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Abstract
The head-up-display (HUD), which reflects driving information into the windshield has the goal to lower driving effort from 
the information uptake and thereby, increase our safety by reducing risks associated to e.g., fatigue and stress. However, 
the user acceptance of the Advanced Driving Assistance Systems (ADAS) is remarkably low. This motivated us to test the 
HUD by conducting a real-world experiment with 48 subjects who drove in real traffic conditions two premium vehicles in 
a highway in Germany. After each ride, participants rated their driving experience in terms of Human-Machine Interface 
(HMI), their feelings of safety and driving effort. Results from CMP regressions (Roodman, Stata J. 11, 159–206 (2011)) 
show that the HUD has a significant positive effect on the driving effort and safety feelings, and on the overall driving expe-
rience. Moreover, we find that this effect is stronger among risk-averse drivers, elderly, students, and females. In particular, 
women felt significantly safer while the HUD was activated. To reverse low ADAS acceptance, specific differentiation set-
tings regarding the driver’s profile are discussed.

Keywords  Advanced Driving Assistance Systems (ADAS) · Head-up Display (HUD) · Driving effort · Human-Machine-
Interface (HMI) · User experience · Safety · Risk-aversion

1  Introduction

The information displayed to the drivers has gained increas-
ing attention in direct proportion to the booming of advanced 
driving assistance systems (ADAS). However, it is not a 
secret that most of the drivers remain skeptical about these 
new technologies. Drivers consider them as a very appealing 
“addendum”, even desirable, but in practice, this is another 
story i.e., the ADAS user acceptance in terms of usabil-
ity remains remarkably low. One might think that “flashy” 
information and more than “enough” of it is always good, 
but while driving, this can be even deadly. Then we should 

ask, what do I really care about the traffic information while 
I drive? How much, how and when, or what type, are just a 
few questions about the information displayed while driv-
ing. The traditional dashboard display (head-down-display, 
HDD) has not been removed from the latest models; instead, 
it has been complemented with a head-up- display (HUD) 
which reflects driving information into the windshield. The 
HUD shows us driving-related content with the goal to lower 
driving effort from the information uptake, and thereby, 
increase our safety by reducing the risks associated to e.g., 
fatigue, stress, and distractions [15, 31, 46]. A natural conse-
quence is that customer expectations and preferences, about 
what and how this new information should be displayed, 
have become more relevant for safety, policymaking and 
customer satisfaction.

Nowadays we are used to adjust our devices e.g., smart-
phone, laptop, notepad, etc., but twenty years ago Gish 
and Staplin [18] already proposed to study the customers 
preferences and attitudes towards the in-car displays. This 
literature, however, is still scarce, and to some extent, lim-
ited to the classical HDDs (e.g., [16, 53]). Most impor-
tantly, the relationship between the drivers’ expectations 
about improvements on safety and mental workload, and 
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customer satisfaction are still largely unknown or not fully 
understood (e.g., [7, 42, 54]). Recent studies on Lane Keep-
ing Assistance Systems (LKAS) confirm the aforementioned 
findings (e.g., [1, 2, 30]). Furthermore, given the high costs 
of real-world experiments involving autos with ADAS and 
the complexity that involves carrying out them in real traf-
fic conditions, a large proportion of the available empirical 
evidence has been collected using hypothetical experiments, 
simulations, questionnaires and surveys ([27] provide a com-
prehensive overview). In general, the scope of these studies 
relates to the ADAS technical improvements (e.g., [32, 33, 
39]), their inclusion into traffic situations (e.g., [14, 17]) and 
transportation (e.g., [9, 50]), as well as the associated risks 
and safety issues (e.g., [6, 13, 35, 40, 43, 48]).

This has motivated us to conduct a real-world driving 
experiment with the aim to provide new insights about the 
driving experience using ADAS. More specifically, we 
attempt to uncover relevant factors surrounding the HMI 
that might contribute to increase the user acceptance on 
these new technologies. Therefore, our main hypothesis is 
straightforward: the HUD improves the HMI, reduces the 
perceived driving effort and increases the feelings of safety. 
Regardless it is a general assumption, several questions 
remain: e.g., how does the HUD influence the driving expe-
rience?, is it context and demographics dependent?, how 
should it be designed to reverse low acceptance? A detailed 
hypotheses formulation will help us to answer these and fur-
ther questions.

        H1: HUD is associated with psychological factors 
(e.g., risk-aversion).
        H1a: Drivers’ risk-aversion mediates the effects of 
HUD on the perceived driving effort and safety feeling.
        H2: The HUD effect is context dependent (e.g., 
vehicle model).
        H3: The effect of HUD differs among demographics 
(e.g., gender, age, occupation).
        H4: Operability, displays, design, monitoring and 
warnings (HUD components) determine the HMI assess-
ment.

We address these assumptions using a novel approach: 
we present a field experimental design where we test the 
use of HUD in real roads, but still under control condi-
tions. Additionally, we collected data from 48 subjects 
who were asked to drive and evaluate the ADAS from two 
premium vehicles equipped with HUD and LKAS: a pro-
totype Porsche Panamera Turbo, 2016 and a BMW 520d, 
2017. The experimental route consisted of a well-known 
federal highway in the Allgäu region in Germany. The road 
has a length of approx. 61 km in which subjects were asked 
to drive at a speed between 100 and 130 km/h. Moreover 

our data analysis strategy consists of the well-stablished 
multi-equations Mixed Process Model (by Roodman [47]) 
which allows us to observe the effects of HUD accounting 
for identification, dependency and endogeneity concerns.

Our findings thus add to an emerging real-world experi-
mental research on ADAS. In particular, our results bring 
new insights into two streams of the existing driving expe-
rience literature: on the user acceptance on the one hand 
(see for example [15, 20]), and on the other, on the role of 
behavioral constructs such as risk-aversion, and the over-
all feelings of driving effort and safety (e.g., [11, 41, 58, 
61]; and evidence thereafter). Indeed, we find that these 
behavioral factors are important for the user-driving expe-
rience on ADAS. Our findings show that these variables 
reinforce or diminish the HUD positive effects on driv-
ing. For instance, the drivers’ risk-aversion can determine 
whether the effect of the HUD on the driving experience 
is positive and significant. Moreover, we answer the ques-
tion about which HMI components could be improved in 
order to increase the user acceptance. Average responses 
from our experimental drivers suggest that a simple and 
intuitive monitoring system, as well as comprehensible 
and opportune warning displays are decisive to fulfill the 
driver’s expectations. In the conclusion section of this 
paper, we recommend concrete actions on the HUD design 
to increase user acceptance.

The rest of the paper is organized as follows. In the 
next section, we present the methodology, in Section 3, 
we summarize our main results, and later, we conclude.

2 � Experimental Design and Procedure

The study was conducted under a within-subject design 
in which each subject was asked to drive two different 
vehicles: a prototype Porsche Panamera Turbo, 2016 (A) 
and a BMW 520d, 2017 (B), both equipped with HUD 
and LKAS (see Table and Fig. 1). In order to distin-
guish the effects of driving with HUD compared with 
driving without it, each subject drove a route with the 
HUD activated, and the same route without HUD, first 
driving vehicle A and immediately after the vehicle B. 
Therefore, each subject drove the route four times, twice 
with vehicle A –with and without HUD activated- and 
twice with vehicle B –with and without HUD activated- 
The order of the vehicle to drive first, and whether the 
HUD is activated or not was randomized to account for 
potential order effects.
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2.1 � The Two Vehicles

They were selected from three main assumptions: first, due 
to their first-class nature, they are easily recognized by driv-
ers. This highlights the devices, features and systems under 
evaluation. Second, they include state-of-the-art ADAS 
which in addition, are designed with highest standards to 
satisfy even demanding users. Third, the use of two vehi-
cles allows us to test whether the hypothesis of our study is 
sensitive to certain models. Significant differences between 
the cars e.g., autos from different segments may lead to a 
confound effect on our results. For example, differences in 
results may be driven by marked differences between vehi-
cles’ level of technology, comfort and safety, and not due to 
the activation of ADAS. We are aware that further research 
is required to complement this assumption, e.g., more mod-
els from different segments should be compared.

For a detailed description of the two vehicles, including 
technical information and a comparison of their systems, 
see Table 1.

Fig. 1   HUD and HDD from 
vehicles A (left) and B 
(right). Source: Porsche and 
BMW websites

Table 1   Vehicles' technical 
information and ADAS settings

Abbreviations: a Lane Keeping Assistant bAdaptive Cruise Control cHead-up Display

Concept Vehicle A Vehicle B

Model Panamera Turbo 2016 520d Limousine 2017
Power 404 kW (550 PS) 140 kW (190 PS)
ADAS Icons small LKASa icon + big ACC​b icon combined LKAS + ACC icon
HUDc

Manufacturer Panasonic Continental AG
Gral. Settings wide /high / inclined wide / high / rotation
View standard/ compact / customized standard/ compact / customized
Speed Presentation numeric numeric + colorful transitions
Speed Limit Warning actual actual + coming up limit
Operation touchscreen menu in settings' section iDrive menu + manual rotary switch
LKAS
Manufacturer Porsche Continental AG
Intervention Moment soon / late soon / late
LKAS Hands-off Warning static: steering wheel with red hands dynamic (gradual): steering wheel 

with yellow hands
Warning Volume low / medium  /high low / medium  /high

Fig. 2   Route: B12 and B19 in Allgäu, Germany. Map extracted from 
Google Maps
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2.2 � The Driving Course

The route consisted of a well-known federal highway in the 
Allgäu region in Germany (see map in Fig. 2). This has 
a length of approx. 61 km which was traveled at a speed 
of 100–130 km/h and taking an average driving time of 
45 min in each vehicle. More precisely, subjects drove both 
the Bundesstraße 12 (B12) and Bundesstraße 19 (B19). 
These routes were chosen due to their differences in terms 
of curves pronunciation, scenarios and landscape. In this 
way, participants experienced a wide variety of maneuvers 
appropriate for driving evaluation purposes. To avoid the 
formation of expectations or strategic responses, subjects 
were not informed about the aim of the study. They were 
simply informed that the main goal was to test the vehicles 
and make a general assessment i.e., after each of the four 
rides, each subject responded a set of questions to evaluate 
their overall driving experience.

With the aim of creating a complete experience using 
ADAS, we let the LKAS function activated so that drivers 
acquire a deeper feeling of driving with assistant systems. 
Another reason to use LKAS in our setting is that for some 
drivers, the HUD might be seen as a simple substitute for 
the HDD, therefore, the evaluation might differ depending 
on whether the information displayed is related to ADAS or 
not. Notice that LKAS is one of the most recognized features 
within assistant systems. Basically, it ensures that the vehicle 
automatically remains in its lane as it is shown in Fig. 3. 
Moreover, to avoid a bias in evaluations due to differences 
between ADAS configuration in vehicle A and B, we asked 
subjects to drive each car using the default settings, both for 
LKAS and HUD.

2.3 � The Driving Experience Assessment

Although most of HMI evaluation criteria focuses on usa-
bility [15], other driving related constructs such as safety 
issues and driving effort might have an important impact 
on user acceptance. We thus experimentally investigate 
the relationship between these concepts: HMI, Driving 
Effort, and Safety. Previous work has started to address the 

relevance of these factors. For instance, in a recent cross-
cultural study conducted in UK and China, Large et al. 
[31] evaluate the HMI using a simulator. They find that 
Chinese drivers were more concerned about the aesthetics 
of in-vehicle technology designs than about the associ-
ated potential distractions. UK subjects, on the other hand, 
were more concerned about the safety. Similar results are 
also found in Young et al. [64]. Therefore, the way in 
which driving safety is associated to user acceptance is 
considered critical due to its several implications, not only 
on the automotive industry, but also on the society [15, 
20]. Furthermore, behavioral and individual characteris-
tics are also investigated. Risk attitudes towards driving 
safety have been well documented since several decades 
ago (e.g., [41, 61]; and evidence thereafter). More recent 
studies have shown that personality traits such as risk-aver-
sion are strongly associated with speeding behavior among 
young drivers (e.g., [36, 56]), and with driving decision 
making under uncertainty (e.g., [35]). As regards to driv-
ing effort, back in 1989 [11] Davis et al. proposed a frame-
work to qualify automotive HMI cognitive ergonomic 
quality. In this model, the driver acceptance is dependent 
on a perceived ease of use, defined as the degree to which 
a person believes that the HMI in question will reduce the 
driving effort. Later in 2003, Venkatesch et al. developed 
a theory on usage behavior where the intention to use is 
influenced, among other factors, on the effort expectancy.

Despite in different research fields the use of subjec-
tive measures is arguable, these have been recognized as 
meaningful tools for studies on user acceptance (see for 
example [15, 55]). The ISO 9241 − 210 (2006) states that 
a human-centered design follows an iterative process: (a) 
the analysis represents a starting point where researchers 
are able to understand the context, thus able to identify the 
user necessities and requirements, followed by (b) the design 
itself, where a new concept is conceived, and (c) the assess-
ment of the concept is conducted. Inspired in the previous 
arguments, we propose an HMI assessment which contains 
the following constructs: HMI, Safety, Driving Effort, Oper-
ability, Information Displays, Design, Monitoring, and 
Warnings.

Fig. 3   LKAS from vehicles 
A (left) and B (right). Source: 
Porsche and BMW websites
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2.4 � The Questionnaire

The procedure to apply our questionnaire is as follows. After 
each ride, we provided to the participants a fixed evaluation 
sheet based on a seven-points Likert-Scale. Below we pre-
sent the wording of the questions:

From a scale where 1 = not satisfied and 7 = very satis-
fied, rate the following evaluation criteria for the LKAs

HMI Interaction  “To what extent have you met your expecta-
tions regarding the communication, functionality, and aim of 
ADAS during the steering maneuvers, which possibly leads 
to driving corrections?”

Safety Feeling  “To what extent have you met your expecta-
tions regarding a reliable, trustworthy and predictable ADAS 
that can drive you safely?”

Driving Effort  “To what extent ADAS helped to meet your 
expectations regarding the driving effort?”

Operability  “To what extent have you met your expectations 
regarding a self-explanatory and easy to operate ADAS?”

Information Display  “To what extent have you met your 
expectations regarding a self-explanatory, comprehensive 
and easy ADAS display?”

Design  “To what extent have you met your expectations 
regarding a comprehensible ADAS design?”

Monitoring  “To what extent have you met your expectations 
regarding simple and intuitive monitoring actions from the 
system?”

Warnings  “To what extent have you met your expectations 
regarding comprehen-sible, coherent, and opportune warn-
ing displays from ADAS?”

2.5 � Procedure

A total of 48 subjects participated in the study and invited 
through e-mail using the mailing list from the University of 
Applied Sciences Kempten. Both, written and verbal consent 
for participation were stated to all participants. The objec-
tives, times and steps of the study were informed and dis-
cussed allowing a period of time for underlined questions. 
Those who accepted the invitation participated voluntarily 
without any type of payment or incentive. Participants were 
received at the Adrive Living Lab facilities which is part of 
the Mechanical Engineering Faculty. Before the rides, sub-
jects were instructed in detail about the route, the vehicles 

to be tested, and common procedures. In addition, they 
answered a questionnaire about general demographics such 
as gender, age, occupation, etc. They had the time to get 
familiar with each vehicle i.e., adjust the seat, mirrors, steer-
ing wheel, etc., and to briefly drive them before the actual 
test. An experimenter accompanied each participant during 
the tests to provide further instructions, and most impor-
tantly, to always ensure safety. All sessions were conducted 
in German language.

The composition of our experimental sample is as fol-
lows: from 48 participants, 11 are female (23 %). Most sub-
jects were students (67 %) while the rest of the sample was 
composed by academic-administrative staff (and a small pro-
portion by people under retirement). The average age was 38 
years old (Md = 29).

3 � Results

In this section we summarize our main results. Given that 
the use of two premium vehicles and their associated expen-
ditures make our experiment highly costly, we executed it 
using a within-subject design. The responses from the driv-
ers are therefore not independent. We coupe this identifica-
tion issue by proposing a model where we jointly estimate 
our variables of interest: Driving Effort, Safety Feeling, and 
the overall HMI assessment. Below, we first start by intro-
ducing basic descriptive statistics.

3.1 � Descriptive Statistics

To study the distributional characteristics of our variables of 
interest, we present the following box plots (1–3) in Fig. 4. 
The scores are based on the 1–7 scale and each variable 
shows two boxes: when the HUD was not activated (our 
benchmark) versus when it was (labeled as “HUD”). The 
graph on the left (1) shows the scores from the evaluations 
over the perceived Driving Effort. Here we see that the 
median of our benchmark scores is, Md = 4 vs. Md = 5 when 
HUD was on. Similar distribution is observed for Safety 
Feeling (2) with Md = 4 vs. Md = 5. With respect to the HMI 
Interaction (3), we see that the median score of our bench-
mark Md = 5 with a relatively large box, uneven in size, and 
skewed towards the lower quartile. The large box indicates 
that in general, drivers hold quite different opinions. Its 
uneven size skewed towards less positive scores shows that 
half of the drivers’ rates falls below 5, with a wide variation 
on their scores. In comparison, when the HUD was on, both 
the upper quartile and the Md = 6 indicating more consensus 
towards more positive scores. Overall, the box plots show 
that the use of the HUD outperformed the HDD. Estimations 
of Maximum Likelihood z-tests indicate that differences 
between these conditions are statistically significant: Driving 
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Effort with z = 6.08, p < 0.01; Safety Feeling with z = 5.79, 
p < 0.01 and HMI Interaction with z = 5.38, p < 0.01, respec-
tively. As a robust examination, we run the semi-parametric 
Signed-rank test for dependent observations, and we find 
similar results. In addition, larger boxes from the HDD sug-
gest that opinions from drivers differ in a greater extend 
when only the HDD is used, than when it is complemented 
with the HUD. In the last case, from the shorter boxes, we 
see that the opinions are more unified.

In the next section, we formally test the effect of the HUD 
as well as its relationship with relevant driving variables. In 
addition, we apply statistical models to shed light on how 
our three parameters of interest are determined.

3.2 � Three‑equations Mixed Process Model

To tackle the challenges from identification issues, we spec-
ify and jointly estimate a system of three-equations. These 
include the estimation of robust standard errors clustered at 
the subject level, thus accounting for the dependency and 
endogenous nature of our variables of interest. The estima-
tions are based on a system of equations using the well-
known mixed-process model by Roodman [47]. As robust 
test, we also run standard OLS and truncated Tobit regres-
sion models. We find similar results as those presented in 
this paper.

Table 2 shows each specification (in rows) and the corre-
sponding coefficients (βs) for each explanatory variable that 
jointly correlate with each of the three dependent parameters 
(in columns). From the first row, we see that the positive 

β for HUD shows that its activation outperformed signifi-
cantly the use of the HDD alone in: the perceived Driving 
Effort and Safety Feeling, and on the overall HMI Interac-
tion assessment. This HUD effect holds after controlling for 
exogenous variables such as gender, age, weather conditions, 
and the type of vehicle. In fact, we do not find evidence that 
the cars used in our experiment made a significant difference 
on the results (with β= -0.191; p = 0.504). In addition, we 
find that the HUD effect is strongest at the HMI Interaction 
with β = 0.802 i.e., for drivers, the HUD has a stronger effect 
on their HMI Interaction valuation than on their Driving 
Effort and Safety Feeling. 

3.2.1 � HMI Components

Because the HUD, compared with the HDD, has a statisti-
cally significant and positive effect, we now ask which of 
the ADAS components actually make a difference for the 
drivers. While we do not find a significant effect from the 
Operability, Information Displays, and Design; the β for 
Monitoring indicates that simple and intuitive monitoring 
actions from the system have a significant impact on the 
three variables of interest: Driving Effort, Safety Feeling and 
on the HMI Interaction assessment. The β is the largest at the 
second column (Safety Feeling) indicating that the concept 
of monitoring is particularly important to create a feeling 
of safety among drivers. In line with this, previous research 
shows that drivers using the HUD spend more time moni-
toring the road environment (e.g., [3, 28, 38]). To a lesser 
extent, we find that the Warning Displays are important, 

(1) (2) (3)

Fig. 4   Distribution of Driving Effort (1) Safety Feeling (2), and HMI Interaction (3)
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specifically for the Driving Effort and for the overall HMI 
Interaction evaluation (3). Previous studies support these 
findings. For instance, Kim et al. [23] tested screen-fixed 
warnings in a HUD and found that they improved the driv-
er’s performance. Häuslschmid et al. (2015) compared 2D 
hazard warnings with HUD screen-fixed warnings and find 
that the augmented version does not outperform the con-
ventional one, however, they find that, in general, the use of 
warnings increases the eyes-on-the-road time; while Pomar-
jaschi et al. [45] found that markup warnings can reduce the 
eye movements, reaction times, and collisions. We thus ask 
whether and how the feelings of safety can contribute to 
explain the perceived driving effort and the HMI Interaction 
assessment. To this purpose, we now consider Safety Feeling 
as an explanatory variable. From its positive and significant 
βs in columns (1) and (3), we infer that the feelings of safety 
contribute to reduce the perceived driving effort and to help 
drivers to meet their expectations in terms of HMI Interac-
tion. Later on, in this section, we deepen the analysis of the 
HUD effect by estimating models with interaction terms.

3.2.2 � Demographics

Next, we introduce basic demographics in order to shed 
light on the heterogeneity in the drivers’ responses. Here, 
the negative βs for Gender in the three equations indicate 
that, in general, women tend to be more demanding than 
men in terms of Driving Effort, Safety Feelings, and on the 
overall HMI Interaction. The βs, however, are not statisti-
cally significant. In contrast, Age is decisive for the HMI 
Interaction assessment with a β = -0.021 and p < 0.05. The 
negative β indicates that older individuals are more critical 
than younger drivers about the HMI Interaction. In line with 

this result, we also see that the Occupation is determinant 
for the HMI Interaction. The positive β = 0.819 and p < 0.05 
show that students are less demanding compared to profes-
sionals when evaluating the HMI Interaction.

In the last four rows (8–11), we summarize the models 
including two-way interaction terms. The aim is to deeper 
the analysis on the HUD effect and on the rest of the explan-
atory variables.

3.2.3 � Heterogeneity and Mediation Within the HUD Effect

By including interaction terms, we can distinguish how 
the HUD effect varies between basic demographics and 
how it interacts with the variables associated to the driving 
experience. First, from model (8) we see that the feelings 
of safety mediate the HUD positive effect on the Driving 
Effort, and on the HMI Interaction i.e., when the HUD 
is activated, the feeling of safety helps to reduce the per-
ceived Driving Effort. In line with our result, Tönnis et al. 
[52] found that drivers feel safer when the HUD is acti-
vated, while Horrey et al. [22] and Yung-Liu and Wen [34] 
found that drivers feel less load and stress. Interestingly, 
from β= -0.136 and p < 0.05 we see that the positive effect 
of HUD on HMI Interaction diminishes as the satisfaction 
in terms of safety feeling increases. In other words, those 
drivers who felt satisfied in terms of safety feeling were 
more critical on the HMI Interaction valuation. This in 
turn suggests that our findings are driven by the drivers’ 
risk-aversion i.e., whether the drivers felt safe during the 
rides. To validate our claim, we run a robust test by con-
verting the Safety Feeling into a dichotomous covariate 
using its Md = 5 as cut-off. We then run a t-test for the dif-
ference of means between risk-averse and non-risk-averse 
drivers using a Tobit model with lower and upper bounds 

Table 2   Conditional mixed-
process regressionsa

a CMP models [47] with robust std errors clustered at subject level in ()
HUD =1 when HUD was activated, Gender= 1 for female driver, Occupation= 1 when student, and 0= 
otherwise
***p < .01, **p < .05, *p < .10; n = 182

Variable Driving Effort (1) Safety Feeling (2) HMI Interaction (3) Controls P > X2

HUD (1) 0.736*** (0.121) 0.758*** (0.131) 0.802*** (0.149) yes < .001
monitoring (2) 0.222* (0.114) 0.342*** (0.117) 0.293*** (0.102) id. id.
warnings (3) 0.202** (0.083) 0.137 (0.109) 0.157** (0.074) id. id.
safety feeling (4) 0.801*** (0.080) na. 0.627*** (0.080) id. id.
gender (5) -0.936 (0.388) -0.249 (0.366) -0.017 (0.481) id. id.
age (6) 0.005 (0.017) -0.001 (0.014) -0.021** (0.011) id. id.
occupation (7) -0.430 (0.572) 0.376 (0.465) 0.819** (0.354) id. id.
HUD*safety feeling (8) 0.106** (0.041) na. -0.136** (0.052) id. id.
HUD*gender (9) 0.865*** (0.321) 0.571** (0273) 0.116 (0.274) id. id.
HUD*age (10) 0.017** (0.007) 0.009 (0.008) -0.005 (0.005) id. id.
HUD*occupation (11) 0.451** (0.205) 0.136 (0.271) -0.543 (0.332) id. id.
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of 1 and 7 respectively and robust standard errors clustered 
at the subject level. This test shows that it was actually the 
risk-averse drivers who rated better the HMI Interaction 
while the HUD was activated (with M = 5.67), compared 
to those who stated less risk-aversion (with M = 4.20 with 
t= -5.44 and p < 0.01). In other words, the positive effect 
of HUD on HMI Interaction is stronger among risk-averse 
drivers. Research on the drivers’ risk-aversion and the role 
of information is not new. de Palma et al. [12] found that 
the type of information about a route e.g., whether the 
information about the route is free, costly, or private infor-
mation is evaluated differently depending on the driver’s 
degree of risk-aversion, and in turn, this evaluation results 
in a driving decision with higher/lower expected utility. 
Furthermore, studies on the accuracy of travel information 
have shown that when the information is less accurate, 
drivers make a shift to the reliable route, even when it 
represents the useless alternative [4, 5].

We now turn to the way the HUD effect differs among 
demographics. Recent related work has shown that socio-
economic characteristics including gender, age, and whether 
drivers are full-time employees should be taken into con-
sideration (e.g., [29, 59]). From (9) we see that female driv-
ers are more sensitive to the HUD than men are regarding 
Driving Effort. More specifically, the β = 0.865 indicates that 
when the HUD was on, women felt significantly less Driv-
ing Effort. The same is true in terms of the perceived feel-
ings of safety. Here, women felt significantly safer than men 
did when the HUD was activated. However, we do not find 
evidence indicating that the HUD makes male and female 
drivers evaluate the HMI differently. These findings span 
to an extensive empirical literature on gender-differences 
in driving behavior (e.g., [26, 37, 60] and evidence there-
after). In a meta-analysis, Byrnes et al. [8] find that gender-
differences in risky driving behavior seemed to increase 
with age. In model (10), the interaction HUD*age shows 
that older drivers are more responsive to the HUD, and 
this is statistically significant when assessing their Driving 
Effort. The mediation HUD-age does not hold when drivers 
evaluate their safety feeling or their overall HMI experience. 
Related work indicates that the HUD can alleviate the effort 
for elderly drivers [24], however, it has been shown that 
its advantages are fewer among young drivers [62, 63]. We 
conclude the analysis studying the effect of HUD among 
different occupational activities. In particular, we look at 
how professionals, including those involved in full and part 
time positions differ from students when driving with HUD. 
The interaction term in (11) supports what we see in (10), 
more experienced drivers in terms of age and professional 
activities are more demanding when assessing the HUD, 
especially when evaluating their Driving Effort. Previous 
research has also distinguished the effect of driving informa-
tion among experienced and less experienced drivers. For 

instance, Vaughn et al. [57] show that less experienced types 
(measured in travelling frequency) comply more with travel 
information than more experienced drivers. Moreover, it has 
been shown that as experience increases, drivers are more 
reluctant to use the available travel information [49]. Finally, 
the βs and p-values in the last two columns suggest that the 
occupation, as well as the age, are not determinants for the 
evaluation of the safety feeling and HMI Interaction.

4 � Discussion

The recent booming of ADAS has open an important debate 
among manufacturers and policymakers about how and what 
type of information is given to the driver. On the one hand, 
engineers have on concepts such as the HUD a particular 
“showcase” to present travel as well as non-travel related 
information. Yet, on the other hand, the advances on driv-
ing assistance systems have developed high expectations 
and preferences about the information displayed. Certainly, 
they should be considered because until now, the accept-
ance and ADAS activation rates are remarkably low. The 
general assumption, and thus the hypothesis of our study is 
that ADAS improve the driver experience by reducing the 
perceived driving effort and by increasing feelings of safety. 
Yet the question is whether this assumption is true, and if 
so, why their acceptance is low, and most importantly, how 
to increase it? We thus present an innovative experimen-
tal data collection from 48 drivers with the aim to provide 
a realistic assessment about the driving experience using 
ADAS, specifically, about the use of the HUD. To achieve 
this goal, we carried out a real-world driving experiment 
conducted under real-traffic conditions and using two pre-
mium vehicles. Our analysis and findings are based on a 
model where the driver acceptance about ADAS is condi-
tional on two main factors: the perceived driving effort and 
the feelings of safety. Results from mixed-process regres-
sions show that with sufficient variation on the feelings of 
safety from drivers, the valuation over the HMI Interaction 
can turn significantly negative. Not surprisingly, our findings 
relate to empirical evidence indicating that behavioral con-
structs such as risk-aversion play an important role in driv-
ing contexts (e.g., [4,  5, 12, 35]). From our data, we infer 
that risk-averse drivers are more responsive to the HUD than 
those who are not, those who, for instance, typically focus 
on other driving aspects such as time saving or comfort. The 
inspired feelings of safety thus work as a driving force able 
to amplify or diminish the positive effect of the HUD when 
evaluating the driving effort and HMI Interaction. Ulti-
mately, this mechanism can affect positively or negatively 
the user acceptance. We might then ask which aspects from 
the HMI Interaction should be improved in order to increase 
the ADAS user satisfaction. Our results suggest that a simple 
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and intuitive monitoring system, as well as a comprehensi-
ble and opportune warning display are decisive to fulfill the 
driver’s expectations. Furthermore, three main forms to rein-
force the HUD positive effect on driving can be considered: 
differentiate the driver preferences in terms of gender, age 
group, and occupation. More specifically, the HUD effect 
i.e., when the HUD is activated, becomes stronger among 
elderly drivers, students, and females who felt significantly 
less driving effort compared to when they drove with HDD 
only. In particular, women felt significantly safer while the 
HUD was activated. In sum, we propose the following con-
crete actions to improve the HUD design. First, an intelligent 
system should identify the driver’s profile e.g., age group, 
gender, occupation, risk-aversion, etc., and activate the HUD 
accordingly. For instance, the system should differentiate 
two main profiles:

a)	 Highlight the HUD when the driver is female, belongs 
to an upper age group, or is risk-averse. For this profile, 
HUD should emphasize safety aspects e.g., proximity to 
pedestrian areas, speed limits, faster and louder warn-
ings, and a simpler activation and visualization.

b)	 Offer a variety of customization options when the driver 
has a male, young or a risk-seeking profile. Settings 
might include more vivid colors, icon sizes, vehicle per-
formance info and driving modes (e.g., sport, dynamic, 
comfort) rather than monitoring, warning or safety 
issues.

Advanced Methods such as AI, IoT and Blockchain-Tech, 
combined with Agile, Lean UX, A/B testing and Design-
Thinking have proved effectiveness when capturing users’ 
profiles and dynamically translate them into ad-hoc designs.

Finally, given the complexity to achieve internal and 
external validity when studying driving scenarios (i.e., 
real-world experimental costs, parameters’ endogeneity, 
drivers’ recruitment, legal-traffic issues, etc.), we believe 
that we have taken an important step towards the analysis 
of ADAS user acceptance. Yet, further research is needed 
to confirm, contrast, and question the existing evidence. A 
step forward is to study the role of objective data. Several 
researchers have already pointed out the lack of objective 
measures, as well as reliable and standardized method-
ologies to elicit them (e.g., [10, 15, 19, 25, 44, 51]). It 
is somehow clear that, for instance, parameters obtained 
from the vehicle’s computer combined with physiologi-
cal metrics in relation to driving effort and safety feel-
ing would offer a more complete story of what drivers 
state in surveys and questionnaires. This certainly gives to 
researchers and practitioners a comprehensive understand-
ing of driving behavior and users’ preferences. Yet, after 
observing the heterogeneity in responses, we believe that 
not only correlations with objective data might shed light 

on unrevealed factors, but also, psychological constructs 
that up to now have not been considered. Methodologi-
cally speaking, several challenges are ahead. For instance, 
we acknowledge the limitations of testing two vehicles 
from the same segment. With this procedure, we gained 
on control of adjacent factors and at the same time, we 
provide evidence that our results and conclusions are not 
dependent on the car model, at least not on the vehicles 
used in our study. This may motivate further research e.g., 
how can IoT display the driver’s preferences in real-time?, 
how ADAS activation and acceptance varies among differ-
ent segments, manufacturers, and models? We believe that 
ADAS are no longer a matter of purely technical issues, 
but a concept that requires solutions from several other 
approaches. ADAS are no longer the future, but already 
the present in our roads.
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