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Abstract

This study aims to enhance safety within the Budapest tram network by developing
methods to assess and manage tram drivers’ cognitive workload. While defensive driving
reduces accident risk, it becomes less effective when drivers are mentally overloaded. There
is currently no reliable method to objectively measure this workload, which this research
aims to develop. Trams frequently interact with unpredictable road users, increasing the
likelihood of sudden braking and related injuries. Using accident data, high-risk locations
were identified, and cognitive workload was assessed via eye-tracking (blinks and fixations)
in a tram simulator. Participants drove two predefined routes and responded to unexpected
events as they would in real traffic. Results reveal a correlation between blink/fixation
frequency and cognitive load, enabling the identification of mentally demanding locations.
These insights support targeted interventions to reduce driver workload and enhance
operational safety.
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1. Introduction

Trams are electric urban transport vehicles running on dedicated tracks and are
essential to public transit in cities like Budapest, which has a 150 km network. Their
efficiency, high capacity, and low emissions support sustainable urban mobility, though
shared road sections and intersections increase the risk of conflicts with other traffic. Safe
operation requires high levels of attention and anticipation from drivers, but cognitive
overload, especially under time pressure, can impair situational awareness, contributing to
accidents and highlighting the need for better training and systemic improvements [1,2].

Human attention has a limited capacity, so performance is significantly impaired
when faced with multiple simultaneous tasks or rapid successive stimuli [3,4]. The research
results highlight that a driver’s attention can be easily overloaded by complex traffic
situations or using on-board interfaces. The effects of these cognitive constraints and
attentional mechanisms make it particularly appropriate to develop an objective, reliable
measurement methodology to identify and quantify traffic situations and intersections that
induce increased mental load.

Inattentional blindness describes the phenomenon where an unexpected but visible
visual stimulus goes unnoticed because another task diverts or distracts a person’s at-
tention [5]. This is due to the limited capacity of conscious processing: the human brain
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has a finite capacity to process information, so if attentional resources are concentrated
on a particular task, other stimuli do not reach conscious perception. Another similar
phenomenon is attentional blink, a brief “refractory period” of attention when processing
two rapidly successive stimuli [6]. If the first target stimulus is followed by the second
within a very short time, around 200-500 ms, it is often impossible to consciously perceive
the second stimulus. This occurs when the attentional resources required to process the sec-
ond stimulus exceed the maximum available capacity—the second signal simply “misses”
conscious perception [7].

An experiment with tram drivers in Athens assessed how road design and operational
factors affect perceived safety and driving stress [8]. The findings revealed that alignment
type, pedestrian crossings, and the density of vulnerable road users (VRUs) significantly
impacted perceived safety, while stress was primarily influenced by route unfamiliarity,
passenger load, and delays. Interestingly, perceived safety and stress were not directly
correlated; experienced drivers often felt confident in riskier situations if they were familiar
with the route.

Emergency braking refers to a process in which the tram decelerates rapidly, potentially
causing standing passengers to lose their balance and fall, and seated passengers to be
jolted from their seats. This sudden deceleration or stop can lead to personal injuries and
damage to passengers’ personal belongings [9]. Passenger discomfort and injury risks
during braking events are key concerns for standing passengers in trams and buses, where
sudden changes in speed can lead to loss of balance and increased strain, as shown through
a smartphone-based discomfort index linked to acceleration data [10].

Tram drivers encounter numerous dangerous situations during their work. Most of
these occur due to road users’ irregular and inattentive behavior. According to internal
statistics provided by the Budapest Transport Privately Held Corporation (BKV) [11],
Table 1 below shows the distribution of road accidents on the Budapest tram network
between 2019 and 2023.

Table 1. The distribution of road accidents on the Budapest tram network (Budapest Transport
Privately Held Corporation statistics) [11].

Event Fault Own Fault Third-Party Fault
Total 264 cases 1647 cases
Total accidents 1911 cases
Rate of own-fault accidents 16%

The most prominent sources of danger include when a vehicle traveling parallel to a
tram turns left in front of the tram at an intersection. Another potential hazard arises at
intersections that are regulated solely by traffic signs. These intersections may be difficult
for drivers to see clearly or present particularly complex traffic situations (e.g., multiple
traffic junctions meet simultaneously). It is also important to highlight that the improper
behavior of pedestrians can lead to hazardous situations; they can step in front of the tram
unexpectedly, possibly also between the tram cars, which is an entirely invisible area for
tram drivers. They can also be difficult to notice from a sufficient distance away in the dark
and in poor visibility conditions [9].

When driving in a simulated environment, participants experience less stress and
are more likely to adopt a relaxed and experimental driving style than real-life driving
situations [12]. This indicates that the nature of the environment influences behavior, which
may be further affected by the presence of measurement tools.

Our research aims to develop a methodology to objectively assess the mental workload
of tram drivers in complex traffic situations. By quantifying their cognitive load, we can
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identify necessary changes to the infrastructure or traffic rules applied. Eye-tracking glasses
were used to measure the tram driver’s physiological metrics while vehicle parameters
were logged simultaneously.

2. Materials and Methods

The measurements were conducted using a tram simulator (Lander, San Sebastian,
Spain) (Figure 1). The simulator models a Tatra T5C5K tram. In terms of design, three
55 inch main monitors show the view from the cab, supplemented by two 15 inch ones
on the instrument panel for less frequently used control functions. In addition, there
are also physical controls identical to the real tram. Using the simulator is cost-effective
and standardizes conditions, allowing all participants to perform tasks under the same
circumstances, improving the comparability and validity of the results. Participants drive
along a set route and face unexpected traffic situations, responding at their discretion.

Figure 1. Tram simulator type Tatra TSC5K.

The study focused on identifying complex and high-stress traffic situations encoun-
tered by tram drivers and quantifying their cognitive load under these conditions. Based
on accident statistics and driver feedback, intersections were identified for analysis. Mea-
surements were conducted in both traffic directions at each site to account for directional
differences in visibility and cognitive demand.

To simulate real-world driving behavior, participants navigated two predefined routes
in the tram simulator, which included unpredictable events requiring spontaneous re-
sponses. Participants were instructed to drive as they would under real-life operational
conditions prior to the test. The cognitive load was evaluated in relation to a reference
section and average baseline, highlighting segments where mental strain was notably high.
The following scenarios were selected and predefined in the simulator study:

e  DPedestrians are crossing the tracks at unauthorized locations.
e  Cars turn left in front of the tram.
e  Objects (e.g., a parked car or a box) obstruct the track clearance of the tram.

For our measurements, we utilized eye-tracking (ET) goggles by Pupil Labs that
continuously record the subject’s pupil movements through two infrared cameras [13].
Pupil Neon ET glasses equipped with dual infrared cameras were used to record pupil
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movements, gaze direction, blink frequency and duration, and fixation times in real time.
These parameters provided reliable indicators of cognitive workload.

In a study, eye movement and blink data were recorded from four participants (A, B,
C, D) while driving a predetermined route. The aim was to explore the extent to which
selected traffic junctions place cognitive strain on drivers. During the analysis of the mea-
surement data, two main indicators were examined: fixation frequency (fixations/minute)
and blink frequency (blinks/minute), which, according to previous research, are reliable
indicators of mental strain [14]. An increase in fixation frequency generally indicates an
increase in the amount of visual information to be processed, thus increasing attentional
demand. In contrast, blink frequency typically decreases when the task becomes more
cognitively demanding.

Post-test questionnaires captured subjective perceptions of stress and difficulty across
intersections. The test environment and data collection tools were designed to minimize
discomfort and bias, ensuring the ecological validity of the results. The data enabled
structured analysis for targeted interventions and safety improvements.

3. Results

The locations were selected based on identified accident-prone zones within the
tramway network. At both Dobrentei Square and the Haldsz Street intersection, road
vehicles intersect the tram tracks at angles of approximately 45° and 90°. Traffic control
at these sites is exclusively implemented through “Give Way” and “STOP” traffic signs.
Additionally, a designated cycle crossing is located at Dobrentei Square, intersecting the
tramway alignment orthogonally (90°). At the Haldsz Street intersection, two pedestrian
crossings are present, where tram vehicles are legally required to yield to the pedestrians.
The final location, referred to as the interlaced track (known as “Fonéd6” in Hungarian)
section, constitutes an alignment where the spacing between the tram tracks is less than
the track gauge, thereby functionally classifying it as a single-track segment. From an
operational safety perspective, this configuration presents an elevated collision risk due
to the possibility of opposing tram movements. To mitigate such risks, railway signaling
and interlocking systems are deployed. When a single red aspect is displayed on the signal,
passing the signal is strictly prohibited in accordance with operational safety protocols.

This phase of the experiment was conducted with the participation of four individuals
(A-D). All participants held valid tram driver certifications and had accumulated a mini-
mum of two hours of prior operation within the simulator. Furthermore, each participant
possessed comprehensive familiarity with the selected locations. Table 2, shown below,
presents the participants” demographic and experiential data.

Table 2. Demographic and experiential data of the participants.

Participant Age Sex Acquisition of License  Driving Experience
A 40 M 2007 50,000-100,000 km
B 25 M 2023 10,000-15,000 km
C 38 M 2012 50,000-100,000 km
D 38 M 2008 50,000-100,000 km

Based on the data obtained, Tables 3 and 4 present the blink frequency (blinks/min)
and fixation frequency (fixations/min) of four drivers (A-D) across six traffic loca-
tions. The data reveals marked individual differences and section-specific variations
in visual behavior.
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Table 3. Blink frequency (blinks/min) for each driver (A to D) at different locations.
Section Dobrentei tér Dobrentei tér Halasz utca Haldsz utca Fono6dé Fond6dé Mean SD
ectio South North South North South North ea
A 39.93 28.62 47.99 50.59 29.96 31.88 38.16 9.51
B 8.92 10.89 5.92 26.82 1.77 17.36 11.95 8.95
C 25.74 25.55 33.67 32.05 32.92 34.28 30.70 3.99
D 26.31 36.27 34.75 42.54 27.43 27.62 32.49 6.45
Mean 25.23 25.33 30.58 38.00 23.02 27.78
SD 12.70 10.63 17.68 10.64 14.34 7.47
Table 4. Fixation frequency (fixation/min) for each driver (A to D) at different locations.
Section Dobrentei tér Dobrentei tér Haldsz utca Haldsz utca Fono6dé Fond6dé Mean SD
South North South North South North
A 194.33 160.69 191.95 155.38 193.73 161.31 176.23 19.45
B 133.79 108.86 115.43 131.67 173.06 115.72 129.76 23.38
C 136.44 140.50 130.30 130.25 115.98 132.79 131.04 8.36
D 143.72 116.30 100.40 127.63 128.93 129.60 124.43 14.65
Mean 152.07 131.59 134.52 136.23 152.93 134.86
SD 28.48 23.64 40.18 12.87 36.57 19.13

In terms of blink frequency, Driver A consistently exhibited the highest mean value
at 38.16 blinks/min, showing considerable variation between sections (SD = 9.51). Driver
B, in contrast, had a significantly lower average of 11.95 blinks/min, which is 68.7% less
than Driver A’s. Notably, Driver B showed an extremely low blink rate at Haldsz utca
North (1.77 blinks/min), likely indicating intense visual focus or cognitive load. Driver C
demonstrated the most consistent blinking pattern, with a low standard deviation of 3.99,
suggesting stable visual demand across sections.

Section-wise, Haldsz utca South had the highest average blink rate (38.00 blinks/min),
standing 51% above the overall section mean (25.15 blinks/min), while Halasz utca North
presented the greatest variability (SD = 17.68), indicating that driver responses to this
location were the most inconsistent.

Regarding fixation frequency, Driver A again led with a mean of 176.23 fixations/min,
which is 36.2% higher than the group average of 129.86 fix/min and suggests heightened
attentional engagement. Driver C was once again the most stable across sections (SD = 8.36),
and Driver B displayed a wide variation in fixations (SD = 23.38), especially peaking at
Fon6dé North (173.06 fix/min). Interestingly, Dobrentei tér South recorded the highest
overall mean fixation rate at 152.07 fix/min, whereas Hal4sz utca South showed the most
uniform driver response (SD = 12.87).

Comparing blink and fixation patterns reveals that drivers with higher blink frequen-
cies also tend to have higher fixation rates (e.g., Driver A). However, this is not universally
true (e.g., Driver D). This interplay suggests complex underlying factors such as driver
experience, environmental complexity, or fatigue levels affecting visual behavior.

To further analyze the relationship between blink and fixation frequency across dif-
ferent urban sections, a Linear Mixed-Effects Model was applied with blink rate as the
dependent variable, fixation rate and location (section) as fixed effects, and driver identity
as a random effect (Table 5). This approach accounts for repeated measurements within
drivers and systematic variation due to environmental context.
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Table 5. Linear Mixed-Effects Model analysis results.

Variable Coef. Std. Err. z p>lzl [0.025 0.975]
Intercept 27.054 14.206 1.904 0.057 —0.79 54.898
Dobrentei tér South 0.16 4.844 0.033 0.974 —9.333 9.654
Fonédé6 North 2.495 4.439 0.562 0.574 —6.205 11.195
Fonédo South —2.033 4.877 —0.417 0.677 —11.593 7.526
Halész utca North 12.728 4.45 2.86 0.004 4.006 21.45
T.Halédsz utca South 5.288 4.437 1.192 0.233 —3.407 13.984
Fixation Rate —0.013 0.096 —0.136 0.891 —0.201 0.175

Group Variation

131.633 20.543

The model revealed that fixation rate was not a significant predictor of blink rate
(p = 0.891), confirming previous findings from correlation analysis that these two eye
metrics are largely independent in this context. This suggests that blink and fixation
frequencies likely respond to different cognitive or perceptual demands and should be
considered as complementary indicators in driver monitoring systems.

Among the sections, Haldsz utca North emerged as a statistically significant location,
associated with a notably higher blink rate (3 = +12.73 blinks/min, p = 0.004) compared to
the baseline (Dobrentei tér North). This indicates a consistent increase in blinking among all
drivers in that specific area, even after accounting for individual differences. One plausible
explanation for this result is the presence of a large advertisement pillar positioned directly
in the tram driver’s field of view at Haldsz utca North. This intrusive visual stimulus
could act as a source of distraction, increasing blink frequency due to heightened visual
processing demands, frequent shifts in focus, or cognitive disengagement triggered by
cluttered visual scenes.

4. Discussion

This study aimed to objectively quantify cognitive load during tram driving using
eye movement parameters, specifically blink and fixation frequency. Based on a simulator,
the experimental design allowed for controlled repetition of traffic scenarios, ensuring
comparability while maintaining ecological validity. Our findings emphasize how complex
urban environments, particularly certain intersections, influence visual behavior and,
consequently, the mental workload of tram drivers.

Notably, we observed an increased blink frequency at Haldsz utca North across all
drivers, which was statistically significant even after accounting for individual differences.
This suggests that this location imposes a unique visual or cognitive burden. Our ob-
servational analysis indicated that a large advertisement pillar obstructing the driver’s
line of sight likely contributes to this burden. This intrusive element may disrupt visual
continuity, increase the need for re-fixation, and lead to cognitive disengagement, consistent
with previous studies linking visual clutter to blinking frequency [7]. Unlike most other
locations, Haldsz utca North triggered a marked, shared physiological response among
drivers, despite their diverse visual processing profiles. This underscores the value of
eye-tracking metrics in assessing urban infrastructure.

Interestingly, the fixation rate did not statistically predict the blink rate (p = 0.891),
highlighting the independence of these two metrics. This finding suggests that fixation
frequency reflects task-driven attentional demand, whereas blinking is more sensitive
to fluctuations in cognitive load and disengagement. This aligns with earlier research
indicating that while fixations increase during visually demanding tasks, blink suppression
is a more direct indicator of mental load [3,14].
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The significant variability among drivers, especially noted in the random effects of
the Linear Mixed-Effects Model, emphasizes the importance of individual differences
in cognitive and visual processing. For instance, Driver B consistently exhibited lower
blink and fixation frequencies, particularly at Haldsz utca North, which may indicate a
heightened visual focus or a unique coping strategy under stress. These variations highlight
the necessity for adaptive driver monitoring systems that consider baseline visual behaviors
rather than relying solely on absolute thresholds.

These results suggest several actionable recommendations from a traffic safety and
design perspective. First, locations with statistically high cognitive load indicators, such as
Halész utca North, should be prioritized for visual decluttering or design interventions.
Second, simulators combined with eye-tracking technology provide a cost-effective and
scalable method for evaluating infrastructure before it is implemented in the real world.
Finally, incorporating inter-individual baselines into future driver assistance systems could
significantly enhance the detection of inattention or overload accuracy.

Despite their inherent limitations, this study also validates the use of simulator en-
vironments in workload research. Although simulated driving may reduce stress levels
compared to real-world driving [12], our findings indicate that specific stimuli—especially
unexpected events or visually demanding sections—still elicit meaningful physiological re-
sponses. Therefore, simulator studies remain a valuable tool for preliminary infrastructure
assessments and the development of driver monitoring systems.

The study’s main limitation is the small sample size (1 = 4), which may restrict the
generalizability of our findings despite a repeated-measures design. While the simulated
environment allows for control and standardization, it cannot fully capture the psychologi-
cal demands of real-world driving. Future research should include larger, more diverse
samples and compare simulator and field data to improve ecological validity. Additionally,
incorporating metrics like saccade amplitude, pupil dilation, and head movement could
provide a more thorough cognitive load assessment. Longitudinal studies on the effects of
fatigue or experience over time could also offer valuable insights into how mental workload
changes in dynamic situations.

5. Conclusions

This study confirms that fixation frequency and blink rate are effective, objective
indicators of cognitive load in tram drivers. The combined use of these measures enables
reliable identification of high-demand traffic segments and highlights inter-individual
differences in visual behavior. These findings support integrating eye-tracking methods
into driver assessment protocols and infrastructure evaluations to enhance safety and
reduce cognitive strain in urban transport systems.

The primary objective of the research is the development of an innovative measure-
ment system that can be utilized for conducting traffic safety studies related to tramway
operations. The proposed system is designed to be applicable not only to the Budapest
tram network but also to tramway infrastructures in other urban environments.

In addition, particular emphasis is placed on identifying and addressing the issues
revealed during the measurements and throughout the research process, with the aim of
providing solutions that are also advantageous for the public transport operator. However,
in order to draw further conclusions, additional measurements are required, the planning
and execution of which are currently in progress. Author Contributions: Conceptualization,

M.N., A.EB. and V.N.; methodology, M.N.; software, M.N.; validation, M.N., A.EB. and V.N.; formal
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