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Back-to-Back Subjective Validation Study on
Lateral Guidance Systems
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Abstract—Rapid developing driving simulator technologies
enable the possibility of assisting the human-centered develop-
ment of Advanced Driver Assistance Systems and Autonomous
Driving. It boosts the efficiency of functional testing and profes-
sional subjective assessment of the system under test and thus
greatly shortens the development cycles of ADAS functions. Fur-
thermore, standardized and transparent assessment procedures
contribute to the robustness and transferability of the test results.
However, the application of driving simulators in the practical
development process is based upon the validity of the test results
in the virtual environment. The aim of this study is to deter-
mine the subjective validity of a high-fidelity dynamic driving
simulator. A back-to-back study was designed to subjectively
evaluate two lateral guidance systems on an objectively validated
simulator and in a real vehicle respectively. The results show
that the professional drivers evaluate the system characteristics
similarly in the aspects of driver interaction, perceived safety
and functional performance as well as in most of their sub-
aspects in the virtual and in the physical test environment and
that absolute subjective validity can be established. Although the
intervention intensity of the lane departure avoidance system and
the general reproducibility of the lane keeping assist system show
significant differences between the test environments, relative
subjective validity can also be confirmed. In addition, the results
of regression analysis reveal the influencing factors of driver’s
subjective evaluation of the three main system characteristics and
confirm the effectiveness of the evaluation methods.

Index Terms—Lateral guidance system, advanced driver assis-
tance system, dynamic driving simulator, subjective validation.

I. INTRODUCTION

W ITH the rapid development of Advanced Driver Assis-
tance Systems (ADAS) and Autonomous Driving (AD)

functions, and the growing trend towards industrial digitaliza-
tion, the need to minimize development time, cost and resource
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consumption is increasing. The importance of lateral guidance
systems in particular is highlighted by the EU regulation,
which came into force in July 2024, requiring all new vehicles
to be equipped with an emergency lane departure warning
system [1]. There are two types of lateral guidance systems of
Automation Level 2 (according to [2]), namely Type I and
Type II according to [3]. The primary goal of the Type I
system is to prevent the driver from unintentionally leaving
the lane. It intervenes only near the lane markings, leaving
a relatively wide area around the center of the lane for the
driver to steer freely. Type II, on the other hand, is designed
to relieve the driver of driving tasks, such as long-distance
highway driving, and keep the vehicle in its lane. Type II
systems are an essential foundation for higher-level automation
and full autonomy. These two types of lateral guidance systems
are referred to in this paper as Lane Departure Avoidance
(LDA) and Lane Keeping Assist (LKA) systems, respectively.
For a comprehensive review on the topic of subjective and
objective evaluation of lateral guidance systems refer to [4].
Compared to the widespread application of LDA and LKA in
commercial vehicles, customer acceptance of lateral guidance
systems remains limited. A study involving over 120 partici-
pants found that drivers experience significantly higher stress
levels, both subjectively and objectively, when using LKA [5].
Additionally, a customer survey conducted by AllianzDirect
in 2023 reported that only 19.3% of respondents felt safe
using lateral guidance systems [6]. The current development
process for lateral guidance systems relies heavily on the
subjective judgment of professional test drivers and devel-
opment engineers in the late prototype phase. This testing
and tuning process is not transparent due to its subjective
nature and dependence on specific development processes
and requirements of the Original Equipment Manufacturer
(OEM). On the other hand, it is also very time and resource
consuming.

Driving simulators have become a powerful tool for research
and development, with applications spanning engineering,
medicine, psychology, and more. Their role is especially
critical in vehicle and ADAS development, meeting today’s
high demands for efficiency, safety, resource conservation,
and the integration of human factors. For a comprehen-
sive review of the open-source driving simulators used in
the research of AD, see [7]. Driving simulators provide a
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safe and controlled testing environment with reproducible
driving scenarios, in which test drives can be conducted
under controlled conditions and in a shorter time period.
An example is [8], where the researchers employed a high-
fidelity dynamic driving simulator to analyze driver-preferred
autonomous driving styles under varying weather conditions
and oncoming traffic. The simulator enabled precise control
over environmental variables and traffic scenarios across all
participants, facilitating consistent and efficient evaluation.
This approach is particularly valuable given the regulatory
and safety constraints associated with real-world autonomous
vehicle testing. Furthermore, driving simulators are suitable for
investigating human-machine-interaction and including human
factors such as distractions, mental load, interaction etc. in the
technical design and evaluation. A recent review [9] examined
the use of driving simulators for detecting abnormal driv-
ing behaviors across 70 studies. The authors highlighted the
advantage of driving simulators in providing a controlled yet
realistic environment that enables the safe exploration of risky
or ethically challenging scenarios, as opposed to real-world
GPS-based testing methods. Additionally, driving simulators
offer a promising alternative to overcome the limitations of
current real-vehicle subjective evaluations mentioned above.
They can be flexibly integrated into all phases of the V-model
[3], particularly in early development stages of ADAS and
AD, involving the driver as early as possible. This approach
could reduce or even replace the reliance on empirical real-
world test drives with professional test drivers during the
prototype phase. Thus, it can significantly lower development
costs by shortening iteration cycles and minimizing the need
for prototypes, professional test drivers, and test tracks.

However, the subjective studies focusing on human-
machine-interaction and subjective driver evaluation, such as
safety perception, acceptance etc., primarily remain in the
research phase and are not yet fully integrated into the actual
product development process of ADAS and AD. Findings
from subjective studies conducted in driving simulators cannot
always be directly transferred to real-world scenarios, as the
validity of such studies has not been thoroughly investi-
gated. This lack of validation hinders decision-makers from
effectively incorporating subjective feedback into the product
development process. Validity, along with objectivity and
reliability, is one of the three essential requirements for the
design, conduct and evaluation of subject research [10].

Even though driving simulators have been used in a wide
range of application areas, validation studies of driving sim-
ulators are rather heterogeneous. There are validation studies
regarding the individual use cases, but the results cannot be
extrapolated. This is because the degree of validity required
is often dependent on the purpose of the experiment. Driv-
ing simulator validity means how accurately it replicates
real-world driving [11] and can be classified from different
perspectives. The most common one is the distinction between
absolute and relative validity [12]. Absolute validity refers to
cases where the data obtained in the simulator matches the
data obtained in the real vehicle to a sufficient accuracy. If the
absolute value of the data from the two domains are different
but have a comparable trend, it can be referred to as relative

validity. The data being compared in the two domains could
be variables such as driving parameters, psychophysiological
measures or subjective evaluations etc. [13].

Other classifications are also introduced and investigated.
Mullen et al. [14] distinguish physical from behavioral validity.
Physical validity focuses on the characteristics of the driving
simulator, while behavioral validity refers to the correspon-
dence of the driving behavior in the two domains. For example,
Klüver et al. [13] studied how the simulator characteristics
and user characteristics influence the behavioral validity of
the simulators. They found a significant association between
simulator sickness and impaired driving performance, with
gender and age also influencing performance in fixed-base
simulators. In addition, some researchers have taken driver’s
mental workload across different environments into consider-
ation. Lobjois et al. [15] investigated the behavioral validity
of a low-cost driving simulator by comparing speed control
and cognitive demand. While speed-related measures showed
high validity, attentional aspects related to vehicle handling
were less consistent. The joint analysis of behavioral and
mental workload metrics revealed discrepancies between these
two validity dimensions. In [16], the author divides validity
into external and internal validity. External validity refers to
the representativeness and transferability of an experiment
and its results to real-life conditions. Internal validity, on
the other hand, is a question of whether a found effect is
really unambiguously due to the influence of the independent
variable [16].

Moreover, objective and subjective validity are also men-
tioned in literature. Objective validity, which by definition is
equivalent to physical validity, can be established by com-
paring selected objective measures, and subjective validity
by considering drivers’ perceptions, obtained through survey
[17]. Physical or objective validation of a driving simulator
typically addresses the system’s components, layout, and
dynamic characteristics, such as braking and steering response
[12], [14], and is generally considered a prerequisite for
establishing subjective validity. While validated track and
vehicle models are mandatory requirements, they do not auto-
matically ensure subjective validity. Factors such as actuator
behavior, ergonomic design, screen dimensions, and motion
cueing algorithms can all significantly influence the perceived
realism and, thus, the overall subjective validity of the simu-
lator [18]. Llopis-Castelló et al. [17] conducted an objective
validation of a low-cost driving simulator based on continuous
speed profiles, complemented by a subjective evaluation of
the virtual environment quality and task similarity between
the simulator and the real world through questionnaires. In
addition to external validity, Hussain et al. [19] investigated
the subjective validity of a static driving simulator setting
utilizing a questionnaire comparing the general comfort, speed
perception and performance of the simulator with the real
vehicle. Li et al. [20] evaluated subjective validity in straight
and large-radius cornering sections using both physiological
measures and questionnaires addressing perceived similarity to
real-world driving in various aspects, including steering wheel,
clutch, gear, scenarios, and speed perception. Research [21]
also assessed subjective validity for speed research by asking
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participants to rate the perceived realism of the simulation.
Andriola et al. [22] similarly examined perceived realism and
motion sickness in an immersive simulator compared to the
real-world scenario. These studies have primarily evaluated
subjective validity based on participants’ perceptions of simi-
larity between the simulator and real-world driving. However,
the definition of “subjectively valid” remains vague, often
interpreted as being achieved when the majority of participants
rate the realism above a medium threshold. More comprehen-
sive studies have extended this approach by integrating both
descriptive and statistical analyses of subjective evaluations
collected in both simulated and real environments, such as
[23], [24], and [25]. Gómez et al. [23] studied the objective and
subjective validity of a dynamic driving simulator regarding
steering feel and handling by comparing the objective metrics
and the subjective assessment between the driving simulator
and the real road test respectively. Due to the limited number
of professional test drivers – only two completed the simu-
lator trials – the analysis focused on comparing directional
trends in subjective ratings across different vehicle setups in
different test environments. In contrast, studies [24] and [25]
included larger sample sizes (N > 70), allowing for statistical
analysis of subjective ratings using methods such as ANOVA.
Further aspects of simulator validity from the point of view
of psychology and behavioral sciences can be found in [26].

When it comes to developing ADAS and AD and analyzing
their interaction with drivers, driving simulators come in
especially handy. They enable the testing of features that
are not yet ready for production or that would not yet
meet regulatory requirements, in user-orientated or extreme
scenarios. However, in comparison to the number of simulator
studies on ADAS and AD, the number of studies that have
confirmed the validity of the results is limited. Some examples
are [24], which investigated the driving simulator validity
for evaluating driving comfort of autonomous driving, and
[25], which conducted a validation study of an autonomous
emergency braking system using a static driving simulator.
Not only is there a paucity of research, but there is also a
lack of standardized methods for assessing simulator validity,
as mentioned in [11]. Furthermore, behavioral and subjective
validity of a driving simulator is always limited to a specif-
ically defined research question or driving task [24], [27].
Therefore, this study is dedicated to investigating the potential
of a high-fidelity dynamic driving simulator in terms of its
validity for the human-centered development and tuning of
lateral guidance systems. The study offers three key benefits:
First, it identifies weaknesses in current lateral guidance sys-
tems by benchmarking commercial LDA and LKA systems,
which, as noted, do not fully meet customer expectations.
Second, if subjective validity is established alongside objective
validity, it will prove that this simulator can be utilized not
only in the early development phase, but also consistently
throughout the product development process. In particular,
it can add value in the late tuning phase by potentially
reducing the dominance of the road test with test drivers.
Finally, the findings provide insights for the development of
other ADAS requiring similar levels of human monitoring and
interaction.

Fig. 1. The Advanced Vehicle Driving Simulator (aVDS) at IFM of Kempten
University of Applied Sciences.

The objective of this study is to examine the absolute
validity of professional test drivers’ subjective perception
and evaluation of lateral guidance systems in a high-fidelity
dynamic driving simulator, in order to investigate the potential
and limitations of developing such systems in a virtual envi-
ronment. This study aims to answer the research question: Do
professional test drivers perceive and evaluate LDA and LKA
system similarly in a dynamic diving simulator compared to
a real-world environment? Furthermore, this study discusses
which sub-aspects influence professional test drivers’ overall
impression of LDA and LKA in terms of interaction, safety
and performance.

The remainder of this paper is organized as follows: Sec-
tion II presents the experiment methods and study design,
as well as how the collected data are processed. Section III
demonstrates the detailed results of the validation study, which
include the comparison of the main subjective assessment cri-
teria, the sub-criteria and the transferibility of the assessment
of LDA and LKA in the two domains respectively. In addition,
the regression models of the subjective assessments are also
analyzed. The results are then discussed in Section IV, based
on which key conclusions are drawn and the research question
is answered in Section V.

II. METHODS AND DATA

A. Dynamic Driving Simulator and Lateral Guidance
Functions

The study is conducted on a high-fidelity dynamic driving
simulator from AB Dynamics at the Institute for Driver
Assistance and Connected Mobility (IFM) associated with the
University of Applied Sciences Kempten, Germany (see Fig 1).
The high performance motion platform with 8 linear actuators
provides 6 degree of freedom (DOF) motion. 7 LED projectors
provide visualization of the driving scenario with a diameter
of 8.8 m, a height of 4 m and a field of view of 250◦ for the
driver. A half-cockpit is installed on the motion platform to
increase driver immersion. A steering rig with a linear actuator
that applies simulated rack forces allows the installation of the
original steering system, including the electrical control unit
[28], [29]. A vehicle model is parameterized and validated
on the simulator based on the test vehicle on which the road
test is performed. The LDA and LKA algorithms, identical
to those from the actual vehicle ECU, are provided by the
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Fig. 2. Test scenarios. (a) Drifting off (DO) on a straight section. (b) Lane
change (LC) on a straight section. (c) Free run (FR) on a straight section.

industrial project partner as C-code and integrated into the
validated vehicle model in IPG CarMaker. This Software-
in-the-Loop (SiL) simulation is executed on a real-time PC
running RedHawk Linux. The LDA and LKA functions are
objectively validated prior to the subjective study.

B. Study Design

For the validation of the LDA function, the maneuver of
Drifting Off (DO) and Lane Change (LC) were performed on
a straight road at the speed of 90 km/h. The LKA function
was validated by hands-off Free Run (FR) in the middle of the
lane on a straight section at 100 km/h. The test scenarios are
depicted in Fig 2. The same scenarios with the same initial
conditions were simulated both in offline simulation and on
the simulator. The objective validation was accomplished by
comparing the characteristic objective metrics (OM) such as
intervention time and position, maximal lane deviation, lateral
acceleration, lateral jerk, and intervention torque etc.

22 male professional drivers (median age: 33 years, mean
age: 36.9 years, standard deviation: 9.4 years) were recruited
for the back-to-back subjective validation study, with informed
consent obtained. Of these, 20 drivers had experience with
more than 5 test drives, while the remaining 2 had participated
in 2–5 test drives prior to the study. The subjects were asked
to test the LDA and LKA function of the Vehicle under Test
(VUT) on the proving ground and then on the dynamic driving
simulator in Fig 1. They were asked to conduct the maneuvers
described in Fig 2, with both hands on and hands off, 5 times
in the case of each system respectively. After 5 repetitions,

the drivers rated the System under Test (SUT) based on their
subjective perceptions. Then they repeated the same process
on the dynamic driving simulator.

This study has inherited the questionnaire from study [30],
which was designed to evaluate LDA on a static driving
simulator, with minor modifications. The subjects were asked
to evaluate the LDA and LKA system in three major sub-
jective aspects, i.e. Driver Interaction, Perceived Safety and
Functional Performance. Two additional criteria, Lateral Jerk
and Handover Behavior on Intervention Termination, have
been incorporated into the original questionnaire in [30] for
the evaluation of the systems’ dynamic characteristics and the
smoothness of the handover process. While the main focus of
the subjective evaluation of both systems is similar, there are
some minor differences in the sub-criteria of the two systems
to account for their different use cases. For instance, due to the
short intervention duration of LDA, the primary focus is on
the overall intervention intensity. In contrast, less emphasis is
placed on the driver’s interaction with the steering wheel dur-
ing intervention, such as Co- and Counter-Steering or Steering
Wheel Motion. This limited timeframe does not allow drivers
sufficient opportunity to adequately assess these factors. As for
LKA, the system employs a constant intervention strategy on
the straight sections to maintain the vehicle in the center of the
lane. Consequently, criteria such as Disengagement Position
and Angle cannot be evaluated during continuous intervention
and are excluded. The sub-criteria of each category are listed in
Table I. For detailed definition of each criterion, refer to [30].
Subjects rated each criterion on a 1-10 ATZ-scale with the
option of rating the direction of the deficiency. For example,
for LDA-SA1.1 General Intervention Strength, 1 is too weak,
10 is optimal, and -1 is too strong.

After all test runs were completed, the subjects answered
summary questions about their perception of the two SUT
on the simulator compared to the proving ground: i) Have
you recognized the functional characteristics of the LDA/LKA
system on the dynamic simulator? ii) Is it conceivable to
transfer the LDA/LKA development procedure to the dynamic
driving simulator? The subjects answered these questions
according to their experience in the two test environments on a
scale of 1-5, where 1 represents “not recognizable/conceivable
at all” and 5 represents “very well recognizable/conceivable”.

C. Data Analysis

The subjective assessment (SA) scores, which ranged from
1-10 with the introduced sign representing the direction of
deficiency mentioned above, were first converted to a linear
scale of 1-19 to deal with the negative sign [30]. In order to
find out whether the subjects evaluate the SUT on the dynamic
simulator in a similar way as in the real vehicle, the SAs were
statistically tested. Since the SAs are not normally distributed,
Wilcoxon signed rank test for paired samples was selected.
The null hypothesis is that there is no difference between the
subjects’ SAs of the LDA/LKA system on the dynamic driving
simulator and in the vehicle. A significance level of 0.1 [30]
was selected for the test. After testing the hypothesis, the effect
size r was calculated to evaluate the practical relevance of the
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TABLE I
MAIN AND SUB-CRITERIA FOR THE SUBJECTIVE ASSESSMENT OF LDA AND LKA SYSTEM RESPECTIVELY

results. It is calculated with the z-score and the sample size n
as follows:

r = |
z
√

n
|. (1)

The value of r ranges from 0 to 1, with 0 representing no effect
and 1 maximum effect. According to [31], the effect size is
small if the absolute value of r varies around 0.1, medium if
around 0.3, and large if more than 0.5.

If the results of the Wilcoxon test are not significant, but
have a medium to large effect size r, it was then examined
whether conspicuously high variances of the SA ratings may
have diluted the difference between the vehicle and the sim-
ulator. The variance of the SA ratings in the two domains
was examined using the coefficient of variation (CV) and then
a Levene’s test was performed to see if the variances are
significantly different. The CV is defined as the ratio of the
standard deviation σ to the mean µ:

CV =
σ

µ
. (2)

In addition, it was also investigated which sub-criteria
influence the rating of the main criteria. The collinearity of
the sub-criteria ratings were tested first. After that, single and
multiple linear regression models were established to examine
the relationship of the sub-criteria and main criteria of each
evaluation category. The regression equation is generalized as

y = b0 + b′ · x + u, (3)

where y represents the score of the main criterion, x the sub-
criterion or several sub-criteria. b represents the regression
coefficients and u the stochastic unobservable disturbance.

III. VALIDATION RESULTS

A. Results of Subjective Validation

The distribution of the SAs for the vehicle and the simulator
is shown in Fig 3. They are not normally distributed and

Fig. 3. Distribution of SAs for the vehicle and the dynamic driving simulator.

right-skewed. Wilcoxon test was conducted to examine the
difference between all the SAs from the two environments.
The result with a p-value of 0.1687 failed to reject the null
hypothesis, meaning that the subjects generally evaluate the
SUT in a similar way in the vehicle and on the dynamic driving
simulator. The effect size r = 0.0573 indicates a very weak
effect of the impact of the driving test environment. In the
following, SA criteria are analyzed individually for each SUT.

1) Main Subjective Criteria: The main SAs of both LDA
and LKA are comparable in the road test and on the dynamic
simulator. The results of the Wilcoxon tests show no significant
difference between the two domains. This means that the
drivers do not perceive the interaction, safety and functional
performance differently in the simulator as in the real vehicle.
The comparison of the the SAs is shown in Fig 4 and the
results of the Wilcoxon test for each main criterion as well as
the effect size r are listed in Table II. Medium to large effect
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Fig. 4. Comparison of drivers’ rating scores of 3 main SAs for LDA and LKA.

TABLE II
WILCOXON TEST RESULTS AND EFFECT SIZE OF LDA AND LKA MAIN

SAS

Fig. 5. Box plot of subjective ratings in vehicle vs in simulator. (a) LDA-
SA1.1 General Intervention Strength. (b) LDA-SA1.2 Override Capability at
Lane Boundary. (c) LKA-SA2.2 General Reproducibility.

sizes r are in bold. Even though not statistically significant,
SA3 Functional Performance of both LDA and LKA show
a medium effect of r = 0.23 and r = 0.32 between the two
domains. This can still show practical relevance and should
be taken into consideration in further studies.

2) Lane Departure Avoidance System: The statistical test
results of the drivers’ ratings of each sub-criterion for LDA
system are shown in Table III. In this and the following
tables, p-values smaller than 0.1 and 0.01 are marked with
* and ** respectively. It can be seen that LDA-SA1.1 General
Intervention Strength and LDA-SA1.2 Override Capability at
Lane Boundary are evaluated significantly differently in the
vehicle compared with the simulator. The box plots of the
comparison between the subjects’ ratings in vehicle and in
the simulator for each sub-criterion are displayed in Fig 5a

and 5b. It shows that drivers perceived a significantly weaker
LDA intervention in the simulator and that it was subjectively
easier to override the system in the simulator compared to the
real vehicle.

The rest of the sub-criteria do not show significant dif-
ferences between the two test environments, which means
the subjects perceive these system characteristics similarly
in vehicle and in the dynamic simulator. However, even
though the null hypothesis cannot be rejected, the comparison
of LDA-SA2.1 Maximum Lane Overshoot and LDA-SA3.5
Lateral Jerk in the two test environments also have a medium
effect size r.

3) Lane Keeping Assist System: The results of the
Wilcoxon signed rank test as well as effect size r are shown
in Table IV. The only sub-criterion that shows significant
difference between real vehicle and the dynamic simulator
is LKA-SA2.2 General Reproducibility. The comparison of
the SAs in vehicle and in the dynamic simulator is shown
in Fig 5c. It indicates that the subjects experienced higher
reproducibility with less variation in the simulator. The com-
ments of the drivers are analyzed. 7 drivers commented on
the real system in the vehicle and 1 on the simulator for
this criterion. 6 comments mention that the LKA system in
the vehicle “intervenes differently on the left and on the right
side of the lane” and that it is “asymmetric”. 1 comment on
the simulator implies that the system intervention is “more
symmetric”.

For LKA-SA1.3 General Intervention Strength, LKA-SA3.2
Oscillation Behavior and LKA-SA3.3 Lateral Jerk the effect
size is medium. There are no comments from the subjects
on LKA-SA1.3 or LKA-SA3.3. For LKA-SA3.2, however, 4
out of 4 comments on the real system in the vehicle mention
that the LKA system “oscillates differently” dependent on the
side of the lane. 2 out 5 comments on the simulator mention
that the LKA system oscillates “less” and “more symmetric”.
For all other sub-criteria, the subjective ratings are comparable
between the two test environments.

4) Relative Validity: For subjective ratings that do not show
a significant difference between the vehicle and the simulator,
but the effect sizes are still moderate, their variances are further
examined to see if the variability of the data has masked the
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TABLE III
WILCOXON SIGNED RANK TEST RESULTS AND EFFECT SIZE OF SA SUB-CRITERIA FOR LDA SYSTEM (p∗ < 0.1, p∗∗ < 0.01)

TABLE IV

WILCOXON SIGNED RANK TEST RESULTS AND EFFECT SIZE OF SA SUB-CRITERIA FOR LKA SYSTEM (p∗ < 0.1, p∗∗ < 0.01)

TABLE V

CORRELATION ANALYSIS OF THE CRITERIA THAT ARE SIGNIFICANTLY
DIFFERENT BETWEEN TWO DOMAINS OR HAVE A MEDIUM TO LARGE

EFFECT

difference between the domains. The CV of these SAs are
between 0.19 and 0.44, which are considered low to moderate.
The results of the Levene’s test show that none of the SAs
have siginificantly different variances in the vehicle and the
simulator. Their low to moderate variance and the similarity
between the two domains further support the reliability of the
Wilcoxon test results. However, the medium effect size r of
the non-significant difference cannot yet be explained with the
present dataset and requires further study.

In the next step, for subjective criteria whose absolute
validity has not been confirmed, it is necessary to examine
whether there is at least relative validity. For this purpose,
correlation analysis is conducted for all the SAs that are
significantly different between the vehicle and the simulator.
The results are presented in Table V. Note that r here refers
to Pearson’s correlation coefficient and is to be differentiated
from the effect size. The results show that all three SAs
show a moderate to strong significant positive correlation. This
indicates that the drivers’ subjective assessment in the real
vehicle and in the simulator are at least consistent and shows
a comparable trend. Thus, at least relative subjective validity
of the simulator in terms of LDA-SA1.1 General Intervention
Strength, LDA-SA1.2 Override Capability and LKA-SA2.2
General Reproducibility can be confirmed.

5) Transferibility of the SUT on a Dynamic Simulator: The
drivers were asked to rate the following questions and were
encouraged to leave a comment in addition after all the test
runs of both SUT were completed: i) Have you recognized
the functional characteristics of the LDA/LKA system on
the dynamic simulator? ii) Is it conceivable to transfer the
LDA/LKA development procedure to the dynamic driving
simulator? The histogram and the statistical information of
the results are shown in Fig 6 and Table VI. The medians of
the responses to both questions with respect to both SUT are
4 (well recognizable/conceivable) and the maxima are 5 (very
well recognizable/conceivable). The minima for LDA system
for both questions are 3 (partly recognizable/conceivable).
Only one driver rated both questions for LKA system with
a minimum of 2 (barely recognizable/conceivable). In total,
more than 68% of the drivers find that the LDA and LKA
functional characteristics are well to very well recognizable on
the dynamic simulator and it is well to very well conceivable,
that the system development procedure can be transferred to
the dynamic driving simulator.

There are a total of 64 comments on the 4 summary ques-
tions, namely question i) and ii) with respect to LDA and LKA.
35 of those are for LDA and 29 for LKA. These comments can
be summarized into 7 categories, which are listed in Table VII.
20 comments in total mentioned explicitly that the system
characteristics are recongnizable in the dynamic simulator. 16
comments in total explicitly approved the practicality of the
driving simulator. They mentioned that it is meaningful to use
a dynamic driving simulator, at least in the early stages of
system design, because it provides a safe and reproducible
test environment. It should be noted that these comments are
open additional comments to questions i) and ii) without many
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Fig. 6. Histograms of the subjects’ responses to the summary questions.
(a) Functional characteristics recognition. (b) Conceivability of the system
transferibility.

TABLE VI

STATISTICAL INFORMATON OF THE SUMMARY QUESTIONS

predetermined conditions. This means that the number of each
comment category and the comparison of these numbers does
not necessarily have a statistical significance. The purpose of
summarizing and analyzing these comments is simply to sort
out any notable features that were noticed by more subjects
and are less likely to be biased opinions.

B. Regression Analysis of Subjective Criteria

In order to find out the relationship between the main criteria
and their sub-criteria, which can also be seen as the customer
level and expert level criteria, and examine which aspects
influence the rating of the main criteria the most, regression
analysis is conducted for each SUT in each subjective category
in both test environments. Before that, collinearity of the sub-
criteria was tested to avoid redundant predictors. The LDA
subcriterion LDA-SA1.1 General Intervention Strength shows
a high collinearity with LDA-SA1.2 Override Capability at
Lane Boundary, and LKA-SA2.1 Maximum Lane Deviation
with LKA-SA2.2 General Reproducibility for LKA system.
Both collinear relationships can be identified in the vehicle and
the simulator assessment with a correlation coefficient larger
than 0.7. The complete collinearity matrices of LDA and LKA
subjective sub-criteria are presented in Table XI.

Both single and multiple linear regression (SLR and MLR)
were used to model the relationship between the main criteria
and the sub-criteria. The significant SLR models (p < 0.05)
with their estimated model coefficients (b0, b), coefficient
of determination R2 and respective overall model p-value

are listed in Table VIII and IX. Vehicle and simulator SA
regression results are presented side-by-side for comparison.

The LDA main criterion LDA-SA1 Overall Driver Inter-
action does not show dependency on any of the sub-criteria
in either domain. LDA-SA2 Overall Perceived Safety shows a
similar relationship with the sub-criterion LDA-SA2.2 General
Reproducibility in both domains (R2 = 0.56 in vehicle,
R2 = 0.60 in simulator). Maximal Lane Overshoot of LDA
does not directly influence the assessment of drivers’ perceived
safety in vehicle (R2 = 0.00, p = 0.9810), but significantly
in the driving simulator (R2 = 0.42, p = 0.0012). LDA-SA3
Overall Functional Performance, however, shows inconsis-
tency in the two domains. This main criterion is explained
by LDA-SA3.6 Handover Behavior in vehicle and not by
LDA-SA3.4 Disengagement Angle (R2 = 0.17, p = 0.0565),
and the other way around in simulator (Handover Behavior
R2 = 0.02, p = 0.5794).

The regression results of LKA are more consistent through-
out the test domains compared to LDA. Apart from the fact
that LKA-SA1 Overall Driver Interaction has a significant
dependency on the sub-criterion LKA-SA1.5 Steering Wheel
Motion only in the driving simulator but not in the real
vehicle (R2 = 0.17, p = 0.565 in vehicle), all other significant
models can be found in both domains with similar model
coefficients. Furthermore, except for LKA-SA3.1 Control-Free
Corridor, all the other sub-criteria are significant in explaining
the respective main criteria. Especially the sub-criteria LKA-
SA1.2 Co-Steering, LKA-SA2.1 Maximal Lateral Deviation
and LKA-SA2.2 General Reproducibility, they explain 44-
59% of the variation of the respective main criteria both in
vehicle and in simulator with a high significance of p < 0.001.

The above results show that co- and counter-steering and
the intervention intensity play an essential role in driver’s
perception of driver-vehicle interaction when driving with
LKA. LDA-SA2 and LKA-SA2 Overall Perceived Safety are
both highly positively dependent on the sub-criterion General
Reproducibility, which means a higher reproducibility of the
assistant system leads to a better safety feeling. This relation-
ship stands both in the road tests and in the dynamic driving
simulator. The drivers relate the SA3 Overall Functional
Performance of LDA and LKA with different sub-aspects. But
SA3.1 Control-Free Corridor cannot directly explain drivers’
perception functional performance of neither system in neither
domains. Besides, it can be noted that the drivers subjectively
strongly relate the functional performance of LKA to lateral
jerk, whereas this is not the case for LDA.

MLR is utilized in the next step to explore more complex
relationships of subjective assessment using more than one
predictors. To maintain the interpretability of the models and
avoid overfitting, only MLR models with a lower value of
Akaike Information Criterion (AIC) than the SLR models
are selected. The optimal MLR models are illustrated in
Fig 7 and the model coefficients as well as quality criteria
are listed as in Table X. Overall Functional Performance of
LDA in the simulator can be better explained by adding an
additional predictor LDA-SA3.2 Returning Behavior with a
higher R2 and lower p-value. Similarly, the MLR models of
Overall Perceived Safety and Overall Functional Performance
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TABLE VII

SUMMARY OF COMMENTS ON LDA AND LKA FROM SUBJECTS

TABLE VIII

SIGNIFICANT SLR MODELS FOR LDA (p∗ < 0.05, p∗∗ < 0.01)

TABLE IX
SIGNIFICANT SLR MODELS FOR LKA (p∗ < 0.05, p∗∗ < 0.01)

Fig. 7. Optimal multi linear regression results.

for LKA evaluation in vehicle present a better model quality
than the SLR models by combining 2 predictors. Although
these optimal MLR models are not consistently found in both
test environments, they still provide relevant insights for more
complex modelling as more data becomes available in the
future. For example, just because Returning Behavior does not
explain the variation in the main criterion alone, it does not
necessarily mean that it does not contribute to the evaluation
of system performance at all.

It should be kept in mind that only linear relationships were
investigated because of the limited data points. The potential

non-linear relationships are not revealed and the results should
not be extrapolated.

IV. DISCUSSION

The drivers’ assessment of the main criteria in the aspects of
driver interaction, perceived safety and functional performance
show no significant difference between the road test with the
real vehicle and in the virtual environment in the driving
simulator. The comparison of most sub-criteria in the two
test environments also show no significant difference for both
systems except for 3 criteria. The drivers perceived the general
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TABLE X
OPTIMAL MLR MODELS FOR LDA AND LKA (p∗∗ < 0.01)

intervention strength of LDA to be weaker in the driving
simulator and found it easier to override the system around
lane boundaries in the simulator. As for LKA, the drivers
assessed the reproducibility of the system to be significantly
higher in the simulator compared to the real vehicle. The
drivers’ comments indicated that the interventions in the road
test were dependent on the side of the road, whilst the inter-
ventions in the simulator were more symmetrical. However,
the comments were not unanimous or did not mention which
side was stronger than the other. One potential reason for this
phenomenon is the road bank angle, which was not included
in the road model in the simulation environment. The drivers
were not given a specific driving direction during the road
tests and could test the system on a straight section in both
directions for a more efficient test procedure. This might
have caused the inconsistency in the comments regarding the
stronger side. However, the rating of these 3 criteria, i.e. LDA-
SA1.1 General Intervention Strength, LDA-SA1.2 Override
Capability at Lane Boundary and LKA-SA2.2 General Repro-
ducibility, all show a moderate to strong significant correlation
between the two test environments. This indicates that the
relative subjective validity with respect to these SAs can be
confirmed.

Other than the statistical significance, the effect size of each
test is also analyzed to examine the practical meaning of the
domain difference of each subjective criterion. The difference
of the subjectively perceived lateral jerk is found to show a
medium effect for both LDA and LKA. The perceived lateral
jerk in the simulator is smaller than in the road test, which
could be traced back to the motion cueing of the dynamic
simulator. The motion platform provides acceleration cues
that stimulate the driver’s vestibular system, enhancing the
perception of vehicle behavior [32]. However, physical limi-
tations in cockpit displacement and actuator power restrict the
simulator’s ability to replicate the full vehicle dynamics [33].
The state-of-the-art dynamic simulator from AB Dynamics
used in this study operates with a classical washout motion
cueing algorithm (MCA), incorporating a sway gain scaling
of 0.75 and a high-pass filter cut-off frequency of 0.1 Hz.
These parameters result in attenuated and more gradual motion
cues compared to real-world driving conditions, potentially
influencing the driver’s perception of lateral jerk. The test
environment also showed a medium effect in the subjective
assessment of LKA’s general intervention strength and torque
build-up. In addition, the perceived oscillation behavior of

LKA is slightly more intense in the simulator than in the
real vehicle and this difference has a medium effect. For
LDA, the difference of the subjectively perceived maximum
lane overshoot in the simulator compared to the real vehicle
has a medium effect size, even though the difference is not
significant. However, the low to moderate variance of the SAs
and the similarity of the variance between the two domains
confirmed the reliability of the Wilcoxon test results. This
suggests that the medium effect of the domain difference
with respect to these SAs is not caused by data variability.
Considering the results of the Wilcoxon test (equal medians)
and the Levene’s test (equal variances), the absolute subjective
validity in terms of these SAs can be confirmed based on
this study. Nevertheless, the medium effect size of these SAs
is valuable for further research and should be taken into
account in future study design, even though the effects are
not statistically significant in this study. Possible influencing
factors that could be explored in more detail include subtle
simulator latencies or visual rendering nuances. While the
simulator used is a state-of-the-art, high-fidelity system with
high motion bandwidths and a 240 Hz visual setup, minimal
latencies, though likely negligible, may still arise from motion
cueing algorithms, multi-PC rendering synchronization, or
actuator response times. These could subtly affect human
driver perception, such as through sensorimotor mismatch, and
may warrant closer examination in advanced follow-up studies.

When comparing the common sub-criteria of LDA and
LKA, there are also some interesting findings. First of all, as
mentioned above, the perceived General Intervention Strength
and Lateral Jerk is smaller in the simulator than in the real
vehicle for both systems. Furthermore, the drivers’ subjective
assessment of Control-Free Corridor and Handover Behavior
on Intervention Termination do not show significant difference
or noticeable effect between the driving simulator and the real
vehicle for both LDA and LKA. As for differences, the drivers
noticed a significant difference in General Reproducibility
between the test environment when driving with LKA, but
not with LDA.

The regression analysis is then conducted to explore the
sub-aspects that actually influence the drivers’ perception of
interaction, safety and functional performance of the tested
lateral guidance system. It is found out that drivers’ assessment
of interaction with LDA is not dependent on either LDA-
SA1.1 General Intervention Strength or LDA-SA1.2 Override
Capability at Lane Boundary in both test environments. This
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also explains why the subjective assessments of the two sub-
criteria are significantly different between the simulator and
the real vehicle, but LDA-SA1 Overall Driver Interaction
is not. This means that drivers do not directly relate the
interaction with LDA to the intensity of the intervention, which
may be caused by the short intervention duration of LDA
and the safety-oriented character of the system. The factors
that actually influence the interaction evaluation need to be
further studied. Some potential factors could be drawn from
the collected comments in Table VII, such as intervention
duration or the actual course of the assist torque build-up. On
the other hand, the drivers’ assessment of the interaction with
LKA is positively dependent on LKA-SA1.1 - LKA-SA1.4 in
both domains. This shows that a more harmonious co- and
counter-steering and a stronger intervention lead to a better
perceived driver-vehicle interaction when driving with LKA.

The drivers’ perceived safety shows a clear tendency across
systems and domains and is positively dependent on General
Reproducibility, i.e. a higher system reproducibility leads to
a greater safety feeling. For LKA, a smaller lane deviation
also has a positive influence on the perceived safety in both
test environments, whereas for LDA, a smaller lane over-
shoot only has a positive influence in the simulator. It must
be emphasized that the evaluation of the lane deviation is
subjective. Therefore, this result has to be interpreted as an
interpersonal difference in lateral deviation tolerance leading
to different feelings of safety. The regression results of the
two systems Functional Performance are not comparable. This
is to be expected as the performance criteria for LDA and
LKA are defined differently due to their different primary
purpose. However, there are still some common aspects that
can be derived. For both systems, Handover Behavior is a
critical factor in assessing system functional performance. On
the other hand, drivers do not relate Functional Performance
directly to Control-Free Corridor, or at least it is not the
dominant influencing factor. And Lateral Jerk plays a more
important role for the perception of system performance for
LKA as for LDA.

In general, more SLR models are found for LKA than for
LDA. These LKA models are also more consistent in different
test environments. However, it is rash to conclude that the sub-
criteria of LDA assessment are mostly irrelevant. Underlying
relationships that are more complex than a simple linear
relationship, such as multivariate or nonlinear, cannot yet be
excluded. The results of the MLR show the complexity of the
driver’s perception and evaluation of the system characteristics
and indicate the potential for more complex modeling methods
in the future.

Based on these results, it can be concluded that integrating
the subjective evaluation method in the early phases of lateral
guidance system development is feasible. However, it should
still be mentioned that this study reflects a common limitation
of subjective test drives and subject studies: balancing practical
feasibility with statistical robustness. While the sample size is
limited from a statistical standpoint, it aligns with established
practice and is justified by constraints such as the availability
of expert drivers, project duration, and confidentiality. Prior
studies such as [34], [35] [36], and [37] support the adequacy

of such sample sizes for subjective evaluations. The use
of professional test drivers further strengthens the results
by ensuring consistent, expert assessments. Nevertheless, the
constrained sample size inherently limits statistical power,
which should be considered when interpreting the results.
Furthermore, for research objectives focused on broader user
perspectives, such as user acceptance, it would be essential
to include naı̈ve drivers and ensure a more representative
participant demographic.

In addition, several challenges remain for practical imple-
mentation. One key aspect is ensuring the subjective validity
of the simulator across all necessary test scenarios, such as
curves with different radii at various velocities, to guarantee
representative and reliable results before practical application.
Another critical factor is the seamless integration of the
simulator-based evaluation into existing development work-
flows. This includes assessing their alignment with traditional
vehicle testing methods and determining whether methodolog-
ical adjustments are necessary. From a cost-benefit perspective,
an essential consideration is identifying the minimum required
simulator fidelity that ensures reliable subjective evaluations.
Extremely high-fidelity simulations may not always be nec-
essary if a lower-fidelity setup can still provide meaningful
and accurate assessments. For example, Himmels et al. [38]
found fewer differences than expected in driving behavior, as
well as in speed and distance perception, across six simulators
with varying levels of fidelity. In several scenarios, lower-
fidelity simulators achieved absolute validity in speed and
distance perception. The authors highlighted the importance of
aligning simulator fidelity with specific use cases. Moreover,
higher fidelity does not inherently guarantee validity [11]. A
structured assessment comparing the cost savings and effi-
ciency gains of simulator use against potential trade-offs would
be valuable in evaluating its practical viability. Addressing
these challenges will help refine the role of simulators in the
development process and ensure their cost-effective application
in lateral guidance system evaluation.

V. CONCLUSION

This paper designed and conducted a back-to-back subjec-
tive validation study, in which 22 professional drivers took
part, to compare the subjective assessment of the drivers in
a real vehicle and in a high-fidelity, objectively validated
dynamic driving simulator. The aim of the study was to
investigate the subjective validity of the driving simulator
and thus to explore the possibility of transferring the human-
centered development process of lateral guidance systems to
the virtual environment. The analysis of the study shows
promising results in general. The subjects perceived and evalu-
ated the main aspects, i.e. Driver Interaction, Perceived Safety
and Functional Performance, of both LDA and LKA similarly
in the vehicle and in the simulator. The evaluation of most of
the sub-criteria does not show significant differences between
the two domains, with an exception of LDA-SA1.1 Gen-
eral Intervention Strength, LDA-SA1.2 Override Capability
at Lane Boundary and LKA-SA2.2 General Reproducibility.
However, the ratings of these three SAs show a moderate to
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TABLE XI
COLLINEARITY OF SUBJECTIVE SUB-CRITERIA OF LDA AND LKA

strong correlation across domains, indicating relative validity.
Considering both statistical significance and the effect size,
the drivers perceived a weaker intervention intensity, including
general intervention strength, override capability and torque
build-up, in the driving simulator compared to in the real
vehicle for both LDA and LKA. For the case of LKA,
the drivers perceived a significantly higher reproducibility
of the system in the simulator than in the road test. In
addition, the perceived lateral jerk when driving with both
systems is smaller than in the vehicle, which is caused
by motion cueing and is plausible. The difference is not
statistically significant, yet shows a medium effect size for
both systems. The statistical analysis of the subjective ratings
is supported by the results of the summary questions as
well: More than 68% of the subjects, who are professionals
from the field of ADAS development, found the system
characteristics well recognizable and it is well conceivable to
transfer the development procedure to the dynamic driving
simulator.

It was then examined which of the sub-criteria actually had
an impact on the overall perception and assessment of the
three main characteristics of lateral guidance systems. The
regression results show that Driver Interaction of LDA is
not directly dependent on the intervention intensity, while a
stronger intervention of LKA is related to a better interaction.
Additionally, co- and counter-steering also play an essential
role in the assessment of driver’s interaction with LKA.
Driver’s perceived safety of both LDA and LKA is highly
dependent on the general reproducibility of systems in both
test environments. A smaller subjective perception of lateral
deviation of the system also contributes to a better safety
feeling, with an exception of the assessment of LDA in real
vehicle. In terms of functional performance, the most relevant
factors influencing the drivers’ assessment in the vehicle
and in the simulator are identical when driving with LKA,
but different when driving with LDA. Furthermore, lateral
jerk plays a more dominant role in the assessment of LKA
functional performance than in the assessment of LDA.
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In conclusion, absolute subjective validity of the dynamic
driving simulator can be established for the use case of
evaluating lateral guidance systems in the aspects of Driver
Interaction, Perceived Safety and Functional Performance, and
relative subjective validity can be established in terms of
the LDA sub-aspects of General Intervention Strength and
Override Capability, as well as the LKA sub-aspect of General
Reproducibility. It can be concluded that the high-fidelity
dynamic driving simulator has sufficient potential for the sub-
jective assessment and fine-tuning of lateral guidance systems.
The effectiveness of the utilization of the driving simulator
is convincing based on both the subjective impression of the
test drivers and the statistical analysis. The regression results
also confirmed the validity of the assessment methodology of
lateral guidance systems.

APPENDIX

See Table XI.
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