants was not shared with 
the project or project members. And consequently, no pre-
approval was finally required by the Norwegian Data Protec-
tion Authority.

In all 32 schoolchildren in the pretest group and 29 in the 
posttest group participated in the trial. The schoolchildren 
were 10–11 years old children from three different schools, 
located far away from each other in Trondheim. The differ-
ence in numbers of children between the two groups is due to 
children being not present at school the day of the trial. The 
participants in the pretest had gone through training using 
the existing curriculum (n = 32), while the others in the post-
test had received training using the new curriculum (n = 29). 
The experiment group was composed of 62.1% girls and 
37.9% of boys, while the pretest group consisted of 46.9% 
girls and 53.1% boys.

Fig. 4   Region of Interests along cycling path (red line) identified for 
this study. Location 1: ROI1, ROI2. Location 2: ROI3, ROI4. Loca-
tion 3: ROI5. Location 4: ROI6, ROI7, Location 5: ROI8, ROI9
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Before the trial, a pilot study with 5 children was per-
formed to validate the interaction fidelity, graphic fidelity, 
measurements, and test procedure. All participants com-
mented positively on the graphic fidelity and did not react 
negatively to the somewhat limited interaction fidelity.

Before experiencing the virtual reality, each participant 
got a short introduction to how the HMD and interaction 
with the cycle work. Each participant cycled the route 
twice. A complete run took approximately 1.5 min if the 
participant did not break down.

If at any time a participant felt unwell, she/he had been 
instructed to immediately inform of this, and the trial 
was then stopped. If the participant was after a short time 
reported that she/he was not unwell anymore, she/he got 
to try one more time.

As part of the study, all participants were asked to fill 
out a short post-questionnaire with a few simple questions. 
Although the post-questionnaire was not constructed com-
plete as an in-depth study.

Results

The VR software and method developed in the work pre-
sented here, had as focus to evaluate differences in view 
data between pupils having received training with the pro-
posed new education program, and pupils trained using 
the existing approach. As such, we present results from 
both the pupils self-reported reaction to the software. As 
part of the evaluation, the post-questionnaire had ques-
tions to rate the participants VR experience, as measured 
by users’ self-reported perception of realism in the virtual 
world. This was to acquire an indication on graphic and 
interaction fidelity.

The answers showed that close to 70% totally or 
strongly agreed that their experience in the virtual world 
was like cycling at the actual Eberg site (N = 61), as seen 
in Fig. 6. In all, a large share of participants (95.2% when 
including those who little agreed) agreed that they cycled 

Fig. 5   Example of visual analysis with heatmap (ROI 3). Top image: placement of one ROI data gathering plane (red arrow indicate path direc-
tion), bottom left: all eye fixations for posttest group. Bottom right: all eye fixations for pre-test group
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in VR like they did in the real world. Although the post-
trial questioner was limited in scope, this did give a good 
indication that fidelity was good.

One should note that 10–15% of the participants reported 
that they felt somewhat or strongly unwell during the first 
run-through. This could be several factors, such as limited 
previous exposure to VR or the limited interaction fidelity 
(turns along a fixed path through the virtual world). It is also 
likely that the few areas where the framerate dropped below 
90 Hz influenced this feeling of unwellness. However, all 
participants completed the course (after a short brake), and 
they did not report any feelings of nausea afterwards either 
immediately or later the same day.

In addition to the children’s reaction to the software, we 
also present the results from the actual trial, to show how the 
software were used to evaluate the results, which is even fur-
ther discussed in Sect. 4. In the trial, the children performed 
two rounds of the virtual cycle track. Date gathered from 
the trial were exported for statistical analysis. Additional 
analysis can be found in [22].

The statistical analysis show that there were no signifi-
cant differences between the rounds 1 and 2, except at ROI2 
where the pretest group did not fixate at this AOI during 
round 2, whereas 21.9% did during round 1. For all further 
analyses round 1 and 2 was analyzed together.

Next, we analyzed to what extent the participants fix-
ated on the defined ROI’s at all. The posttest group fixated 
on average 6.83 ROIs (N = 29, Mean 6.82, Std. deviation 
1.91), whereas those in the pretest group fixated on average 
4.53 ROIs (N = 32, Mean = 4.53, std. deviation 2.08). There 
was a statistically significant difference between the post-
test and pretest groups (Independent t-test, t (59) = − 4.477, 
p = 0.000).

This was further analyzed per distinct ROI. Figure 7 
shows the proportion of observers of the nine ROIs per test 
group. There were measured significant differences between 
the groups for all ROIs, except for ROI 4, 6 and 7 (p-value 

over 0.05). One should note that the children who fixated a 
ROI in the first round not necessarily did so the next round. 
However, in the analysis, the children who fixated during 
both rounds, were counted only once.

Finally, there was no significant gender difference in 
either the groups or in the whole sample.

Discussion and Future Work

A main goal of this study was to evaluate the effects of a new 
road safety teaching model of cycling training based on the 
development of mental (cognitive) maps to strengthen their 
attentional skills. This teaching model is based on the MBE 
concept for reaching the higher cognitive executive func-
tions of the brain, and focused on children’s ability to pay 
attention, orient themselves and assess risk factors. Although 
a basic description on the teaching model is included for 
completeness, the main focus and contribution explained in 
this work is on the practical usage of the virtual reality based 
approach for the task of evaluation of this model.

To measure and investigate the differences between pupils 
having been educated using new versus existing curricula 
for safe cycling, eye tracking fixation data toward region of 
interests was gathered. A high degree of visual and inter-
action fidelity was considered as essential to achieve this. 
The results from the limited post-questionnaire indicated 
that fidelity was achieved to a degree where the participants 
reported that the VR experience was close to the real situa-
tion. However, the post-questionnaire was limited in scope, 
and not designed as a full study, and as such can only be 
used as an indicator.

The new teaching model was shown to be more effective 
in helping the children to put their attention on the right 
place, to orientate themselves and to behave in a safer way 
when cycling. Using the developed VR tool, replay of single 
participants and visual inspection of heatmaps in analysis 
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Fig. 6   Answers on fidelity for pretest and posttest group
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mode, and exported data for statistical analysis, traffic safety 
experts and experts in teaching and pedagogy could per-
formed in depth analysis of differences between the pretest 
and posttest groups. Most results showed a significant dif-
ference between the groups in eye usage and fixations (p 
value under 0.05). Of note is the fact that for ROI4, ROI6 
and ROI7, where the statistical analysis does not show any 
difference between the groups. However, the lack of statisti-
cal difference in ROI4, ROI6 and ROI7 does not mean that 
the new curriculum did not improve the pupils’ performance 
for these locations. Traffic safety experts investigated the 
eye-tracing data for these regions using the implemented VR 
software, and they argued that the lack of difference could 
be explained by the position of the ROI: The ROI is located 
on the route in front of them, they cannot avoid it and they 
all fixated on it to some extent or the ROI is visible with no 
object, building, or tree hampering the sight and the school-
children did not use long time to fixate it and to evaluate it 
as not dangerous. By being able to replay tests and view the 
eye usage data on the heatmaps, the domain experts could 
visually control the differences in eye usage for participants 
in the pretest and posttest groups, and provided a confirma-
tion of the suggested explanation.

For this work, it was important that the results were not 
influenced by cognitive load introduced by having to form 
new abstracts by introducing an environment not easily rec-
ognizable from the onsite training session. The teaching took 
place at the same real-world location as implemented in the 
virtual world. As such, this study does not explore to what 
extent pupils receiving the new education program show 
improved behaviour when applied outside Eberg. For future 
work it is planned to examine this further, trying to describe 
to what extent, having to form such new abstracts from the 
teaching by using an unknown virtual site, may affect the 
performance of participants. Such a future work could be to 
evaluate pupils that undergo the new education program at 
another site than Eberg, but using the virtual world of Eberg 
for evaluation, compared to pupils undergoing the whole 
education program at Eberg.

Both the use of a fixed path through the world, and the 
simplified speed control scheme impacted the interaction 
fidelity. The user of the bicycle could turn the handlebar, 
or trying to control speed using the pedals on the physical 
bike, and this was not replicated in the virtual world. As 
such, controlling the virtual bike using the physical bike 
as an input unit could potentially impact the participants’ 
mental load as the user had to consider the difference in 
control to how a real bike is controlled. However, we can 
argue that this did not undue impact the validation of the 
evaluation as the focus was on eye usage in a given situation, 
and not on the navigation task through the world. Although 
it is unclear to what extend any extra cognitive load from a 
navigation task could have impacted the results, however, as 

both pretest and posttest group had to experience the same 
restriction conditions, the results have to be considered as 
valid in that context.

Another aspect that could be considered as a weakness 
is the relative short test duration of 2 × 1.5 m for each pupil. 
However, this was selected in close cooperation with traf-
fic safety experts. They defined the regions to observe, and 
ensured that there was both an adequate number of such 
regions, as well that they were adequately different. As such, 
it is argued that the coverage of the regions of interest was 
to such an extent that the test acquired sufficient data for 
evaluation, although the short test durations.

Conclusion

In this work, it has been shown how eye tracking in virtual 
reality can successfully be utilized to evaluate interactive 
cognitive systems involved in navigation and the planning 
of actions based on a new educational curriculum in a traffic 
safety educational setting. There is, however, further need 
to examine unresolved questions concerning interaction 
fidelity.

Acknowledgements  We wish to thank Agility3 for excellent support 
on the graphic modelling. We also wish to thank Åsa Snilstveit Hoem 
(SINTEF Community) for her excellent support for data acquisition.

Funding  Open access funding provided by SINTEF AS. This work was 
funded by TRYGG TRAFIKK, Fylkets trafikksikkerhetsutvalg (FTU 
Trøndelag, Nordland og Østfold), Trondheim kommune-Miljøpakken 
and Bodø kommune.

Declarations 

Conflict of interest  The authors declare that there is no conflict of in-
terest.

Ethical approval  The Norwegian National Research Ethics Commit-
tees contacted to see if pre-approval was required. No approval was 
required.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

http://creativecommons.org/licenses/by/4.0/


	 SN Computer Science           (2022) 3:149   149   Page 10 of 11

SN Computer Science

References

	 1.	 Hardiman M, Rinne L, Gregory E, Yarmolinskaya J. Neuroethics, 
neuroeducation, and classroom teaching: where the brain sciences 
meet pedagogy. Neuroethics. 2011;5:1–9. https://​doi.​org/​10.​1007/​
s12152-​011-​9116-6.

	 2.	 Carew TJ, Magsamen SH. Neuroscience and education. An ideal 
partnership for producing evidence-based solutions to guide 21st 
century learning. Neuron. 2010;67(5):685–8. https://​doi.​org/​10.​
1016/j.​neuron.​2010.​08.​028.

	 3.	 Tokuhama-Espinosa T. Mind, brain, and education science: a 
comprehensive guide to the new brain-based teaching. Norton 
Professional Books. 2010

	 4.	 Thomas DF, Korbelak KT, Divekar G, Blomberg RD, Romoser 
MRE. Evaluation of an updated version of the risk awareness and 
perception training program for young drivers, (report no. dot hs 
812 379). 2017

	 5.	 Pradhan AK, Fisher DL, Pollatsek A. Risk perception training 
for novice drivers: evaluating duration of effects of training on a 
driving simulator. Transp Res Rec. 2006;1969(1):58–64. https://​
doi.​org/​10.​1177/​03611​98106​19690​0108.

	 6.	 O’Keefe J, Nadel L. The hippocampus as a cognitive map. New 
York: Oxford Univ. Press; 1978.

	 7.	 Moser EI, Kropff E, Moser MB. Place cells, grid cells, and 
the brain’s spatial representation system. Ann Rev Neurosci. 
2008;31:69–89.

	 8.	 Moser M-B, Moser EI. The future of the brain (ed Marcus/Free-
man). Understanding the cortex through grid cells. Princeton: 
Princeton University Press; 2014.

	 9.	 Javadi A-H, Emo B, Howard LR, Zisch FE, Yu Y, Knight R, 
Pinelo Silva J, Spiers HJ. Hippocampal and prefrontal processing 
of network topology to simulate the future. Nat Commun. 2017. 
https://​doi.​org/​10.​1038/​ncomm​s14652.

	10.	 Buzsaki G, Moser E. Memory, navigation and theta rytm, in the 
hippocampal-entorhinal system. Nat Neurosci. 2013;16(2):130–2.

	11.	 Junga J, Cloutmana LL, Binneyab RJ, Lambon Ralph MA. The 
structural connectivity of higher order association cortices reflects 
human functional brain networks. Cortex Spec Issue Clin Neuro-
anat. 2016. https://​doi.​org/​10.​1016/j.​cortex.​2016.​08.​011.

	12.	 Zatorre RJ, Fields RD, Johansen-Berg H. Plasticity in gray and 
white matter: neuroimaging changes in brain structure during 
learning. Nat Neurosci. 2012;15(4):528–36.

	13.	 Raichlen DA, Alexander GE. Adaptive capacity: an evolutionary 
neuroscience model linking exercise, cognition, and brain health. 
Trends Neurosci. 2017;40(7):408–21. https://​doi.​org/​10.​1016/j.​
tins.​2017.​05.​001.

	14.	 Hooshmand J, Hotz G, Neilso NV, Chandler L. Bikesafe: evalu-
ating a bicycle safety program for middle school aged children. 
Accid Anal Prev. 2014;66(Supplement C):182–6.

	15.	 Lachapelle U, Noland RB, Von Hagen LA. Teaching children 
about bicycle safety: an evaluation of the new jersey bike school 
program. Accid Anal Prev. 2013;52:237–49.

	16.	 Roche-Cerasi I, Moe D, Skjermo J, Opland R, Petter Wigum J. 
Go/nogo testing and road safety education for young cyclists. 
SECURIT´ E ROUTI´ ERE: ETAT DES LIEUX ET INITIA-
TIVES DANS LE´ MONDE. 2017.

	17.	 Amso D, Scerif G. The attentive brain: insights from devel-
opmental cognitive neuroscience. Nat Rev Neurosci. 
2015;16(10):606–19.

	18.	 Fjell AM, Beate Walhovd K, Brown TT, Kuperman JM, Chung 
Y, Hagler DJ, Venkatraman V, Cooper Roddey J, Erhart M, 
McCabe C, Akshoomoff N, Amaral DG, Bloss CS, Libiger O, 
Darst BF, Schork NJ, Casey BJ, Chang L, Ernst TM, Gruen JR, 
Kaufmann WE, Kenet T, Frazier J, Murray SS, Sowell ER, van 
Zijl P, Mostofsky S, Jernigan TL, Dale AM. Multimodal imaging 

of the self-regulating developing brain. Proc Natl Acad Sci. 
2012;109(48):19620–5. https://​doi.​org/​10.​1073/​pnas.​12082​43109.

	19.	 Fuster J. The prefrontal cortex. Academic Press. UCLA Elsevir, 
fifth edn. 2015

	20.	 Posner MI, Rothbart MK, Sheese BE, Voelker P. Developing 
attention: behavioral and brain mechanisms. Adv Neurosci. 2014. 
https://​doi.​org/​10.​1155/​2014/​405094.

	21.	 Ptak R, Schnider A, Fellrath J. The dorsal frontoparietal net-
work: a core system for emulated action. Trends Cogn Sci. 
2017;21(5):589–99. https://​doi.​org/​10.​1016/j.​tics.​2017.​05.​002.

	22.	 Roche-Cerasi I, Moe D, Skjermo J, Petter Wigum J. Innovative 
road safety education program. Proceedings of the 31st European 
safety and reliability conference, p. 1755–1761, 2021. doi: https://​
doi.​org/​10.​3850/​978-​981-​182016-8 159-cd

	23.	 Keurhorst M. Feedback on gaze behaviour in virtual reality bicy-
cle training for children with a developmental coordination dis-
order, 2019. URL http://​essay.​utwen​te.​nl/​78733/.

	24.	 Man Chuah K, Jen C, Siong The C. Vistreet: an educational vir-
tual environment for the teaching of road safety skills to school 
students. IVIC 2009. Lecture notes in computer science, p. 5857, 
2009

	25.	 Schwebel DC, Gaines J, Severson J. Validation of virtual reality 
as a tool to understand and prevent child pedestrian injury. Accid 
Anal Prev. 2018;40(4):1394–400.

	26.	 Feldstein IT, Dyszakb GN. Road crossing decisions in real and 
virtual environments: a comparative study on simulator valid-
ity. Accid Anal Prev. 2020. https://​doi.​org/​10.​1016/j.​aap.​2019.​
105356.

	27.	 Bhagavathula R, Williams B, Owens J. The reality of virtual 
reality: a comparison of pedestrian behavior in real and virtual 
environments. Proceed Hum Factors Ergon Soc Ann Meet. 2018. 
https://​doi.​org/​10.​1177/​15419​31218​621464.

	28.	 Sonntag D, Orlosky J, Weber M, Gu Y, Sosnovsky S, Toyama T, 
Toosi E. Cognitive monitoring via eye tracking in virtual reality 
pedestrian environments. In: Proceedings of the 4th international 
symposium on pervasive displays, p. 269–270. 2015. https://​doi.​
org/​10.​1145/​27577​10.​27768​16

	29.	 Zucconi A. How to integrate arduino with unity. https://​www.​
alanz​ucconi.​com/​2015/​10/​07/​how-​to-​integ​rate -arduino-with-
unity/, 2015. Accessed 15 Apr 2020

	30.	 Gerling K, Birk M, Mandryk R, Doucette A. The effects of graphi-
cal fidelity on player experience. In: AcademicMindTrek’13: pro-
ceedings of international conference on making sense of converg-
ing media, p. 229. 2013. https://​doi.​org/​10.​1145/​25234​29.​25234​
73

	31.	 Jesus O-D, Vivianette, Kennedy A, Whittinghill D. Impact of 
graphical fidelity on physiological responses in virtual environ-
ments. In: Proceedings of the 19th ACM symposium on virtual 
reality software and technology, VRST ’13, p. 73–76, New York, 
NY, USA, 2013. Association for computing machinery. https://​
doi.​org/​10.​1145/​25037​13.​25037​51. URL https://​doi.​org/​10.​1145/​
25037​13.​25037​51

	32.	 McMahan RP, Bowman DA, Zielinski DJ, Brady RB. Evaluating 
display fidelity and interaction fidelity in a virtual reality game. 
In: IEEE transactions on visualization and computer graphics, p. 
626–633. 2012. https://​doi.​org/​10.​1109/​TVCG.​2012.​43

	33.	 Tobii. Tobii. http://​www.​tobii​pro.​com/, 2020. Accessed 15 Apr 
2020

	34.	 LaViola JJ. A discussion of cybersickness in virtual environments. 
ACM SIGCHI Bull. 2000;32(1):47–56. https://​doi.​org/​10.​1145/​
333329.​333344.

	35.	 Agility3. Agility3. https://​agili​ty3.​co.​uk/. 2020. Accessed 15 Apr 
2020

	36.	 Tobii. Tobii pro vr analytics user manual. https://​www.​tobii​pro.​
com/​sitea​ssets/​tobii-​pro/​user-​manua​ls/ tobii-pro-vr-analytics-user-
manual.pdf/?v=1.2. 2018. Accessed 15 Apr 2020

https://doi.org/10.1007/s12152-011-9116-6
https://doi.org/10.1007/s12152-011-9116-6
https://doi.org/10.1016/j.neuron.2010.08.028
https://doi.org/10.1016/j.neuron.2010.08.028
https://doi.org/10.1177/0361198106196900108
https://doi.org/10.1177/0361198106196900108
https://doi.org/10.1038/ncomms14652
https://doi.org/10.1016/j.cortex.2016.08.011
https://doi.org/10.1016/j.tins.2017.05.001
https://doi.org/10.1016/j.tins.2017.05.001
https://doi.org/10.1073/pnas.1208243109
https://doi.org/10.1155/2014/405094
https://doi.org/10.1016/j.tics.2017.05.002
https://doi.org/10.3850/978-981-182016-8
https://doi.org/10.3850/978-981-182016-8
http://essay.utwente.nl/78733/
https://doi.org/10.1016/j.aap.2019.105356
https://doi.org/10.1016/j.aap.2019.105356
https://doi.org/10.1177/1541931218621464
https://doi.org/10.1145/2757710.2776816
https://doi.org/10.1145/2757710.2776816
https://www.alanzucconi.com/2015/10/07/how-to-integrate
https://www.alanzucconi.com/2015/10/07/how-to-integrate
https://doi.org/10.1145/2523429.2523473
https://doi.org/10.1145/2523429.2523473
https://doi.org/10.1145/2503713.2503751
https://doi.org/10.1145/2503713.2503751
https://doi.org/10.1145/2503713.2503751
https://doi.org/10.1145/2503713.2503751
https://doi.org/10.1109/TVCG.2012.43
http://www.tobiipro.com/
https://doi.org/10.1145/333329.333344
https://doi.org/10.1145/333329.333344
https://agility3.co.uk/
https://www.tobiipro.com/siteassets/tobii-pro/user-manuals/
https://www.tobiipro.com/siteassets/tobii-pro/user-manuals/


SN Computer Science           (2022) 3:149 	 Page 11 of 11    149 

SN Computer Science

	37.	 Widdel H. Operational problems in analysing eye movements. 
Adv Psychol. 1984. https://​doi.​org/​10.​1016/​s0166-​4115(08)​
61814-2.

	38.	 Komogortsev O, et al. Standardization of automated analyses of 
oculomotor fixation and saccadic behaviors. IEEE Trans Biomed 
Eng. 2010;57(11):2635–45.

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/s0166-4115(08)61814-2
https://doi.org/10.1016/s0166-4115(08)61814-2

	Evaluation of Road Safety Education Program with Virtual Reality Eye Tracking
	Abstract
	Introduction
	Previous Work

	Methods
	Learning Program
	Virtual Reality Evaluation Software
	Virtual Reality Interaction Fidelity
	Virtual World Visual Fidelity
	Evaluation Software Design

	Test Setup and Measurement Procedures

	Results
	Discussion and Future Work
	Conclusion

	Acknowledgements 
	References




