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ARTICLE INFO ABSTRACT

Keywords: Right-hook crashes in right-hand traffic where cyclists going straight are struck by right-turning vehicles pose a
Attention major safety concern. This study aims to establish to which extent such conflicts may stem from non-driving-
Driving related tasks (NDRT), low saliency of cyclists (covertness), or drivers’ insufficient knowledge of applicable rules.
1;1:11;1]:: Z;Nledge Forty-four drivers participated in a fixed-base driving simulator study using an extended reality (XR) setup

with integrated eye tracking. Participants were stratified by urban cycling experience (cyclist-drivers vs. drivers)
and self-reported driving style (cautious vs. assertive). Each drove an urban route including 12 right-turn-on-
yield scenarios, with and without NDRT. Observed visual sampling was combined with a questionnaire-based
rule knowledge assessment to examine whether scanning failures were due to workload or lack of rule
knowledge.

NDRT engagement primarily reduced default glances while glances to relevant areas (Left, Right, Over
Shoulder) were preserved. Over-the-shoulder checks were rare overall. In 85 % of right-turns, no such glance
occurred before turning, regardless of NDRT status. Rule knowledge mirrored these patterns, with drivers being
more likely to correctly indicate the requirement to yield to salient crossing traffic streams of cars (96 % correct)
or cyclists and pedestrians (81 % correct) than non-salient crossing bicycle or pedestrian traffic (46 % correct).
Drivers with cycling experience scored slightly better overall but still missed nearly half of the non-salient
yielding requirements.

The findings indicate that gaps in rule knowledge contribute to failures to check for cyclists. Countermeasures
should prioritise systemic interventions, complemented by education, rather than solely relying on behaviour-
focused measures.

Visual sampling

1. Introduction

Right-hook crashes in right-hand traffic, where cyclists going straight
in an intersection get hit with a right-turning motor vehicle, are a major
concern (Gildea et al., 2021; Hurwitz et al., 2015), and they are a
distinctly urban problem (Kullgren et al., 2019). These crashes often
result in severe injuries or fatalities for the cyclist (Kaplan & Prato, 2013;
Niska & Eriksson, 2013; Prati et al., 2017). One factor reported to occur
frequently in crashes ending fatally for pedestrians or cyclists is “driver
distraction” (Sundfgr et al., 2019): In an analysis of 544 fatal at-fault
motor vehicle crashes in Norway (2011-2015), excluding alcohol and

drug involvement, inattention (including the category “insufficient in-
formation collection”) was a contributing factor in 29.4 % of the cases.
“A large share” (ibid., p. 156) of the crashes categorised as “failure to
look” involved a cyclist or pedestrian being hit.

In an observation study with almost 5500 cases, Kolrep-Kometsch
et al. (2013, p. 92) found that about half of the drivers did not check
over their shoulder when turning right. When cyclists were present
(=700 cases), shoulder checks were more frequent yet still absent in
almost 20 % of non-conflict cases and 33 % of conflict cases, which made
up around 10 % of the cases where cyclists were present. This indicates
that drivers often may have noticed the presence of the cyclist upon
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approaching the turn, but that this did not happen in all cases. In around
five percent of situations with a cyclist present, the driver was observed
to perform an NDRT while turning. This was not associated with an
increased likelihood of conflicts. Unfortunately, the frequency of
shoulder checks during NDRT-execution was not reported. The result
still suggests that drivers do not neglect checking over the shoulder
because of the NDRT, but for other reasons.

A simulator study evaluating visual sampling in an intersection in
varying traffic conditions showed that the concurrent performance of an
NDRT reduced the glance share to the right when on a main road, but
not when having to yield (Ringhand et al., 2022), indicating that drivers
consider the relevance of the glance target area. Likewise, texting cy-
clists rarely neglected glances to relevant areas (Nygardhs et al., 2018).
Results from a motorway study with self-paced visual occlusion showed
that drivers preserved glances to relevant areas, for example over the
shoulder when changing lanes, but occluded their vision when they
otherwise would have directed their gaze to the forward area, for
example when continuing in the slow lane (Kircher et al., 2020). This
type of glance, when it is likely that no additional relevant information is
sampled, are henceforth called “default glances”.

Based on the assumption that road users can distinguish between
relevant and default glances, the rather high rate of neglected over-the-
shoulder checks when turning may indicate a lack of knowledge about
the obligation to yield to traffic coming from behind and going straight.
Briant et al. (2020) found that knowledge of rules pertaining to cyclists
varies in the driving population and is generally better for drivers who
also cycle (cyclist-drivers). However, the specific right-turn rule was not
investigated in their survey. On the other hand, Robbins and Chapman
(2018) could not find any difference in visual sampling between
drivers and cyclist-drivers, even though both groups were more atten-
tive to motor vehicles than cyclists. Kaya et al. (2021) showed that
omitted shoulder checks in right-turn situations occurred in about 25 %
of the investigated real-traffic cases. Drivers who do not also cycle were
twice as likely to commit these failures as cyclist-drivers. In a simulator
study, cyclist-drivers were faster than drivers in identifying cyclists
(Rogé et al., 2017). Thus, there is conflicting evidence as to whether and
how cycling experience affects knowledge of rules and behaviour
relating to cyclists, and whether the two are connected. Other factors
may be at play, too. Bjorklund and Aberg (2005) showed that the visual
impression of the infrastructure modifies drivers’ self-reported yielding
behaviour to other cars. With the same priority-from-right rule applying
in all studied intersections, drivers reported a lower yield frequency
when the crossing road was narrower, which may have given a hint to be
on the main road.

Drivers also seem to be more likely to visually scan areas from where
motor vehicles are expected than from where cyclists are expected
(Girgis et al., 2023; Rasanen & Summala, 1998). When turning left onto
a road with a bidirectional cycle path present on the near side, drivers
checked more frequently for traffic from the right than when turning
right (Summala & Rasanen, 2000). This could reflect a low conspicuity
or saliency of cycle paths, an assumption that cyclists will stop, or a
tendency to disregard traffic streams perceived as less dangerous to the
driver. In support of the latter, Robbins and Chapman (2018) found that
drivers spend more time looking at approaching motorised vehicles than
at cyclists.

In summary, inappropriate visual sampling, including neglecting to
visually scan for cyclists, may be due to competing activities, either in
the form of NDRTs or traffic-related demands, to a lack of saliency in the
infrastructure (henceforth called covertness), or to insufficient knowl-
edge of applicable rules. Effective countermeasures require identifying
the reason(s) for this inappropriate sampling. The Minimum Required
Attention (MiRA, Kircher & Ahlstrom, 2017) concept can be used as a
tool to identify relevant target areas. It offers a structured approach to
define appropriate visual sampling in context, via identifying attention
requirements based on the infrastructure, regulations, and road user
type. This enables comparisons between observed sampling strategies
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and theory-based requirements in a given situation. However, observed
glances do not reveal whether they are the result of rule knowledge or
situational cues. A glance may be made purposefully as part of a sam-
pling strategy because the driver knows the rule, or reactively, because
the driver responds to a visual stimulus, or by chance, because the driver
just glances around. Conversely, omitting a glance may reflect lack of
rule knowledge, purposefully ignoring a rule, or situational constraints.

Comparing driving with and without an NDRT in combination with
an assessment of rule knowledge can provide insight into the reasons for
failures in appropriate visual sampling. As shown in the literature, there
is some uncertainty whether cycling experience and other driver char-
acteristics moderate these effects. Based on the above, we hypothesise
that:

1. Overall, drivers are likely to glance towards areas they consider
relevant (e.g. to the left and right in a yield situation).

2. Glances to the NDRT will mainly come from default glances (in
baseline), keeping glances to areas the driver considers relevant
intact.

3. What is understood as a relevant area is not only dependent on traffic
rules per se, but also on conspicuity/saliency of the target area
(henceforth called “overtness™) and perceived risk (here, based on
the mass of road users in intersecting traffic streams).

4. Drivers who also cycle regularly perform better in detecting and
scanning relevant areas where cyclists are expected.

2. Methods

The study was conducted in February 2024 at VTI, Linkoping,
Sweden.

2.1. Participants

The aim was to collect at least 40 complete datasets to achieve an
acceptable sample size given budget and practical constraints. To pre-
empt an expected high dropout rate induced by simulator and/or
extended reality (XR) sickness, 58 participants were recruited. With 14
dropouts, the aim was still met. The 44 participants in the final sample (8
female) had a mean age of 42.0 years (SD = 13.1, range = 21-64) and
had held a driver’s licence for 22.9 years on average (SD = 13.7, range
= 4-45). They were grouped into cautious vs. assertive drivers based on
their score on the Swedish version (Warner et al., 2013) of the 20-item
Driver Skill Inventory (Ozkan et al., 2006). A further grouping variable
was familiarity with the right-turn situation from a cyclist’s perspective,
operationalised as cycling experience in urban areas. Participants
cycling in urban areas at least once a week were categorised as “cyclist-
drivers”, those who cycled less frequently were “drivers”. Urban cycling
experience was asked for specifically, as this ascertains experience with
the types of intersections investigated here, which are rare in rural areas
in Sweden.

Participants were recruited via a local volunteer registry and social
media advertisements. Interested individuals received detailed infor-
mation for an informed decision to sign up. Inclusion criteria required
participants to be between 18 and 65 years old, to have a minimum
driving distance of 5000 km in the past year, and to have held their
driver’s licence for at least 4 years. Additionally, participants were
required to have no tendencies toward motion sickness, whether as
driver, passenger, or when engaging in activities such as riding carou-
sels. Individuals with prior virtual reality experience were preferred.

A monetary compensation of 800 SEK (approximately €80) before
tax was granted for travel costs and invested time and effort. The study
was approved by the Swedish Ethical Review Authority (Dnr 2023-
06405-01). All participants provided written informed consent.
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2.2. Design and procedure

The first task was a simulator familiarisation session, including
dedicated scenarios for practicing distance and speed perception. This
was followed by a driving session in the same urban environment used in
the experimental phase. After the familiarisation and midway through
the experimental phase, participants were offered short breaks. Lastly,
participants filled in a questionnaire.

2.2.1. Simulator trials

The experiment was conducted in a fixed-base driving simulator
consisting of a vehicle mock-up and a 360° field of view XR scenario
presented through a Varjo X3-R headset (Varjo, Helsinki, Finland). The
XR setup integrated the virtual urban scene with the physical reality of
the participant’s hands, body, and vehicle controls, as well as a screen
displaying an NDRT. Virtual mirrors were provided, and the participants
could glance over their shoulders. Peripheral vision was more restricted
than in real life, with a field of view inside the headset of 110° compared
to the natural 210° (Strasburger et al., 2011). Visualisation was imple-
mented in Unreal Engine (Epic Games, Cary, NC, USA), and scenario
management and simulation were handled by an in-house simulator
software (vtisim, VTI, Linkoping, Sweden).

The participants drove an urban route that included 20 passes
(henceforth called trial) through a four-way intersection with a yield
sign. At each intersection, participants turned either left or right, guided
by a head-up navigation display. Visibility in the intersection was
deliberately limited, requiring head movements to assess cross traffic.
The road was flanked by a separate pedestrian and cycle path. In Swe-
den, such paths are bidirectional by default, if not sign-posted otherwise.
A detailed description of the experimental manipulation of other traffic
in the intersection is provided in Ahlstrom et al. (2025), where traffic-
dependent visual information sampling is analysed. Here, only the
right-turn situations and a link section in the corresponding trials are
considered.

Traffic on that link was varied systematically: In half of the trials no
other traffic travelled in the same direction (“free vehicle”), in the other
half a lead car was present (“car-following™). It entered the road in an
intersection, drove in front of the participant at 40 km/h, and eventually
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turned off, leaving the participant’s route. The route included additional
intersections with different priority rules, and with non-interfering car
traffic present.

An NDRT was displayed on a touch screen mounted to the right of the
steering wheel (NDRT-screen, Fig. 1) during four of the twelve right-turn
trials and the corresponding link. It was based on the HASTE-task
(Ostlund et al., 2004) and consisted of a 3 x 3-matrix of arrows point-
ing left, right and down. In half of the cases one arrow pointed upward.
Participants indicated whether an upward arrow was present by
touching the arrow or a NO button adjacent to the matrix. A new matrix
appeared after each response or after five seconds, making the task semi
self-paced. The participants were instructed to perform the task when-
ever they felt capable of doing so. They were asked to balance the
driving task and the NDRT as they saw fit given the situation. Anec-
dotally, the difficulty of interpreting the 3 x 3 grid through the XR
headset appears comparable to that of a 5 x 5 grid viewed under direct
vision.

The experimental design of the study was a 2 (NDRT on/off) x 3
(driving condition) x 2 (driver type) x 2 (driving style) factorial structure,
with the former two factors within subjects and the latter two between
subjects.

2.2.2. Questionnaire

After driving the simulator, the participants filled in a paper-and-
pencil questionnaire assessing their knowledge of priority rules. The
questionnaire covered three different regulations (priority from right,
main road, yield), combined with three turning manoeuvres (straight,
left, right), resulting in nine scenarios. Each scenario was presented as a
birds’ eye view of an intersection, with the manoeuvre indicated by a
green trace and the participant’s position marked by a car icon. The
participants were asked to draw which traffic streams they had to give
way to, and to annotate the road user types (limited to pedestrian, cyclist
and car). An example was provided (Fig. 2, left) to illustrate the expected
response format. All intersections in the questionnaire had cycle paths
separated from pedestrian pavements (see Fig. 2, right, for one
example). They were presented in a randomised order.

Fig. 1. Driving simulator environment with vehicle mock-up, the NDRT-screen, green screens and XR headset, a birds-eye view of the intersection where participants
made a right-turn (coming from the left leg), and the link, which was driven with and without a lead car ahead.
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Fig. 2. The example intersection provided to the participants before filling in the questionnaire, featuring a stop situation (left figure). The blue arrows and text
illustrate how the participant was expected to fill in the questionnaire. The right-turn situation with yield sign, matching the intersection in the driving simulator
(right figure), is one of the nine tested situations. The indicated traffic streams present the correct solution (ped: pedestrian, cyc: cyclist, mot: motor vehicle).

2.3. Data reduction Matching glance direction to MiRA target areas is one way to oper-
ationalise whether information was sampled from that target area.
For the investigated intersection (Fig. 3), the necessary target areas Another approach to analyse gaze data is the analysis of glances to pre-

and associated zones were defined according to MiRA. MiRA zones defined areas of interest (AOIs), like mirrors or the NDRT screen (Kircher
specify the location within which drivers must sample visual informa- & Ahlstrom, 2024). Here, a hybrid approach was used for two reasons:
tion from the target areas to meet attention requirements. The length of

a zone depends on sight distance and was determined beforehand for the 1. On the link sections, the only MiRA requirement was “forward”,
simulated scenario. making a direct comparison with the intersection difficult.

Fig. 3. Left: MiRA target areas and corresponding MiRA-zones (colour-coded), orange target areas were not analysed. Checking for traffic from the right is not a
requirement, as paths do not cross. Right: AOIs and corresponding glance directions (for the NDRT-screen the downward-angle was considered, too).
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2. The same glance direction can provide information for several MiRA
areas (e.g., a glance to the right may result in visual sampling of both
traffic from the right and potential pedestrians on the zebra crossing
on the right leg).

The MiRA-zones determined the location and length of the segment
for which glances to a given AOI or combination of AOIs were analysed
(Table 1). Two target areas were excluded from analyses, because
glances toward them could not be distinguished from “Forward” (orange
areas in Fig. 3).

To enable comparisons between intersection and link sections, seg-
ments of equal length were extracted from the middle of each link sec-
tion, such that the midpoint of the analysed segment corresponded to the
midpoint of the link. In cases where the vehicle was stopped within a
MiRA zone, information decay was considered (Senders et al., 1967).
Instead of using the physical start boundary, glances from two seconds
before the vehicle started moving again were included.

2.3.1. Gaze data preparation

Gaze data were recorded using the eye tracker integrated into the XR
headset. Six AOIs were defined, based on MiRA target zones and the
NDRT described above (Table 1).

The AOI time series were filtered using a 200 ms median filter to
reduce the impact of blinks and tracking loss. A glance was defined as a
consecutive sequence of fixations directed to an AOI, with fixations
identified using a two-stage segmentation algorithm based on 2-D ve-
locity and dispersion (Ahlstrom et al., 2011).

2.3.2. Rule knowledge (questionnaire)

The nine scenarios in the questionnaire included an accumulated 58
requirements to yield to other traffic. Each requirement was categorised
as being overt (yield requirement indicated by the infrastructure) or
covert (requiring knowledge of rules without visible cues in the infra-
structure), and as involving similar-mass (cars) or lower-mass (pedes-
trians, cyclists) traffic streams (Table 2). For each of the nine
questionnaire scenarios, every requirement to yield was scored as either
correctly identified by the participant (1) or missed (0).

The right-turn-on-yield scenario corresponding to the intersection in
the simulator included seven attention requirements (the small arrows
in Fig. 3). One was a similar-mass traffic stream (from left) and six were
lower-mass streams. Two were covert (the cyclist streams), the
remaining were overt. Thus, no covert, similar-mass stream existed in
this scenario.

2.4. Analysis

2.4.1. Visual sampling (simulator)

A linear mixed-effects model (LMM) was used to analyse the effects
of the within-subject factors Target area, Driving condition, and NDRT
status, and the between-subject factors Driver type and Driving style, on

Table 1

Length and end point of the analysed MiRA requirements and AOIs in the right-
turn intersection. Segments of equal length were taken from the middle of the
link conditions for comparison.

AOI MiRA requirement segment end of zone in
length intersection
forward forward 3.3m at crossing cycle lane
left traffic from left 3.3m at crossing cycle lane
right pedestrians (crosswalk ~ 3.3m where intersecting the
on right leg) parallel cycle lane
over right cyclists from behind 10.0 m where intersecting the
shoulder parallel cycle lane
all mirrors cyclists from behind 10.0 m where intersecting the
parallel cycle lane
NDRT- —- 10.0 m when intersecting the

screen parallel cycle lane
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Table 2
Classification of yield requirements into overt/covert and similar-mass/lower-
mass, including example requirements. The number of requirements per type

is given in parentheses.

type Similar-mass (10) Lower-mass (48)
Description Intersecting traffic Intersecting traffic
stream only includes stream only includes
road users of similar road users with lower
mass (cars) mass (pedestrians,
cyclists)
Overt Visible from Crossing car from Pedestrian on zebra
(41) environment via left/right at yield crossing
signs or road ) (36)
markings
Covert Not visible from Car from right at Cyclist in same or
a7 environment, rule intersection with oncoming direction for
knowledge priority-from-right left and right turn
necessary regulation, oncoming (12)

car for left turn

©)]

glance share across six target areas (AOIs): Forward, Left, Right, Over
Shoulder, All Mirrors, and NDRT screen. All main effects were included,
along with the interactions between Driver type and Driving style, and
between Target area, Driving condition, and NDRT status. Participant was
included as random intercept to account for repeated measurements
within individuals. The model was estimated using maximum likeli-
hood. All analyses were conducted using the statsmodels library (Python
3.13).

Fisher’s exact test was used to assess the impact of NDRT status on the
likelihood of directing at least one glance at each AOI, depending on
Driving condition.

2.4.2. Rule knowledge (questionnaire)

A Bayesian Binomial Generalised Linear Mixed Model (single trial
Bernoulli response) with a logit link function was used to predict
whether the attention requirements were identified correctly or not (1/
0 outcome). The model included two within-subject factors — Require-
ment type (covert vs. overt) and Mass (lower vs. similar-mass) — and two
between-subject factors — Driver type and Driving style (each with two
levels). Participant was included as a random intercept to account for
repeated observations within individuals.

The deployed model was a generalised linear mixed-effects model
with a Bernoulli-response and logit-link:

correctjj ~ Bernoulli(py)

logit(py) = f, + povert; + f,mass; + fydriver type; + f,driving style;
+ ps(overt x mass); + ¢ (driver type x driving style), +u;

where i indexes trials and j indexes participants. The participant-specific
random intercepts were modelled as

uf ~ Z(07 agarticipant)

The model was fitted using a variational Bayes approximation imple-
mented in the statsmodels library (Python 3.13), yielding approximate
Bayesian posterior estimates for fixed and random effects.

3. Results

The results are presented in three parts: (a) participants’ visual
sampling behaviour in the simulator across driving conditions with and
without NDRT, (b) rule knowledge for the intersection scenario corre-
sponding to the simulator situation, and (c) rule knowledge across all
questionnaire scenarios.
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Fig. 4. Glance share to different AOIs over distance, for the intersection and the link segments (with or without car-following), with the NDRT active (left panels) and
on the matched baseline (right panels). For the intersection, distance O is at the intersecting street (slightly behind the yield lines).

3.1. Driving — Visual sampling with and without NDRT

Fig. 4 illustrates glance share distributions across AOIs over distance
for the intersection and link, with NDRT active (left panels) and inactive
(right panels). Overall, the glance distribution per AOI remained rela-
tively stable along link segments (free vehicle and car following),
whereas in intersection segments, visual sampling from the left and right
was more prominent closer to the intersection, mostly at the expense of
forward glances. Glances to the NDRT screen declined near the inter-
section when the task was active. Mirrors were monitored more
frequently when approaching intersections than on links. Over-the-
shoulder glances occurred rarely, and if so, typically just before
turning. The glance distribution across AOI was similar in the car-

following and in the free vehicle conditions.

Significant effects emerged for Target Area, Driving Condition, and
NDRT Status, as well as their three-way interaction (Target Area x Driving
Condition x NDRT Status; Table 3). Neither Driver type nor Driving style
had significant main effects. When NDRT was active, visual sampling
from the NDRT screen increased significantly across all conditions,
particularly on link segments, regardless of car-following status. With
decreasing distance to the intersection, the glance share to the screen
decreased (Fig. 4). Visual sampling from Forward decreased from around
75 % to just above 50 % on links when NDRT was active. Approaching
the intersection, Forward glances were infrequent regardless of NDRT
status. Visual sampling from Left and Right was significantly more
frequent while approaching the intersection than on links. Glance shares
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Table 3

Coefficients, standard error, z-value, significance level and 95 % confidence
interval for the Linear Mixed Model of glance shares. Reference categories are
Target Area [Forward], NDRT [No], Condition [Link], Drivertype [cyclist-
driver], Drivingstyle [assertive]. Non-significant differences are printed in grey.

Coeff. std. z P>|z| [0.025 0.975]
err.

Intercept 76.9  1.62 47.55  0.000 73.75 80.09

Target Area [Left] —76.4 2.18 —35.01 0.000 —80.67 —72.12

Target Area [Right] -76.3 218 —34.98 0.000 —80.61 —-72.06

Target Area [All -75.8 218 —34.73 0.000 —80.06 —71.51
mirrors]

Target Area [Over -76.4 2.18 —35.01 0.000 —80.69 —-72.13
shoulder]

Target Area [NDRT -754 220 —34.34 0.000 -79.68 —71.08
screen]

NDRT [Yes] -22.7 218 —10.40 0.000 —-26.97 -—18.42

Condition [CF] 1.2 218 0.55  0.583 —3.08 5.48

Condition -73.7 2.20 -33.46 0.000 —78.03 —69.39
[Intersection]

Driver type [Driver] -0.4 0.83 -0.47  0.639 -2.01 1.23

Driving style 0.1 079 0.13  0.897 —1.44 1.64
[Cautious]

Target Area [Left]: 22.7  3.09 7.35  0.000 16.64 28.73
NDRT [Yes]

Target Area [Right]: 23.6 3.09 7.63 0.000 17.51 29.61
NDRT [Yes]

Target Area [All 223 3.09 7.21  0.000 16.21 28.31
mirrors]: NDRT
[Yes]

Target Area [Over 22.7  3.09 7.35  0.000 16.65 28.75
shoulder]: NDRT
[Yes]

Target Area [NDRT 421  3.10 13.59  0.000 36.07 48.22
screen]: NDRT
[Yes]

Target Area [Left]: -0.5 3.09 -0.16 0.872 —6.55 5.55
Condition [CF]

Target Area [Right]: 0.1 3.09 0.02  0.984 -5.99 6.11
Condition [CF]

Target Area [All 48 310 1.55 0.120 -1.26 10.88
mirrors]: Condition
[CF]

Target Area [Over -1.2  3.09 —-0.39  0.697 —7.25 4.85
shoulder]:
Condition [CF]

Target Area [NDRT -1.3 310 -0.43  0.664 —7.43 4.74
screen]: Condition
[CF]

Target Area [Left]: 95.3 3.11 30.60  0.000 89.18 101.38
Condition
[Intersection]

Target Area [Right]: 118.7 3.11 38.12 0.000 112.59 124.80
Condition
[Intersection]

Target Area [All 82.8 3.12 26.56 0.000 76.73 88.95
mirrors]: Condition
[Intersection]

Target Area [Over 740 3.11 23.76  0.000 67.88 80.09
shoulder]:
Condition
[Intersection]

Target Area [NDRT 73.3 3.13 23.44 0.000 67.19 79.45
screen]: Condition
[Intersection]

NDRT [Yes]: —-4.1 3.09 —-1.33 0.183 -10.17 1.94
Condition [CF]

NDRT [Yes]: 226 290 7.79  0.000 16.93 28.31
Condition
[Intersection]

Driver type [Driver]: —-1.4 1.14 -1.26 0.207 -3.68 0.80
Driving style
[Cautious]

Target Area [Left]: 3.5 437 0.80  0.427 -5.09 12.04
NDRT [Yes]:

Condition [CF]
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Table 3 (continued)

Coeff. std.  z P>|z| [0.025  0.975]

Target Area [Right]: 2.3 4.37 0.54 0.592 —6.22 10.91
NDRT [Yes]:
Condition [CF]

Target Area [All -0.1 4.38 —0.01  0.991 —8.64 8.54
mirrors]: NDRT
[Yes]: Condition
[CF]

Target Area [Over 4.1 4.37 0.95 0.345 —4.44 12.70
shoulder]: NDRT
[Yes]: Condition
[CF]

Target Area [NDRT 17.6 439 4.00  0.000 8.97 26.18
screen]: NDRT
[Yes]: Condition
[CF]

Target Area [Left]: -186 4.10 —-4.53  0.000
NDRT [Yes]:
Condition
[Intersection]

Target Area [Right]: -26.3 410 —6.40  0.000
NDRT [Yes]:
Condition
[Intersection]

Target Area [All -23.4 411 -5.70  0.000
mirrors]: NDRT
[Yes]: Condition
[Intersection]

Target Area [Over -22.8 4.10 —5.55 0.000
shoulder]: NDRT
[Yes]: Condition
[Intersection]

Target Area [NDRT -384 412 -9.33  0.000
screen]: NDRT
[Yes]: Condition
[Intersection]

-26.63  —10.55

—34.31

—18.23

—31.48

—15.37

-30.81

-14.73

—46.51 -30.37

to Mirrors and Over-the-shoulder areas were also higher in intersections,
though the model-estimated shares remained low (10.2 % and 0.8 %,
respectively).

Table 4 presents the percentage of cases in which at least one glance
was directed to each AOL Note that the analysed zones differ in length
and location (Table 1), so direct comparisons between zones are not
meaningful.

Fisher’s exact tests (Table 4) confirmed that NDRT status significantly
affected the likelihood of glancing at the NDRT screen across all condi-
tions. Traffic from behind can be checked via the mirrors and with
glances over the shoulder. In approximately 35 % of intersection cases,
no glance toward any of the Mirrors occurred within the associated MiRA
zone, regardless of NDRT status, and in about 85 % of the cases, no Over-
the-Shoulder glance was made. In the approximately 15 % of the cases
where an Over-the-Shoulder glance occurred, traffic from behind was also
checked via the mirrors, indicating that drivers who omitted mirror
checks almost always failed to look over their shoulder as well.

In the link conditions most drivers sampled at least once from the
Forward area within the analysed segment also when the NDRT was
active, even though the glance share to this area got reduced markedly
with glance share being transferred to the NDRT screen. Neither the
likelihood to glance Left, Right or Over-the-Shoulder nor the share of
glances to those areas were affected much by NDRT status, with Over-the-
Shoulder glances being rare in any condition. With the NDRT active, the
likelihood to check the Mirrors was reduced in the link conditions, and
significantly so in the situation without lead car.

3.2. Rule knowledge — Right turn on yield

Table 5 shows the parameters of the applied Bayesian Binomial
GLMM. For the intersection scenario equivalent to the simulator situa-
tion (right turn on yield), the observed questionnaire responses showed
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Table 4
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Percentage of cases where at least one glance was directed to the AOI per driving condition, depending on whether the NDRT was active or not, with indication of chi-
square significance level (Fisher’s Exact Test). Significance levels: one asterisk*: p < 0.05; two asterisks**: p < 0.01; three asterisks***: p < 0.001).

link: free vehicle link: car-following intersection

NDRT status off on off on off on
NDRT screen*** 11.5 % 77.0 %*** 9.2 % 87.4 Y% 15.5 % 31.0 %**
Forward*** 96.6 % 90.8 % 97.7 % 87.4 %** 27.4 % 29.9 %
Left*** 1.1 % 0.0 % 4.6 % 2.3 % 59.5 % 69.0 %
Right*** 1.1 % 8.0 % 4.6 % 3.4 % 92.9 % 93.1 %
Mirrors 49.4 % 16.1 %*** 32.2% 18.4 % 64.3 % 65.5 %
Over shoulder 0.0 % 0.0 % 0.0 % 1.1 %* 16.7 % 12.1 %

Table 5

Log-Odds, Posterior SD, Odds Ratios and their upper and lower 95 % Confidence
Interval bounds for the seven fixed-effect parameters in the Binomial GLMM for
the seven attention requirements in the right turn on yield scenario.

Parameter Log- Posterior OR Lower Upper

(reference Odds () SD 95 % CI 95 % CI

category)

Intercept 4.055 0.157 57.707  42.144 79.015

Requirement type —1.128 0.241 0.324 0.200 0.524
(covert)

Mass (lower-mass) —1.505 0.162 0.222 0.161 0.307

Driver type —-1.040 0.204 0.354 0.235 0.532
(driver)

Driving style —0.014 0.218 0.987 0.638 1.526
(assertive)

Requirement type —1.128 0.241 0.324 0.200 0.524
X Mass

Driver type x 0.046 0.296 1.047 0.580 1.892

Driving style

that 40 % of participants failed to indicate yielding to cyclists from
behind, and 67 % failed to indicate yielding to oncoming cyclists on the
cycle path. In contrast, 96 % correctly indicated yielding to traffic on the
main road. Overt, similar-mass requirements were correctly identified in
96 % of cases, overt, lower-mass requirements in 81 %, and covert,
lower-mass requirements in 46 % of cases.

In the best case (overt, similar-mass, cautious cyclist-driver), the
GLMM-predicted probability of correct identification was 98.3 %.
Covert requirements significantly reduced correctness, as did lower-
mass streams. Cycling experience improved performance, while
Driving style had no significant effect.

Recall that in the right-turn-on-yield scenario, no covert similar-mass
requirements existed, therefore the predicted interaction effect between
Requirement type and Mass should be interpreted with caution. For
lower-mass traffic streams, the likelihood of correct identification was

Observed probability by attention requirement type X mass

1.0
Mass

5 similar-mass
g 0.8 1 lower-mass
S
o
>
£
—3 0,6 1
=}
©
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- 041
@
[
2
o 0.2 A1
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0.0

overt
covert

Attention requirement

estimated to be significantly higher for overt than for covert re-
quirements (Fig. 5). Within the covert category, the GLMM estimates
indicate that similar-mass requirements would more likely be identified
correctly than lower-mass ones. In the overt category this difference was
smaller.

3.3. Rule knowledge — All scenarios

Across all nine questionnaire scenarios (58 requirements), again, the
best case of overt, similar-mass situations for cautious cyclist-drivers
showed a high GLMM-predicted probability of correct identification
(95.5 %; observed 94.0 %, Table 6). The contrasting case (covert, lower-
mass situation with an assertive driver without cycling experience) had
a much lower estimated correctness of 24.3 % (observed 32.6 %).

A strong interaction effect between Requirement type and Mass was

Table 6

Log-Odds, Posterior SD, Odds Ratios and their upper and lower 95 % Confidence
Interval bounds for the seven fixed-effect parameters in the Binomial GLMM for
the 58 attention requirements in all scenarios together.

Parameter Log- Posterior OR Lower Upper

(reference Odds () SD 95 % CI 95 % CI

category)

Intercept 3.063 0.054 21.392  19.200 23.835

Requirement type —0.494 0.085 0.610 0.515 0.724
(covert)

Mass (lower-mass) —0.316 0.058 0.729 0.649 0.820

Driver type —0.744 0.070 0.475 0.413 0.547
(driver)

Driving style —0.401 0.073 0.670 0.579 0.775
(assertive)

Requirement type —2.202 0.095 0.111 0.091 0.134
x Mass

Driver type x —0.041 0.097 0.960 0.790 1.167

Driving style

Predicted probability by attention requirement type X mass
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Fig. 5. Observed (left) and predicted probability (right) of a correct identification of others’ right of way for Requirement type and Mass for the right turn on yield

scenario. No covert similar-mass cases existed for this scenario.
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observed. For overt requirements, mass had little influence on identifi-
cation accuracy, whereas for covert requirements, the probability of
correct identification was substantially lower for lower-mass streams.
Like in the right-turn-on-yield scenario, the observed percentage of
correctly identified overt requirements (85 %) was considerably higher
than for covert requirements (53 %). Overall, similar-mass requirements
were identified correctly slightly more often (observed 85 %) than
lower-mass requirements (observed 74 %).

Driver type and Driving style showed small, but statistically significant
main effects for predicted correctness of identification. Not cycling
regularly in urban traffic reduced the odds of correct identification by
52 % (OR = 0.475), which corresponds to a reduction of around 4.5
percentage points in predicted probability in comparison to the cyclist-
driver condition. Similarly, being categorised as assertive driver reduced
the odds by 33 % (OR = 0.67), again corresponding to a modest
reduction in probability.

In summary, correct identification was highest for overt, similar-
mass requirements and lowest for covert, lower-mass requirements.
While cycling experience and cautious driving style improved perfor-
mance somewhat, even cautious cyclist-drivers failed to identify nearly
half of covert, lower-mass cases correctly (Fig. 6).

4. Discussion

This study examined the influence of rule knowledge and NDRT

cyclist-driver, cautious
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engagement on drivers’ visual information sampling, and whether
situational factors and driver characteristics have a modifying effect.
The findings suggest that drivers tend to preserve glances to target areas
that they perceive as relevant (Hypothesis 1), and that a visual NDRT
mainly reduces redundancy by cutting into default glances (Hypothesis
2). However, drivers’ knowledge of priority rules does not fully match
actual regulations, with a systematic knowledge gap pertaining to
covert, lower-mass traffic streams (Hypothesis 3). This gap appears to be
somewhat less pronounced for cautious drivers who also cycle, though it
did not carry over to actual visual sampling behaviour in the simulator
(Hypothesis 4).

Before discussing the findings in more detail in relation to the hy-
potheses, we highlight a few details in the results. The fact that not all
drivers checked the forward area on all occasions is related to the length
of the Forward segment analysed. At 40 km/h, the investigated 3.3 m are
passed in about 0.3 s. Similarly, the higher accumulated likelihood of
glances to different AOIs in the intersection is related to the lower speed
in that situation. As more time is spent covering the same distance,
drivers have more time to glance around and sample information from
more areas. This is the exact mechanism employed to solve complex
situations—reduced speed enables information intake from more areas,
even though information decay needs to be considered (Clark, 2013).

As hypothesised (Hypothesis 1), drivers performed the NDRT to the
extent they considered appropriate, while preserving information sam-
pling from areas they perceived as necessary. It therefore appears that

driver, cautious Mass
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Fig. 6. Estimated likelihood of correctly identifying others’ right of way depending on type of attention requirement, mass of the crossing stream, Driver type and

Driving style.
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drivers integrated the NDRT rather well into their information sampling
strategy. Glances perceived as necessary, such as checking traffic from
the left in the intersection, were not neglected when the NDRT was
active. NDRT engagement was adapted to the circumstances, with
decreasing engagement closer to the intersection. The default glance
share diminished with NDRT engagement, as drivers looked less towards
the Forward area. They also checked the Mirrors less. This aligns with
real-world findings indicating that drivers cut “unnecessary” glances
while preserving “necessary” ones (Kircher et al., 2020; Ringhand et al.,
2022). Thus, the adopted sampling strategy likely meets minimum
attention requirements for situations where drivers recognise the
requirement(s) correctly. Still, NDRT engagement may negatively affect
awareness, because the probability of noticing unexpected occurrences
is reduced, and cognitive preoccupation might impact processing and
decision making (Engstrom et al., 2017; Fisher & Strayer, 2014).

Over-the-shoulder glances were rare, and mirror checks were
omitted in about one third of intersection cases, regardless of NDRT
status. This observed inappropriate visual sampling was therefore likely
not primarily due to NDRT engagement. Given the questionnaire results,
it could be related to a lack of knowledge about the applicable priority
rule. The study setup may also have contributed, which is discussed
more in the Limitations section.

While previous studies have shown that road users also sample visual
information from areas not perceived as necessary, this is less likely in
demanding situations and for target areas that are less salient or phys-
ically more difficult to scan, such as over-the-shoulder areas (Kircher &
Ahlstrom, 2020, 2023; Wickens et al., 2009; Wortelen et al., 2013). As
shown elsewhere, rule knowledge increases the likelihood of visually
scanning the associated target area (Ahlstrom et al., 2025). Therefore,
knowledge of the obligation to yield to cyclists and pedestrians going
straight is likely an important ingredient for scanning to happen
reliably.

This knowledge was investigated with the questionnaire, com-
plementing the behavioural findings. It relieved the drivers of both time
pressure and the physical challenge of performing a cumbersome
manoeuvre such as looking over one’s shoulder. In this setting, identi-
fying a yield obligation to traffic streams from behind should be as easy
as identifying a yield obligation to cross traffic. In the right-turn-on-yield
questionnaire scenario, crossing car traffic (overt same-mass) was
almost unanimously correctly identified as the priority stream. This
matched the visual sampling observed in the simulator. Identifying the
pedestrian streams (overt lower-mass) in the right-turn scenario was
only slightly more challenging. Glance data from the simulator are not
conclusive with respect to this target area, as the glance direction
overlaps with scanning for motorised traffic coming from the right. Forty
per cent of the participants missed to identify the priority of cyclists
approaching from behind (covert lower-mass), which also manifested in
the simulator drive, as discussed above. Extending the rule knowledge
analysis across all nine questionnaire scenarios, at the abstracted level of
mass and overtness of the crossing traffic stream, confirmed the pattern
observed for right-turn-on-yield. Participants indicated a systematically
lower knowledge of having to yield to covert, lower-mass traffic streams.

Results are inconclusive with respect to the influence of cycling
experience. The better performance of cautious cyclist-drivers in iden-
tifying covert lower-mass requirements in the questionnaire, especially
compared to assertive drivers who do not cycle regularly, did not show
in visual sampling while driving in the simulator. This aligns only
partially with Hypothesis 4. A potential explanation is that theoretical
rule knowledge is greater among cyclist-drivers, but whether this also
leads to more appropriate visual sampling depends on other factors.
While Kaya et al. (2021) found a clear connection in a real traffic situ-
ation, neither Robbins and Chapman (2018) nor we did so in a simulator
setting. The previous body of research indicates, in line with our results,
that cyclists (and pedestrians) are generally less likely to be glanced at
than motor vehicles (Rasanen et al., 1999), either independent of own
cycling experience (Robbins & Chapman, 2018), or with cyclist-drivers
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performing better (Rogé et al., 2017). Also, even the cautious cyclist-
drivers missed almost half of the covert lower-mass cases in the pre-
sent study, suggesting that countermeasures relying on road users’ fa-
miliarity with cross-modal transport are questionable.

These results are tragically reflected in real traffic. The combination
of lacking rule knowledge and a non-salient placement of those road
users most vulnerable to injury is a combination that too often proves
deadly (Jannat et al., 2018; Jannat et al., 2020; Warner et al., 2017).

We can only speculate why lower-mass, covert requirements are
affected much more than other requirements. By their very nature,
covert requirements are less noticeable. However, this does not seem to
strongly affect rule knowledge and information sampling for similar-
mass traffic. Also, in an offline setting such as the questionnaire,
where intersections are viewed from above and with ample time,
covertness should have less impact. Lower mass alone cannot explain the
phenomenon, as overt lower-mass requirements were identified reliably.

A potential explanation is that covert requirements are inherently
more difficult to remember, leading to more mistakes. For reasons of
self-preservation, lower-mass road users may be more likely than
similar-mass road users to give up their right of way in conflict situa-
tions, reducing drivers’ conscious exposure to lower-mass conflicts and
eroding their knowledge over time. In a semi-controlled field study, over
80 % of cyclists going straight checked over their shoulder for poten-
tially turning traffic which should yield (Nygardhs et al., 2020). Out of
six cases where a vehicle was present, three required adaptative action
of one part. In one of those situations, the cyclist gave up their right of
way. While these numbers are too small for firm conclusions, they
illustrate how systemic patterns might develop.

Taken together, the present findings suggest that drivers’ neglecting
covert, lower-mass attention requirements is a complex problem that
cannot be explained by NDRT engagement alone. Part of the explanation
seems to lie at the strategic level, namely rule knowledge, which is
potentially influenced by driver characteristics. Actual behaviour ap-
pears to be modified by situational factors, which would need to be
investigated in more detail. It seems safe to say, however, that coun-
termeasures addressing phone use or other forms of NDRT engagement
are unlikely to be effective on their own in increasing the likelihood of
fulfilling covert lower-mass attention requirements. Changes on the
strategic level are likely needed, which could include regulatory mea-
sures and infrastructure design planning (Deliali et al., 2021; Warner
et al., 2017; Zanetti et al., 2025).

5. Limitations

While Robbins et al. (2019) found that drivers’ glance and head
movements corresponded well between simulated and real intersection
situations, it remains uncertain to what extent simulator behaviour re-
flects real-world behaviour. The absence of a real crash risk may have
made participants more willing to engage in the NDRT in the simulator.
Conversely, the task may not have been perceived as relevant, which
could make it less compelling. Our focus here was on the relative fre-
quency of engagement, which varied over time on approach to the
intersection and across driving conditions, indicating that relative
comparisons are meaningful.

The XR setup, combined with the need for frequent head movements
and limited peripheral vision, is a known trigger for motion sickness
(Dong et al., 2022). This may have led participants to avoid turning their
heads, disproportionately affecting over-the-shoulder glances (Walker
et al., 2010). However, the consistency with real-world observations
(Kaya et al., 2021; Rasanen & Summala, 1998) and the link between the
behaviour in the simulator and the questionnaire results indicate that
the results reflect more than just methodological artefacts.

Regarding the questionnaire, participants may have found it chal-
lenging to apply traffic rule knowledge to birds’ eye intersection views.
Fatigue after simulator driving could also have contributed to under-
performance. Nevertheless, the questionnaire was administered in a
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counterbalanced order, and the focus was on relative performance,
which should mitigate these effects. Moreover, performance for overt
and similar-mass requirements was high, suggesting that the task was
well understood.

The categorisation of requirements into overt/covert and similar-
mass/lower-mass was one of several possible approaches. It is not
fully orthogonal, as covert requirements were more often associated
with lower-mass streams, and with a larger share of overt and lower-
mass requirements in total. This is a problem inherent to realistic
traffic situations.

Finally, the number of participants per subgroup was relatively
small, which may have limited statistical power and caused some effects
to go undetected.

6. Conclusions

Our findings, together with prior results, suggest that drivers
routinely neglect sampling visual information from non-salient zones,
especially those where only lower-mass road users (cyclists, pedestrians)
are expected. Performing an NDRT does affect visual sampling in that
default glances are diminished, but it does not reduce glance share to
areas that drivers consider necessary. Consequently, NDRT engagement
is unlikely the primary cause of right-hook conflicts. Other factors,
including limited knowledge of covert right-of-way rules for lower-mass
traffic streams, seem to play a bigger role.

Addressing shortcomings requires a shift in perspective. Rather than
focusing solely on individual behaviour or distraction countermeasures,
it is advisable to consider higher-level factors such as infrastructure
design, risk education and regulatory frameworks. A systematic identi-
fication and categorisation of attention requirements, as demonstrated
through the MiRA approach, is an important first step. This makes it
possible to assess how well road users can meet these requirements and
highlights where systemic gaps exist.

The present research illustrates how an investigation of rule knowl-
edge, representing the strategical level, can augment and extend results
from behavioural studies at the tactical or operational level. The cate-
gorisation of requirements by mass (similar vs. lower-mass) and overt-
ness (overt vs. covert) offers a practical abstraction that generalises
beyond individual scenarios and highlights where driver performance
most often falls short. Future work should investigate why covert,
lower-mass requirements are frequently overlooked, and test in-
terventions that make covert requirements more overt without limiting
the mobility of lower-mass road users.
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