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ABSTRACT

Head-Up Displays (HUDs) in passenger vehicles are increasingly recognized as an
emerging technology that enhances driver immersion and improves road safety by
projecting critical information into the driver’s direct line of sight. Despite the apparent
advantages, HUD systems have also been associated with challenges, particularly
concerning cognitive overload and the possible impact on drivers’ focus and overall
safety. This study seeks to address these concerns by evaluating HUD navigation
systems in comparison with traditional Head-Down Display (HDD) systems. To
systematically investigate the effects of HUDs on driver behaviour, a controlled driving
simulator study was developed and tested by 22 participants. Each participant engaged
in driving tasks using both HUD and HDD interfaces, allowing for a direct comparison
of driving behaviour on key behavioural metrics. Authors evaluated variances in the
participants’ attention to road conditions, their cognitive load, and interaction patterns
with the navigation systems. In addition to these objective measures, subjective
feedback was collected from participants to capture their personal impressions and
preferences regarding the usability and effectiveness of each display type in the
simulated Laboratory driving environment. The findings from this research highlight
several notable advantages of HUD systems. A significant majority of participants
expressed a preference for HUDs, primarily due to the reduced need for frequent
focal shifts between the display and the road, which allowed them to maintain better
situational awareness of their surroundings. Quantitative performance metrics, such
as the duration of road focus and the accuracy of environmental perception, were
consistently higher when participants utilized HUDs compared to HDDs. The research
offers specific recommendations for future design refinements aimed at achieving an
optimal balance between information presentation and driver safety, paving the way
for more effective and safer HUD integration in future vehicle models.
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INTRODUCTION

Head-up displays (HUDs) have gained significant attention for their potential
to enhance vehicle safety by projecting critical driving information directly
into the driver’s line of sight. Numerous studies support the claim that HUDs
can reduce distractions by eliminating the need to look away from the road.
However, some research suggests that HUDs may introduce new distractions,
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particularly when too much visual information is displayed, which could
adversely affect driving performance (Niakan et al., 2015). The question
of whether HUDs improve overall safety or inadvertently create distractions
remains contested, with mixed results across various studies.

The central debate revolves around the balance between providing
essential information and overloading drivers with unnecessary details. While
HUDs offer real-time updates on navigation, speed, and road conditions,
which improve situational awareness and reduce reaction times (Kiefer,
1991), there is concern that visual clutter could overwhelm drivers, leading to
cognitive overload (Zhu et al., 2021). This raises a critical research question:
does the integration of HUDs in vehicle navigation systems truly enbhance
safety, or does it lead to new forms of distraction and risk?

Previous research has primarily focused on the safety implications of
HUDs as standalone systems, but limited attention has been given to their
role in integrated navigation systems compared to traditional head-down
displays (HDDs). The absence of studies specifically examining HUDs in the
context of navigation systems leaves a gap in our understanding of how these
technologies influence driver behaviour. Given the widespread use of in-car
navigation and the increasing reliance on advanced driver assistance systems
(ADAS), this research is crucial for assessing the real-world impact of HUDs
on driving performance.

Moreover, advances in HUD technology have expanded their functionality
beyond basic navigation and speed display. Modern HUDs now offer
augmented reality (AR) features and entertainment options, raising concerns
about the potential for cognitive overload. Recent studies (Oleg et al., 2023;
Farooq et al., 2020; Farooq et al., 2019) suggest that while HUDs can
improve driver focus, the integration of AR elements may complicate the
driving task by introducing excessive visual information (Bram-Larbi et al.,
2020; Li et al., 2022). This highlights the need for further research into
optimizing HUD interfaces to maintain safety without overwhelming the
driver.

The goal of this research is to assess the effectiveness of HUDs in vehicle
navigation systems compared to traditional HDDs. Specifically, this study
will evaluate how each system affects driver attention, reaction times,
and overall safety. By conducting controlled experiments with participants
using both HUDs and HDDs, the study will provide insights into whether
HUDs enhance or detract from driving performance in real-world scenarios
(Cao et al., 2024). Additionally, potential updates and optimizations for
HUD systems will be discussed to ensure that future implementations strike
the right balance between utility and safety.

Compared to HDDs, HUDs offer the advantage of reducing the frequency
and duration of distractions by projecting information directly in front of the
driver. This minimizes the need to look down at central consoles and allows
for more fluid interaction with navigation and vehicle status information.
However, this research aims to delve deeper into the effects of HUDs on driver
attention and safety, offering practical recommendations for improving HUD
technology in future vehicles.
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EXPERIMENTAL SETUP

City car driving simulator designed for realistic experience of urban driving
was used in this project (City car driving - car driving simulator, PC game
2016). System developed by forward development available on multiple
platforms including pc and gaming consoles. The primary goals of the game
teach players how to drive. It is also used educational purposes because of
realistic driving physics, detailed urban environments, driving scenarios and
challenges. Pre-program navigation was installed inside the game with for
each turn. Driving scenarios and challenges also used on the same level for
each participant. To simulate close impression of the real car, two screens
were used in this project one of them represented a HUD and other one
represented the HDD. The main screen was a 27-inch Dell monitor with
1920x1080 resolution and secondary screen was a 16-inch laptop display
with the same Full HD resolution. Both screens had their refresh rates capped
at 144. The HUD navigation display was approximately 5 cm wide and
was positioned in the upper right corner, (Fig. 2) approximately 60 cm from
the middle of the screen. The drivers simulated the HUD system by looking
directly to the screen. For HDD the authors utilized a 16-inch laptop display
which displayed only the navigation system in the middle of the screen.
The navigation system measured approximately 7 cm long and 5.5 cm wide
(Fig. 2) on the screen. The laptop display was kept closed while the HUD
system was used. During the experiment a visual distraction outside both
displays was created to random blink by illuminating a sequence of 20 red
LEDs. The light bar was attached to the wall 130 cm above the ground within
peripheral view but not directly visible to the driver, when turned off. During
the test, it was turned on and off 5 times and whether it distracted the drivers
was tested both by observation and with the head tracking system.

Random illuminating LED Light ba1‘|
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—

Figure 1: lllustrating test system and top view of angles.



Evaluating the Impact of Head-Up-Display Position for Navigation Systems 467

Figure 2: lllustrating HDD and HUD system interface.

Participants

In total 22 participants took part in the study. The group consisted of 13
Male and 9 women with an average age of 28.3. All the participants had
their official driving licence in Finland or another European country. All
participants met the official vision requirements for a valid driver in Finland,
with two participants having correct vision through prescription glasses. In
terms of HUD experience 17 participants had never used HUD previously,
whereas two participants had extended experienced, another two recorded
have some experience and one participant reported only using the technology
once before.

Procedure

The experimental setup was developed using a vertically adjustable seat with
fixed position of displays and HUDs. A G27 steering wheel and pedals were
used to replicate the driving control along with a driving simulator “City
Driver”. Before starting the actual experiment, participants were given a
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5 mins in normal traffic to get used to the steering system, pedals, HUD
and HDD system. After this process, the actual experiment was started.

In the test the participants were instructed to drive their vehicle and
feel as relaxed as they would in normal circumstances with full control
of the test car. One of the goals was to guarantee that they understand
the displayed information given to them and complete every other driving
operation without any mistake. This included the ability to follow the traffic
regulations, observe lane control and avoid an eventual accident. As for the
specific procedures, participants were to drive and follow measures that are
taken on the roads and pay a lot of attention to the navigation instruction
provided to them on the map. A second map with the same length and density
but a different destination was given to users after the first destination on
the map was successfully reached. This new task was introduced on another
screen in the experimental condition as one of the modifications to the
participants’ goals. This was done to ensure participants did not habituate
to the location of the navigation map on the display.

This part of the experiment aimed at determining whether the participants
keep their performable baseline while following a different route. As this
task was more complex and required greater head movements, the aim
was to compare the performance over a more challenging environment.
Additionally, during the simulation, some onscreen event were staged with
the purpose of measuring the participants’ response time (through breaking)
as well as their alertness levels (time to start breaking). For example,
people would suddenly jump in front of the test vehicle with minimum
warning. Furthermore, other vehicles in the simulation would sometimes
move erratically and/or stop suddenly in the middle of the intersection or a
lane which created traffic congestion and a possibility of causing additional
traffic accidents. These were designed in such a manner that levels of
attentiveness and response instabilities among the participants were to be
tested under conditions of emergencies. Each participant was experienced
three such cases during their drive for both HUD and HDD conditions. The
results of each drive were analysed for variances and are discussed in the
following section.

RESULTS AND DISCUSSION

Overall, both conditions (HUD, HDD) were reported to be usable and
informative by all participants. All the participants completed every task,
reaching the designated target as instructed. Completion of these tasks was
recorded with high rates of accuracy both in tasks for head up 98.1% and
head down: 96% (Fig. 3).

As illustrated in Fig. 3, the average stopping time varied significantly
between participants and the two conditions HUD and HDD. This noticeable
variability in the stopping times was due to the speed at which each
participant applied the brake. With the HUD system illustrating more
consistent performance comparing to HDD system. HUD average stopping
time was X 1.75 while HDD was X 2.26. There was a slight difference
between two values. HDD value shows potential inconsistencies in driver
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response while looking central navigation system while driving. This result
was obtained by calculating HUD vs HDD average braking speeds(km) and
average time to stop value(s) which provided by simulator. Deceleration is a
critical safety parameter that appears to be more stable for the HUD system
than HDD navigation system. The HUD system consistently results in higher
deceleration values which represent more effective communication of braking
and response time. A paired samples t-test was conducted to determine the
difference between HUD and HDD deceleration values. The results indicates
that there is significant difference between HUD and HDD deceleration.
The average HUD deceleration was 7.04 (M = 7.04; SD = 0.99), and the
average HDD deceleration was 6.13 (M = 6.13; SD = 1.09) [t(21) = 3.303,
p = 0.003].

Average time to stop Average braking speed
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——HUD Average time to stop (s) HDD Average time to stop ——HUD Average braking speed (km) HDD Average braking speed

Figure 3: Average time to stop (left), and average breaking speed between HUD and
HDD system.

Head Tracking

To measure the participant’s attention on the road, head tracking was used
in the simulator setup. The apparatus measured drivers’ attention and how
many times they turned their head away from the road. A distractor was
also initiated during the driving session, this was to see if the participants
recognized external distractions (i.e., a red LED strip affixed to the front wall
just outside the direct eyeline of the participants). The Figure below (Fig. 4)
shows how many times they turn their head away from the road.

For example, Participant 1 rotated their head 20 times while using the
HDD but only rotated 7 times in the case of using the HUD. Such distribution
pattern is observed with all participants, but on average head turns are
higher of the HDD condition. Most of all, Participant 10 showed the highest
percentage, tilting the away head 41 times for HDD and 22 using HUD.
The bar chart below represents total number of turns during the simulation
sessions.

The findings (Fig. 4) of the data analysis uncovered multiple essential
insights. Statistical analysis reveals that the average score for HUD is 16.035,
and the standard deviation is 6.96, indicating that participants’ responses
vary somewhat. The scores have a range from a low of 5 to a high of 29. In
contrast, HDD scores have a mean of 26.27 and a slightly greater standard
deviation of 7.36, with scores ranging from 16 to 41. This implies that the
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participants normally scored higher on HDD than on HUD, but with equal
variance. The correlation analysis demonstrated a strong positive correlation
between scores of HUD and HDD, with a correlation coefficient around

0.773.High (HUD) scores were linked to high visual and cognitive load while
lower rate shows lower visual load.
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Figure 4: Head tracking illustrates how many times each participants turn their head
out of road while driving.

Initial Safety

The data typically captures the efficiency of these systems in the areas of
task completion time and driving performance, effectiveness in avoiding
crashes/pedestrian hits, and lane departure accuracy. For example, the time to
finish the task differed between HUD and HDD, yet some of the participants
spend more or less time performing tasks with the help of the applied display
systems. Also, the number of crashes, pedestrian exchanges, and the number
of lane departure errors, inform us of the possible dangers linked with each
of the above-mentioned display style. It is essential for the comparison of the
performance and safety in usage of the HUDs in comparison to the HDDs
during driving. Most of the results showed HUD system is more secure than
HDD. Although this difference was not statistically significant except from
pedestrian hit scores [t(21) = —3.271, p = 0.004].

Questionnaires

In addition to the above analyses of driving performance, to better explain
the participants’ preferences, we gave the participants a document consisting
of 4 questions at the end of each session. Eighteen of the participants had a
general preference for HUDs as opposed to the two who preferred HDDs.
Among the participants, 16 responded that HUDs were more easily used
compared to HMI and five responded that both systems were equally easy to
use. Regarding the distraction levels, 17 participants sighted that, HUDs were
less distracting than HDDs and 2 participants stated they preferred HDDs
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over HUDs. Finally, in the visual comfort factor, 19 of the subjects reported
that they preferred the Awareness Level of HUDs, to reduce head and eyes
swinging motions. These findings imply that HUDs have less interference
with the user and make the automobile interior more visually comfortable
compared to HDDs. As a result of the research conducted and the results
obtained above, we see that the HUD system gives better results compared
to the HDD.
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Figure 5: Bar chart demonstrates lane departure errors. Time to complete, pedestrian
hit and number of crashes parameters between HUD and HDD.
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Figure 6: Bar chart demonstrates lane departure errors. Time to complete, pedestrian
hit and number of crashes parameters between HUD and HDD.

The experimental data and subjective feedback from 22 participants
indicate that braking and deceleration are among the most important
measurements of safety because drivers can never predict when drivers
are less attentive or in complex driving conditions. Issues of the braking
technique of the vehicle, the status of the road and the ability to react to an
event also come into play. In this research, it is pointed out that in-car ADAS
systems for advance warnings may also affect the drivers depending on their
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driving experience. Although precise reaction times were not calculated in
this study, the deceleration rates were examined, and the deceleration average
was with HUDs 7.04 m/s? lower than with HDDs 6.13 m/s%. For the total
sample, there was statistically significant difference between the mean speed,
and the distance travelled while the car was accelerating and decelerating,
self-reported HUD use and the reaction time and force of brake (p = 0.003).

Further, data and analysis is needed to gauge if conditions with fewer
pedestrian impacts and crashes would yield similar result. However, results
of this study show that participants made fewer head movement and break
earlier using HUDs than HDDs. These results support earlier work by
Gish & Staplin, (1995) and Young & Stanton, (2007) and Mendoza,
(2020). Additionally, this would mean that the integration of other advanced
systems such as AR-HUDs and attention-monitoring cameras can potentially
boost safety even further. Since generally, participants preferred HUDs
because of fewer distractions and more utility, the setup demonstrates
that HUD is paramount to enhancing safety and usefulness of vehicle
navigation technology as automobile manufacturers transition between levels
of autonomy (SAE Level 2 and Level 3). Results illustrate that HUD systems
should no longer be offered as an additional piece of equipment in vehicles,
at least not as a navigation feature, but rather as a standard safety system,
similar to traction control, lane keep assist or advance collision warning.
Moreover, as manufacturers transition to brighter and higher resolution
HUDs which are more adaptable in nature, road safety can be increase
further. Display technology and multimodal electronic interfaces (Farooq
et al., 2014) for in-vehicle heads-up displays with adjustable brightness,
customised placement and information content can all contribute toward
safer road conditions (Zhu, & Zhang, 2020). Future HUD systems must
offer personalization this allow users to select greater customisation and
provide drivers the ability to select relevant information to be displayed on
the windscreen.

CONCLUSION

This study utilized a driving simulator to obtain participants’ quantitative
performance data and participants’ qualitative self-reports of their experience
of using HUD and HDD systems. Authors evaluated driving data from
22 participants who undertook complex driving tasks with both types
of navigation systems. Braking time, deceleration values as well as Head
movements were also used as measures to determine the effect of HUDs on
driving performance.

The results clearly show that fewer head movements are needed using
HUDs, which indicates less distraction and better braking performance as
compared to the HDD implementation within this setup. Moreover, the
results confirmed participants’ stronger preference for the HUD system
motivated by quotes such as “it was easy to control and did not hinder my
actions”. Overall HUD yielder few errors and faster task completion times.

This study was conducted in a controlled environment, where
experimental data was collected using a driving simulator. Additional
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research is necessary to be conducted to validate these results. Moreover,
within applied setting additional variables could potentially impact driver
performance, which need to be tested further. Within the scope of this
study, real-world environment phenomena such as rain, traffic jams and
unpredictable road conditions, were not studied and can be factors effecting
the overall results. Hence, future investigations need to consider real-test
situations to confirm the results of this study gauging how effectively HUDs
operate under more complicated conditions.

The present study also has the limitation of having a small and a
homogenous sample of respondents. It is important to note that the
participant pools in the present studies were relatively homogeneous, mostly
consisting of young university male drivers with limited driving experience
using HUD. Therefore, our future work will include a more diverse sample
size, ensuring the inclusion of older and more experience drivers, or drivers
with little to no prior HUD experience. This approach would give a much
broader perspective of how different conditions affect various demographics
of drivers and their diving performance.
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