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Automated vehicles promise transformational benefits for future mobility systems, but only if they will be used regularly. However, due to the associated loss of control and fundamental change of in-vehicle user experience (shifting from active driver to passive passenger experience), many humans have reservations toward driving automation, which question their sufficient usage and market penetration. These reservations vary based on individual characteristics such as initial attitudes. User-adaptive in-vehicle Human-Machine Interfaces (HMIs) meeting varying user requirements may represent an important component of higher-level automated vehicles providing a pleasant and trustworthy passenger experience despite these barriers. In a driving simulator study, we evaluated the effects of two HMI versions (with permanent vs. context-adaptive information availability) on the passenger experience (perceived safety, understanding of driving behavior, driving comfort, driving enjoyment) and trust in automated vehicles of 50 first-time users with varying initial trust (lower vs. higher trust group). Additionally, we compared the user experience of both HMIs. Presenting driving-related information via HMI during driving improved all assessed aspects of passenger experience and trust. The higher trust group experienced automated driving as safest, most understandable and most comfortable with the context-adaptive HMI, while the lower trust group tended to experience the highest safety, understanding and comfort with the permanent HMI. Both HMIs received positive user experience ratings. The context-adaptive HMI received generally more positive ratings, even though this preference was more pronounced for the higher trust group. The results demonstrate the potential of increasing the system transparency of higher-level automated vehicles through HMIs to enhance users’ passenger experience and trust. They also consolidate previous findings on varying user requirements based on individual characteristics. User group-specific HMI effects on passenger experience support the relevance of user-adaptive HMI concepts addressing varying needs of different users by customizing HMI features, such as information availability. Consequently, providing full information permanently cannot be recommended as a universal standard for HMIs in automated vehicles. These insights represent next steps toward a pleasant and trustworthy passenger experience in higher-level automated vehicles for everyone, and support their market acceptance and thus the realization of their expected benefits for future mobility and society.
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INTRODUCTION
Self-driving cars have long been part of various visions of our society’s future, promising comfortable, accessible and sustainable mobility for everyone (ERTRAC, 2019). With recent advances in technology (especially computer systems and artificial intelligence) paving the way to intelligent mobility systems (Tasoudis and Perry, 2018; Araujo et al., 2019), this vision has moved into closer reach. The progress in driving automation can be classified according to the distribution of driving-related tasks between human driver and automated driving system. The well-established classification system provided by the Society of Automotive Engineers (SAE) defines six levels of driving automation ranging from no automation (Level 0: the human driver performs all driving-related tasks at any time) to full automation (Level 5: the automated driving system is able to perform all driving-related tasks at any time) (SAE International 2018). Lower levels of driving automation, such as partially automated vehicles (SAE-Level 2), are already obtainable and able to perform the driving task under specific circumstances. In these cases, the human driver is still required to monitor the environment and the system constantly and to take over the driving task if necessary. However, there is a strong developmental trend toward higher levels of driving automation, such as highly and fully automated vehicles (SAE-Levels 4–5), which are supposed to execute the driving task without the need for human monitoring or intervention (Araujo et al., 2019). Providing solutions for current mobility-related problems, this trend promises numerous benefits regarding the safety, efficiency and comfort, as well as the environmental and social sustainability of future transport systems (ERTRAC, 2019). The development and market penetration of such higher-level automated vehicles could thus be important enablers for a fundamental transformation of mobility and ultimately of society (Anderson et al., 2016; Kyriakidis et al., 2017).
However, while substantial technical progress toward this vision has been made in recent years, human factors research paints a rather nuanced picture. Even though potential future users state a general openness to driving automation (Fraedrich and Lenz 2015), they also report profound reservations toward the technology and its safety (Schoettle and Sivak, 2014; Kyriakidis et al., 2015; Wolf, 2016), which question a sufficient usage and dissemination level of automated vehicles. These reservations are attributed to the loss of control and the fundamental change of the in-vehicle user experience (shifting from an active driver experience to a passive passenger experience) that are provoked by handing over vehicle control to an automated system (Elbanhawi et al., 2015; Tasoudis and Perry, 2018). Consequently, the direction in which future mobility will develop will not only be decided by technical advances and accompanying societal and legal measures (Littman, 2020), but substantially by human factors (Kyriakidis et al., 2017; Shariff et al., 2017). Thus, the expected benefits of driving automation will only be achieved if potential users will trust and accept this technology and will be willing to use it on a regular basis (ERTRAC, 2019). Therefore, automated vehicles need to provide a pleasant and trustworthy passenger experience in order to make humans feel comfortable to “proverbially put their lives in the hands of computers” (Wintersberger et al., 2019, p. 2).
With the reported driving simulator study, we aim to contribute to overcoming this challenge through a user-centered design of automated vehicles. We thereby focus on higher levels of driving automation (SAE-Levels 4–5), since these levels are expected to provide the most benefits for our future mobility and society. Based on previously collected user requirements in this context (Hartwich et al., 2020), we believe that a pleasant and trustworthy passenger experience at higher levels of driving automation cannot be taken for granted even in the case of a safely working automated driving system. We therefore argue that 1) in-vehicle Human-Machine-Interfaces (HMIs) that enable passengers to monitor the system are useful to enhance passenger experience and trust in this context, even though human monitoring is actually no longer required at these automation levels. We further assume that 2) such HMI concepts should possibly not follow a one-size-fits-all-approach, but instead adapt to individually differing user requirements in order to optimize the passenger experience for all potential users. To examine these assumptions, we investigated the user group-specific effects of two HMI versions on the passenger experience and trust in automated driving reported by first-time system users. The goal of this user evaluation was to provide empirically based, user-centered implications for the design of automated vehicles that support their broad acceptance and consequently their market penetration once they become obtainable. In the broader context, these implications can contribute to achieving the expected benefits of driving automation for our future mobility and society, which can only become reality if potential users are able to trust and willing to use the technology. In the following, an overview of previous findings motivating this research is provided along with an integrated derivation of our specific research questions.
RELATED WORK
Trust in Automated Driving
Trust in automation was chosen as a dependent variable for the presented evaluation, since it is a strong predictor of the acceptance and adoption of automated systems (Parasuraman and Riley, 1997; Lee and See, 2004), such as automated vehicles (Choi and Ji, 2015; Xu et al., 2018), but poses substantial challenges in the driving context (Mühl et al., 2019; Strauch et al., 2019; Schmidt et al., 2020). Defined as “the attitude that an agent will help achieve an individual’s goals in a situation characterized by uncertainty and vulnerability” (Lee and See, 2004, p. 51), trust is well-established to mediate the interaction between humans and automation (Sheridan and Hennessy, 1984). The concept is highly relevant in the context of automated vehicles, where system errors can lead to fatal consequences (high vulnerability) and most potential users lack system experience and knowledge due to the radical system novelty (high uncertainty). Generally, incorrectly calibrated trust can impair the usage of automated systems in two ways: While too much trust (over-trust) can lead to unintended and incorrect ways of using the system (misuse), too little trust (distrust) can result in rejection of the system (disuse) (Parasuraman and Riley, 1997). In this study, we focused on distrust, i.e. an unnecessary lack of trust in a functioning automated vehicle, which prevents potential users from benefiting from the technology. Previous research produced strong evidence that not everyone is immediately willing to hand over vehicle control to an automated system (Schoettle and Sivak, 2014; Wolf, 2016; König and Lambert, 2017). In recent examinations in simulated and real-world driving environments, passengers revealed lower trust in automated than in human vehicle control, even if driving maneuvers were executed identically, which manifested in lower trust ratings and more pronounced unnecessary control gaze behavior (Mühl et al., 2019; Strauch et al., 2019; Schmidt et al., 2020).
Passengers’ Driving Experience in Automated Driving
The pivotal role of a subjective feeling like uncertainty in the definition of trust suggests that the degree to which users rely on an automated system is strongly related (among others) to how they feel during its usage. In the literature, such a “momentary, primarily evaluative feeling […] while interacting with a product or a service” (Hassenzahl, 2008, p. 8) is defined as user experience. The reported study included several aspects of the in-vehicle user experience during automated driving (hereafter referred to as passenger experience) that appeared relevant in this context based on previous research. The identification of perceived safety as a major predictor of the acceptance of driving automation (Xu et al., 2018; Zoellick et al., 2019) clarifies that passengers need to experience automated vehicles as a safe form of mobility and for this purpose have to be able to understand their driving behavior. Both issues are considered necessary to feel comfortable during automated driving, which can be defined as feeling pleasantly relaxed based on the certainty that the vehicle is executing the driving task safely (Constantin et al., 2014). Conversely, if passengers are uncertain about the safety of the vehicle operations, this might result in an unpleasant state of tension defined as discomfort (Hartwich et al., 2018). In addition to these aspects, driving enjoyment has been identified as a crucial element of the interaction between automotive technologies and their users (Engelbrecht, 2013). However, previous research suggests that the pleasure of driving decreases for many users if they have to transfer the driving task to an automated system (Hartwich et al., 2018; Frison et al., 2019). Taking these findings into account, the operationalization of passenger experience in the presented study included passengers’ perceived safety, understanding of the vehicle’s driving behavior, driving comfort and driving enjoyment. All four aspects have been demonstrated to be significantly reduced during automated vehicle control in comparison to human vehicle control despite identical maneuver execution (Hartwich et al., 2020), emphasizing the impairing effects that driving automation can have on passenger experience and the resulting need for countermeasures.
Increasing the Transparency of Automated Vehicles
A user-centered design of automated vehicles supporting the technology’s acceptance and adoption needs to provide solutions for these challenges related to trust and passenger experience. Design requirements stated by passengers after their first system experience often relate to the in-vehicle presentation of driving-related information and reveal their need for system transparency to decrease their uncertainty (Hartwich et al., 2020). Thus, even though there is no actual need to monitor a higher-level automated vehicle, many passengers still wish to not be completely excluded from the driving process (Ekman et al., 2018) and to receive information on the vehicle’s driving behavior (Feierle et al., 2020). In the research tradition on trust in automation, it is well-established that informing users about the status and behavior of an automated system can improve their level of trust (Lee and See, 2004; Hoff and Bashir, 2015). Thus, in-vehicle HMIs communicating such system information during driving are considered a key prerequisite for passengers’ trust in automated vehicles (König and Lambert, 2017; Kraus et al., 2020). Yet, passengers’ information requirements on higher automation levels are not completely clarified (Lau et al., 2020). Comparing users’ information needs at different automation levels in a driving simulator, Beggiato et al. (2015) identified that information that are useful to monitoring the vehicle were still evaluated as important during highly automated driving, even though as slightly less important than during partially automated driving. Diels and Thompson (2018) specified these requirements by determining two categories of information expected by passengers of higher-level automated vehicles: details on elements detected by the system and on upcoming driving maneuvers.
So far, the implementation of users’ information requirements and the user evaluation of resulting HMI concepts have mainly been focused on partially and conditional automated driving (SAE-Levels 2–3) due to the remaining human involvement in the driving task (Feierle et al., 2020; Oliveira et al., 2020). On these lower automation levels, an HMI serves specific safety-related purposes, such as supporting the human monitoring task or the transfer of vehicle control between human driver and automated driving system. Along with the human role, these HMI purposes change fundamentally at higher automation levels, where human involvement in the driving task is actually no longer necessary. Accordingly, it is not clear yet whether HMIs providing driving-related information still have a benefit or should be given less consideration in favor of other design elements (e.g. entertainment-related features) in this context. Currently, there are only a few studies evaluating the impact of displaying driving-related information during higher-level automated driving. These studies provided first indications of positive HMI effects on passengers’ trust in the automated vehicle (Wintersberger et al., 2019; Oliveira et al., 2020), but did not include passenger experience. In addition, such studies mainly focused on specific (i.e. complex or unpredictable) driving situations, leaving open questions about passengers information needs over the course of more realistic (i.e. longer and more diverse) rides. Both issues were addressed by the presented study in order to obtain more differentiated knowledge on HMI-effects at higher levels of driving automation.
Interindividual Differences in User Requirements
Another aspect mostly neglected by previous studies is the subjectivity included in the definitions of trust and passenger experience, which implies that users’ evaluations of automated systems do not only depend on system properties, but also on user characteristics, and therefore can differ between individuals (Frison et al., 2019). This implication is strongly supported by previous research identifying various user characteristics as relevant predictors of trust and passenger experience in the driving automation context, among them personality traits (Dettmann et al., 2021), system experience (Bauerfeind et al., 2017), manual driving habits (Mühl et al., 2019; Dettmann et al., 2021), or demographic factors, such as age (Hartwich et al., 2019). Also important seem to be initial attitudes, such as trust (Beggiato et al., 2015), already acquired prior to the first system experience, for example based on individuals’ knowledge of the system or their general propensity to trust. Such individual differences might also be reflected in passengers’ need for system transparency during automated driving and should therefore be considered in the design of in-vehicle HMIs. Consequently, there is an increasing demand for user-adaptive HMI concepts meeting varying user requirements (Feierle et al., 2020) in order to provide a trustworthy and pleasant passenger experience for everyone.
A solution might be different information profiles matching the requirements of different user groups or even individual users. Thus, someone with low initial trust in automated vehicles might require a permanently available high amount of driving-related information during driving, while someone with higher initial trust might not want to be constantly confronted with detailed information. Especially for the latter group, a permanent dynamic information display might even be distracting from the non-driving related activities enabled by higher-level automated driving, based on the human capacity for peripheral perception, which is especially sensitive to motion (McKee and Nakayama 1984). These assumptions were encouraged by a preceding driving simulator study, in which we compared the information requirements of system-unexperienced users with lower vs. higher initial trust in automated vehicles (Hartwich et al., 2020). Indeed, passengers with lower trust reported a significantly higher need for information during automated driving than passengers with higher trust. These group differences reflected in the importance ratings of almost all investigated information types. Nevertheless, both trust groups were largely in agreement about the hierarchy of information, assigning highest importance to information that are useful to monitor the driving automation (e.g. current speed, next driving maneuver, details on surrounding traffic), but also automation status, which is necessary to avoid mode confusion. In addition, the higher trust group exhibited a larger situation-dependence in their importance ratings. Based on these results, we concluded that the degree of information availability over time might be a relevant factor to define different information profiles addressing different user groups. In the follow-up study presented in this paper, we examined the user group-specific effects of two HMI versions differing in their information availability over the course of a whole ride in order to evaluate the approach of addressing different user requirements by user-adaptive HMI concepts.
Summary and Resulting Research Questions
Summing up previous research, there are theoretical and empirical indications for possible benefits of displaying driving-related information during higher-level automated driving on vehicle occupants’ passenger experience and trust in automated vehicles, which would in turn improve the expected acceptance and market penetration of the technology. However, these benefits have not been evaluated sufficiently yet. Following on from first findings on positive HMI effects on trust, we aimed at expanding the knowledge in this field by examining the following research questions:
1) Generally, we investigated whether increasing the system transparency through in-vehicle HMIs can improve the passenger experience and trust of vehicle occupants on higher levels of driving automation. Based on first findings regarding trust in automation, we hypothesized that passengers would report a more pleasant (i.e. safe, understandable, comfortable, enjoyable) driving experience and higher trust in the automated vehicle when driving with than without such an HMI.
2) For an evaluation of the potential of user-adaptive HMI-concepts, we examined whether the HMI’s information availability over time (permanent vs. context-adaptive) affects the degree of improvement of passenger experience and trust differently for users with lower vs. higher initial trust in automated driving. Information availability thereby served as an empirically derived example for HMI features that could be adapted to different users. Following the approach of user-adaptive HMI concepts, we assumed that the varying information needs of the two trust groups might reflect in their responses to the two HMI versions. Thus, passengers with lower initial trust in automated driving might benefit more from an HMI with permanent information availability, while the HMI with context-adaptive information availability might achieve higher levels of improvement for passengers with higher initial trust in automated driving. Nevertheless, we did not rule out the possibility that one of the two HMI versions might universally be more effective than the other one, resulting in comparable effects for both trust groups.
3) For a further comparison of the two HMI version, we examined whether the HMI’s information availability over time (permanent vs. context-adaptive) affects the evaluation of its user experience differently for users with lower vs. higher initial trust in automated driving. In accordance with our considerations on user group-specific HMI effects, we assumed that passengers with lower initial trust in automated driving might prefer the permanent HMI version, whereas passengers with higher initial trust might evaluate the context-adaptive HMI version more positively. However, again we did not rule out the possibility that one version might be evaluated as generally more user-friendly than the other one.
MATERIALS AND METHODS
All research questions were examined in a driving simulator study, in which first-time system users were able to experience highly automated driving (SAE-Level 4) with different HMI versions in a standardized and safe environment along a diverse ride including a variety of driving situations.
Study Design
For the evaluation of HMI effects, we compared two HMI versions (differing in their degree of information availability over time) with a baseline condition without an automation-specific HMI. The HMI condition thereby served as a within-subjects (repeated-measures) factor with three experimental conditions (no HMI, permanent HMI, context-adaptive HMI). Accordingly, all participants experienced three identical automated rides along the same test track. The only difference between these three rides was the HMI information presented in the center stack display of the vehicle (see Human-Machine Interface). The participants experienced the three HMI conditions in fully balanced order (i.e. the six possible orders of HMI conditions were applied equally often over the course of the study) to compensate for order effects that might occur from repeatedly driving along the test track.
For the integration of interindividual differences, the participants’ initial trust in automated vehicles was included as a quasi-between-subjects factor. Therefore, the sample was divided into two groups (lower trust group, higher trust group) based on a screening questionnaire (see Data Acquisition). We made sure to avoid HMI order differences between the two trust groups by distributing all possible orders of HMI conditions equally often between them.
As dependent variables, we examined four aspects of passenger experience (perceived safety, understanding of driving behavior, driving comfort, driving enjoyment) and passengers’ trust in the automated vehicle, as well as the user experience provided by the two automation-specific HMI versions (permanent HMI, context-adaptive HMI).
Participants
The study was conducted with 50 participants (35 female, 15 male) aged from 20 to 38 years (M = 25.9, SD = 5.2). All of them held a valid driver's license, but had no prior experience with higher-level automated driving. The acquisition of this sample was carried out via a participant database of the university, in which persons who are generally interested in participating in scientific studies can register. For this study, registered persons meeting the criteria above were invited by email and could enroll through a brief online screening questionnaire.
Based on their initial trust in automated vehicles, participants were divided into a lower trust group and a higher trust group by a median split (Mdn = 65.0 on a scale from 0 to 100). The two trust groups did not differ significantly in terms of age, number of years obtaining a driver’s license and gender ration (see Table 1 for descriptive statistics).
TABLE 1 | Demographics of the two trust groups within the sample (N = 50).
[image: Table 1]Facilities and Driving Simulation
Automated driving was performed in a fixed-base driving simulator, which consisted of a projector-based vision system providing a 180° horizontal field of view as well as a vehicle with fully equipped interior including a rear-view mirror and two side mirrors. We used the SILAB 5.1 simulation environment to program two tracks: a short familiarization track and a test track. The familiarization track consisted of a 4 km long two-lane rural road. The 7 km long test track, which formed the basis for the HMI comparison, incorporated a 4 km long urban road section and a 3 km long rural road section. Driving along this route included starting, driving at different speed limits (50, 100 km/h), managing various complex traffic situations including other road users (e.g. intersections, lane changing to bypass obstacles on the road), and stopping. Automated driving along both tracks was prerecorded based on a dynamic, error-free driving style and was replayed identically for all participants and HMI conditions. While the participants sat on the passenger seat of the vehicle during all rides, pedals were inoperative and the steering wheel was turning automatically.
Human-Machine Interface
In the three HMI conditions, we presented different information in the center stack display of the vehicle. During the ride without any automation-specific HMI (no HMI), only a speedometer was displayed in order to provide the participants solely with information they were accustomed to from manual driving (see Figure 1, left). The other two HMI conditions both incorporated information on the automated driving system, but differed in their information availability over time. Therefore, a reduced and a full information mode were developed based on users’ information needs elaborated in the preceding study by Hartwich et al. (2020). The reduced information mode included a limited set of status information communicating that the automated driving system was currently working: system status (automated driving activated), current speed and speed limit, and the distance left to the destination of the ride. In the full information mode, this status information was supplemented by information enabling passengers to observe the functionality of the automated driving system more closely. Therefore, this mode provided a dynamic overview of the current traffic situation including detected road users and traffic control elements, such as traffic lights and traffic signs, as well as an announcement of the next driving maneuver including a countdown to its start. When the traffic situation involved a traffic light, the current traffic light phase and a countdown to the next phase were displayed, as well. In the permanent HMI condition, the full information mode was activated during the whole ride (100% of the ride duration) (see Figure 1, middle). In the context-adaptive HMI condition, the reduced information mode was activated during the whole ride. The full information mode was solely added in nine complex traffic situations along the test track, starting 10 s before arriving at the situation (e.g. an intersection or obstacle on the road) and ending immediately after passing the situation (see Figure 1, right). In sum, the full information mode was activated for about a quarter (26%) of the ride duration in the context-adaptive HMI condition.
[image: Figure 1]FIGURE 1 | Information presented in the center stack display of the vehicle during the three HMI conditions. Note. Displayed traffic situations are exemplary for non-complex and complex situations along the test track. The cyan-colored vehicle represents the own automated vehicle.
Procedure
Prior to study conduct, all participants completed a brief online screening questionnaire. Next to questions on contact details and conditions of participation, this questionnaire included a written system description of highly automated driving and an economic assessment of the participants’ initial trust in the system (see Data Acquisition). Based on their ratings, participants were assigned to either the lower or the higher trust group.
The study was initiated by an explanation of the experimental procedure, including information about simulator sickness and data privacy. After signing an informed consent, participants completed a questionnaire assessing demographic variables. Subsequently, they took place in the passenger seat of the driving simulator and experienced a short automated ride along the familiarization track in order to get accustomed to the environment.
Sitting in the passenger seat, each participant then experienced three identical automated rides along the test track, which only differed in the information presented in the center stack display of the vehicle according to the respective HMI condition. The order of the three HMI conditions was fully balanced across participants to minimize order effects. Balancing was carried out separately within each trust group to ensure that all possible sequences of HMI conditions were equally distributed between the two groups. Prior to the full and the context-adaptive HMI rides, participants received an explanation of the respective HMI version.
During each ride along the test track, participants gave continuous real-time feedback on their passenger experience using a manual input device (see Data Acquisition). In addition, each ride was followed by a questionnaire on further aspects of their passenger experience as well as their trust in the automated vehicle. The questionnaires presented after the permanent and context-adaptive HMI condition additionally assessed the user experience of the respective HMI version.
Upon study completion, participants received 20 euros each as a monetary compensation. Overall, this procedure lasted approximately 2 h per participant.
Data Acquisition
The assessment of participants’ initial trust in automated vehicles was part of the brief online screening questionnaire applied during the process of participant acquisition. After a written system description, trust was assessed using a single item scale (“As a passenger of an automated vehicle, I would trust the capabilities of the vehicle to drive safely.”) with a continuous agreement scale ranging from 0 (totally disagree) to 100 (totally agree).
For continuous real-time feedback on driving discomfort as one aspect of the passenger experience during automated driving, the driving simulator was equipped with a handset control (for details on this method, see Hartwich et al., 2018). During all rides, participants held the handset control (see Figure 2) and pressed its lever gradually in accordance with the extent of their currently perceived discomfort. Higher discomfort corresponded to stronger pressing of the lever and higher values on the associated continuous response scale, which ranged from 0 (comfortable) to 100 (uncomfortable). Participants trained the correct use of the handset control during the familiarization ride at the beginning of the study, during which the center stack display of the vehicle provided visual feedback of the currently entered value on the response scale.
[image: Figure 2]FIGURE 2 | Real-time assessment of passenger experience (discomfort) during automated driving (left) via handset control (right).
In addition to this real-time assessment, further aspects of passenger experience as well as trust in the automated vehicle were assessed by questionnaire after each HMI condition. In the absence of a standardized questionnaire, we applied singe-item scales for the assessment of the four aspects of passenger experience (perceived safety, understanding of driving behavior, driving comfort, driving enjoyment). All single items were answered on a continuous agreement scale ranging from 0 (totally disagree) to 100 (totally agree) (see Table 2 for item wording).
TABLE 2 | Wording of the single items used for the assessment of passenger experience.
[image: Table 2]Trust in the automated vehicle was assessed using the standardized Trust in Automation questionnaire (TiA) by Körber (2019). With a total of 19 five-point agreement scale items, the TiA provides measures for six dimensions of trust in automation based on subscale scores. These subscales represent the perceived trustworthiness of the system (reliability/competence, understandability/predictability) and its developers (intention of developers), the resulting user attitude toward the system (trust in automation), and user characteristics moderating the relation between both aspects (propensity to trust, familiarity). In this study, we followed the option given by Körber (2019) to analyze the subscale scores relevant for specific research questions. Our study was focused on user attitudes toward automated vehicles as a function of a system feature (system transparency modified via HMI). Therefore, our analysis comprised those dimensions representing pure system characteristics (reliability/competence, understandability/predictability) and resulting user attitudes (trust in automation).
For a more detailed analysis of user preferences regarding the two automation-specific HMI versions (permanent HMI, context-adaptive HMI), we assessed the participants’ HMI-related user experience using the standardized User Experience Questionnaire (UEQ; Laugwitz et al., 2008). With a total of 26 seven-point rating scale items in the form of semantic differentials, the UEQ contains six subscales: Attractiveness as a valence dimension representing users’ overall impression of a digital product, three subscales representing its pragmatic quality (efficiency, perspicuity, dependability) and two subscales representing its hedonic quality (stimulation, novelty). The questionnaire is explicitly designed to compare the user experience of different products based on the subscale means.
Data Preparation and Analysis
For standardized questionnaire (TiA, UEQ) data, we calculated the scale scores according to the respective questionnaire instructions by averaging associated item values. For a visual inspection of discomfort indicated during driving, the handset control values given in each HMI condition were averaged over all participants for each measurement time point along the respective ride. For inferential statistical testing of the discomfort data, we calculated one sum value per participant and HMI condition by summing up all handset control values given by each participant along the course of each ride. We then standardized these sum values per participant to control for individual differences in the sensibility to uncomfortable situations and corresponding usage of the handset control. Therefore, we summarized the handset control values given by each participant during all three rides and then calculated the percentage of each ride in this total sum. These standardized discomfort values indicate how uncomfortable each HMI condition was perceived by each participant in comparison to the other two MHI conditions. All dependent variables were analyzed using mixed design analyses of variance (ANOVAs). We chose an ANOVA procedure, as it is able to compare several means in one analysis, which had two benefits for our study: It minimized the number of tests necessary to compare all of our experimental conditions to one test per dependent variable, and it enabled the detection of interactions between different variables, which we were specifically aiming for. The mixed design ANOVA was chosen based on its fit to our study design, as it could account for the between-subjects factor (initial trust in automated vehicles) as well as the repeated-measures within-subjects factor (HMI condition).
RESULTS
HMI Effects on the Passengers Experience in Automated Vehicles
We compared the participants’ passenger experience rated during/after the three rides along the test track (with no vs. permanent vs. context-adaptive HMI) to examine 1) if presenting driving-related information during automated driving improved passenger experience and whether this improvement was affected by the HMI’s information availability. For these comparisons, we took participants’ trust group membership (lower vs. higher trust group) into account to evaluate 2) whether different user groups did benefit differently from different levels of HMI information availability in automated vehicles. Table 3 provides an overview of all ANOVA test statistics.
TABLE 3 | Mixed design ANOVA results on the effects of HMI condition and trust group membership on the passenger experience in automated driving.
[image: Table 3]Passenger Experience Indicated During Driving
An ANOVA of the standardized handset control values could not identify a significant effect of trust group membership or a significant interaction between trust group membership and HMI condition. According to these results, participants’ initial trust in automated vehicles did not affect the level of discomfort they indicated during driving via handset control. In contrast, the ANOVA revealed a large, significant effect of HMI condition, which can be assumed for members of both trust groups (see Table 3). According to post hoc tests, participants indicated to perceive significantly higher discomfort during automated driving without HMI than during driving with the permanent HMI (p = 0.004) or the context-adaptive HMI (p = 0.011). Both HMI versions reduced discomfort in a comparable manner, without significant differences between them (p = 1.000).
Figure 3 gives a detailed impression of the discomfort values indicated along the test track. Based on the comparable results for both trust groups, handset control values were averaged for the entire sample in this illustration. The middle section of Figure 3 contains a schematic representation of the test track and information on the information timing of the context-adaptive HMI. Averaged discomfort values indicated by all participants along the test track in each HMI condition are presented in the upper section. The development of these values supports the assumption behind the context-adaptive HMI that more complex traffic situations represent a greater challenge for the passenger experience in automated driving than less complex traffic situations. Thus, discomfort values peaked at all intersections and situations including interactions with other road users. Accordingly, discomfort values in such situations were lower with both HMI versions than without HMI, since both versions provided information in these situations. In contrast, participants indicated almost no discomfort in non-complex traffic situations regardless of the HMI condition. The comparably low discomfort values in such situations were mainly indicated during speed adaptions to changing speed limits.
[image: Figure 3]FIGURE 3 | Discomfort indicated via handset control during driving along the test track, separated by HMI condition. Note. Higher handset control values represent a more uncomfortable passenger experience indicated during driving (on a scale from 0 to 100). Negative discomfort differences represent an improvement of passenger experience due to the respective HMI; positive values indicate a deterioration.
For a closer comparison of the two HMI versions, the lower section of Figure 3 depicts the differences between the discomfort levels indicated during each of these conditions and the condition without HMI. The displayed differences in handset control values emphasize the situation-specific reduction of perceived discomfort due to both HMI versions. In line with the fact that both HMI versions displayed the identical full information mode in most of the more uncomfortable situations, the figure also illustrates the absence of systematic differences between the effects of the context-adaptive and the permanent HMI on the level of discomfort indicated during driving.
Passenger Experience Rated After Driving
For a broader examination of the passenger experience provided during the three HMI conditions, Figure 4 displays the averaged ratings of perceived safety, understanding of the vehicle’s driving behavior, driving comfort and driving enjoyment given by both trust groups after driving. Overall, the figure indicates that the lower trust group reported a less pleasant driving experience than the higher trust group in almost all cases, but especially for the driving condition without HMI. In addition, both trust groups perceived the driving condition without HMI as least pleasant in terms of all four aspects of passenger experience. Corresponding ANOVAs confirm this impression with highly significant, large HMI effects on all four aspects (see Table 3 for test statistics).
[image: Figure 4]FIGURE 4 | Trust group-specific passenger experience reported after automated driving with no (left), permanent (middle) and context-adaptive (right) HMI.
In the cases of perceived safety and driving comfort, these HMI effects varied between the two trust groups, as indicated by significant, medium-sized interactions between HMI condition and trust group membership. While both trust groups reported automated driving to feel least safe/comfortable without HMI, they slightly differed in their safety/comfort evaluation of driving with the two HMI versions. Thus, the higher trust group reported the highest safety/comfort values for the context-adaptive HMI condition, while the lower trust group tended to report the highest safety/comfort values for the permanent HMI condition. Nevertheless, the higher trust group indicated higher perceived safety/comfort than the lower trust group in all HMI conditions, resulting in a significant, large trust group effect on comfort (the trust group effect on perceived safety nearly missed statistical significance). However, since both HMI versions improved the safety/comfort ratings of the lower trust group considerably more than those of the higher trust group, these group differences were strongest in the condition without HMI and decreased under the influence of both HMI versions.
In line with these results, participants’ understanding of the vehicle’s driving behavior was also affected by a significant, medium-sized interaction between HMI condition and trust group membership. Again, ratings given by the two trust groups were lowest in the condition without HMI, but improved differently in the two other HMI conditions: While the higher trust group reported high, but comparable values for both HMI versions, the lower trust group indicated the best understanding of the vehicle’s driving behavior for the permanent HMI.
According to the generally lower driving enjoyment values (in comparison to the other three aspects), automated driving did not provide a highly enjoyable passenger experience. However, compared to driving without HMI, both the permanent HMI (p = 0.002) and the context-adaptive HMI (p < 0.001) increased the participants’ driving enjoyment significantly and to a comparable extend, without significant differences between them (p = 1.000). Given the absence of a significant trust group effect or a significant interaction between HMI condition and trust group membership, these HMI effects can be assumed for both trust groups.
HMI Effects on Passengers’ Trust in Automated Vehicles
We compared the participants’ ratings on the three TiA subscales reliability/competence, understandability/predictability and trust in automation given after experiencing each HMI condition (no vs. permanent vs. context-adaptive HMI) to examine 1) if presenting driving-related information during automated driving improved passengers’ trust in the system and whether this improvement was affected by the HMI’s information availability. These comparisons took the two trust groups (lower vs. higher trust group) into account to evaluate 2) whether different HMI versions provoked different levels of trust among different user groups. Figure 5 gives an overview of the averaged group ratings in all conditions.
[image: Figure 5]FIGURE 5 | Trust group-specific trust in automated vehicles reported after automated driving with no (left), permanent (middle) and context-adaptive (right) HMI.
According to the performed ANOVAs (see Table 4 for test statistics), all examined dimensions of trust were rated significantly lower by the lower trust group than by the higher trust group, which is observable for all HMI conditions. These medium-sized to large group differences become especially apparent for the trust in automation subscale. In additions, ratings regarding all three dimensions differed significantly and with medium to large effect sizes depending on the HMI condition. Thus, ratings were always lowest after driving without an HMI, with values in the slightly negative to medium scale range for the lower trust group and values in the slightly positive scale range for the higher trust group.
TABLE 4 | Mixed design ANOVA results on the effects of HMI condition and trust group membership on passengers’ trust in automated vehicles.
[image: Table 4]The participants’ evaluation of the vehicles’ competence/reliability was significantly higher after driving with the permanent HMI (p = 0.008) or the context-adaptive HMI (p = 0.026), but did not differ significantly between both HMI versions (p = 1.000). The largest improvements after experiencing the permanent HMI (p < 0.001) or the context-adaptive HMI (p < 0.001) concerned the vehicle’s understandability/predictability. These improvements were comparable for both HMI versions, given the absence of a significant difference between them (p = 0.082). This evaluation of the vehicle’s trustworthiness also reflected in passengers’ attitudes. Thus, the participants reported a significantly higher trust in automation after driving with the permanent HMI (p = 0.001) and the context-adaptive HMI (p = 0.039) than after driving with no HMI. The two HMI versions did not differ significantly in terms of the resulting trust in automation (p = 0.659).
User Experience of the HMI Versions
For a further comparison of the permanent and the context-adaptive HMI 3), we examined the participants’ user experience of both versions based on the six UEQ subscales. This comparison also took into account the participants’ trust group membership (lower vs. higher trust group) in order to identify potential user group-specific HMI preferences.
As shown in Figure 6, members of both trust groups evaluated both HMI versions positively on all user experience dimensions except novelty. The figure also indicates that the context-adaptive HMI was evaluated more positively than the permanent HMI on all dimensions, which is confirmed by significant, medium to large HMI effects revealed in the corresponding ANOVAS (see Table 5 for test statistics). These HMI effects can be assumed for the lower and the higher trust group, given the absence of significant trust group effects or significant interactions between HMI condition and trust group membership. As only exception, we found a medium-sized, significant interaction effect for the attractiveness subscale, which represents the participants’ overall impressions of the HMIs. According to this effect, the permanent HMI was perceived as more attractive by the lower trust group than by the higher trust group, while the context-adaptive HMI received higher attractiveness ratings from the higher trust group than from the lower trust group. Nevertheless, both trust groups evaluated the context-adaptive HMI as more attractive than the permanent HMI, but the difference between both HMI versions was considerably more pronounced for the higher trust group than for the lower trust group.
[image: Figure 6]FIGURE 6 | Trust group-specific user experience provided by the permanent (left) and context-adaptive (right) HMI.
TABLE 5 | Mixed design ANOVA results on the effects of HMI version and trust group membership on HMI-Related user experience.
[image: Table 5]DISCUSSION
In the reported driving simulator study, we 1) evaluated the potential of in-vehicle HMIs to enhance vehicle occupants’ passenger experience and trust at higher levels of driving automation, such as highly and fully automated vehicles (SAE-Levels 4–5). We further evaluated the demand for user-adaptive HMI concepts in this context by examining 2) whether different HMI versions can optimize the passenger experience and trust of different user groups and 3) would be preferred by different user groups in terms of user experience. Therefore, 50 participants with lower vs. higher initial trust in automated vehicles experienced three highly automated rides with different HMI conditions (no vs. permanent vs. context-adaptive HMI) along a diverse route in a driving simulator.
Summary and Interpretation of Results
The first aim of this study was to verify that increasing the system transparency of higher-level automated vehicles via HMI improves passenger experience and trust. Indeed, both HMI versions significantly improved all examined aspects of passenger experience and trust in automated driving. Thus, participants experienced automated driving with an HMI as safer, more understandable, more comfortable and more enjoyable than without an HMI. Accordingly, they evaluated the automated vehicle as more reliable, predictable and trustworthy with than without an HMI. These results confirm our hypothesis that presenting driving-related information during driving supports a pleasant and trustworthy passenger experience even in higher-level automated vehicles, where human monitoring is actually no longer required. Thereby, they consolidate first indications of positive HMI effects on passengers’ trust in the automated vehicle, which were previously available for a few selected driving situations (Wintersberger et al., 2019; Oliveira et al., 2020), and clarify their validity for more realistic (i.e. longer and more diverse) routes. In addition, they point out the broad benefits of such HMI concepts for different aspects of passenger experience. In sum, the study demonstrates the potential of in-vehicle HMIs to improve two important predictors (passenger experience and trust) of the user acceptance and therefore market penetration of higher-level automated vehicles.
Our second aim was to examine whether different user groups would particularly benefit from different HMI versions customized to their group-specific information needs. The two HMI versions included in this study differed in their information availability over time (permanent vs. context-adaptive), which served as an empirically derived example for HMI features that could be adapted to varying user requirements. Based on the findings of a preceding driving simulator study (Hartwich et al., 2020), we supposed that the passenger experience and trust of passengers with lower initial trust might improve the most based on the permanent HMI, while passengers with higher initial trust might benefit most from the context-adaptive HMI. In line with these expectations, we identified significant interaction effects supporting the assumption of group-specific HMI effects for most aspects of passenger experience. Thus, the lower trust group experienced automated driving as safest, most understandable and most comfortable with the permanent HMI, while the higher trust group tended to experience the highest safety, understanding and comfort with the context-adaptive HMI. Deviating results were obtained for driving enjoyment and driving discomfort. Regarding driving enjoyment, both HMIs improved both user group ratings to a comparable extend. Thus, both groups were able to enjoy automated driving more with than without an HMI, regardless of the HMI version. Nevertheless, enjoyment ratings were generally lower than most other ratings related to passenger experience, which is in line with previous research pointing out the impairing effects of driving automation on driving enjoyment (Hartwich et al., 2018). It is not completely surprising that these impairments are not fully compensated by HMI concepts without any entertainment functions. Driving discomfort indicated during driving via handset control represents the greater deviation, since it did not seem to be affected by trust group membership in all three HMI conditions, which stands in contrast to the driving comfort ratings indicated via questionnaire. These differences between handset control and questionnaire ratings could have methodological as well as content-related causes. Methodologically, it is possible that the participants had difficulties in indicating exact values using the handset control without visual feedback despite the training during the familiarization drive. Therefore, the handset control might be able to identify larger discomfort differences, which appeared between different traffic situations or between driving with vs. without HMI, but it might be unsuitable to identify smaller differences, as between the two trust groups or the two HMI versions. Content-related, the differences between both assessment methods could implicate that retrospective evaluations made after driving are more than the sum or mean of all real-time evaluations made during driving. Thus, the retrospective questionnaire ratings, which are more reliant on memory, might be affected more strongly by already existing attitudes than the real-time ratings during driving. As a result, initial trust differences would reflect stronger in questionnaire ratings than in handset control values. Further research is required to follow up on these considerations. Regarding trust in automated driving rated after system experience, both HMI versions did not result in group-specific improvements. Instead, all aspects of trust increased significantly for both trust groups after driving with both HMIs. Thus, passengers evaluated automated driving with HMI as more reliable, predictable and trustworthy than without HMI, regardless of the HMI version.
For a closer comparison of the two HMIs, a third aim of the study was to examine whether users with different levels of initial trust in automated driving would prefer the user experience of different HMI versions customized to their information needs. In general, members of both groups evaluated the user experience of both HMI versions positively. Thereby, the context-adaptive HMI generally received even more positive ratings than the permanent HMI. Interestingly, this result applied to both trust groups, even though the preference for the context-adaptive HMI tended to be more pronounced for the higher trust group. In case of attractiveness, which represents users’ overall impressions of the HMIs and therefore the most global aspect of user experience, this tendency resulted in a significant interaction. Thus, the permanent HMI was perceived as more attractive by the lower trust group than by the higher trust group, while the context-adaptive HMI received higher attractiveness ratings from thy higher trust group than from the lower trust group. Among the two HMI versions evaluated in this study, these results imply a general preference for the context-adaptive HMI in terms of user experience, but do not rule out the possibility of user group-specific HMI preferences.
Strengths, Limitations, and Future Research
The reported driving simulator study represents one of few attempts so far to evaluate the potential benefits of increasing system transparency through in-vehicle HMIs in higher-level automated vehicles (SAE-Levels 4–5). In addition to previous research focusing on benefits for users’ trust in automation (Wintersberger et al., 2019; Oliveira et al., 2020), special emphasis was thereby placed on various aspects of their passenger experience. While there is an increasing demand for user-adaptive HMI concepts meeting varying user requirements (Feierle et al., 2020), this approach has not been evaluated systematically yet. In an attempt to close this research gap, the study provided first data on user group-specific HMI effects at higher levels of driving automation. While the results clearly point out the overall positive HMI effects on passenger experience and trust in automated driving, they are not completely consistent regarding user group-specific effects. While both trust groups’ passenger experience could be optimized by different HMI versions in line with a user-adaptive HMI approach, their improvement of trust and their evaluation of the HMIs did not differ systematically between both HMI versions (even though corresponding trends were observable for several variables). Reasons for the inconsistent results might stem from some methodological limitations of the study, which should be addressed in future research in order to evaluate the approach of user-adaptive HMI concepts in more detail.
First, the simulated driving environment might have decreased the potential to discover rather nuanced interindividual differences based on its restricted external validity. While driving simulations currently represent the only method to provide the experience of higher levels of driving automation along realistic (i.e. diverse and rather long) routes, the participants probably felt safer and more comfortable in this simulated than in a real traffic environment based on their awareness that system failures would not have had actual safety effects. As this issue directly affects the dependent variables of the study, differences between the trust groups or HMI conditions could be underestimated in our results and should therefore be evaluated in real automated vehicles in the future.
Second, the study’s sample was not representative for the population and might have been too homogeneous in terms of initial trust in automation. Since participation in the study was voluntary, it was subject to some degree of self-selection and therefore may have led to a sample with an above-average interest in technology or general openness for automated driving. Indeed, the two trust groups did not represent extreme groups with totally low vs. totally high initial trust in automated driving, but somewhat artificial categories based on a median split. Therefore, we expect group-specific effects of the two HMI versions to be much more pronounced in samples that are more representative and thus heterogeneous. In addition, individual information needs during automated driving might not only depend on initial attitudes, but also on other user characteristics, such as personality traits (Dettmann et al., 2021), manual driving habits (Mühl et al., 2019), or demographic factors (Hartwich et al., 2019). Therefore, user groups based on additional user characteristics might have been even more responsive to customized HMI versions. Further, we cannot exclude the possibility that the sample was not representative in terms of user characteristics relevant for the dependent variables of our study, which would limit the generalizability of the results. Apparent examples might be the age and gender ratio of the sample. Even though both characteristics were comparable between both trust groups, younger women were generally overrepresented in the sample, which might restrict the validity of the results for other age groups and genders. For these reasons, further examinations of user group-specific HMI effects based on more heterogeneous sampling are desirable.
Starting from the first insights provided by this study, there is still much to learn. For example, it would be interesting for further research to include non-driving related activities in the study design. Passengers’ engagement in such activities could serve as a behavioral measure for trust in automation and therefore provide further insight in user group-specific HMI effects. In addition, it should be examined to what extend the effects and user experience of both HMI versions could change due to the opportunity to pursue such activities during driving. Further, our study captured passengers’ first experiences of higher-level automated driving. However, some participants mentioned that their information requirements might decrease after a longer period of usage. Therefore, the evolution of passenger experience, trust and HMI effects in the long-term usage of automated vehicles is an important topic for future research.
Practical Implications
On a conceptual level, the results strengthen the relationship between passenger experience and trust in automated vehicles, which appear to be closely related to each other as well as commonly related to system properties, such as system transparency. In addition, the persistent differences between the two trust groups demonstrate that passenger experience and trust in automated vehicles are not only affected by system properties, but also by rather stable user characteristics. These results strengthen the increasing demand for user-adaptive HMI concepts addressing individually differing user characteristics (Feierle et al., 2020).
At application level, the study highlights the potential of in-vehicle HMIs to support a pleasant and trustworthy passenger experience in higher-level automated vehicles. Displaying driving-related information that enable passengers to monitor the automated driving system if desired improved all examined aspects of the participants’ passenger experience and trust. These improvements were especially pronounced for passengers with a lower initial trust in driving automation, indicating the particular HMI benefits for persons that are otherwise expected to be less willing to use automated vehicles. Given the importance of passenger experience and trust as predictors of potential users’ acceptance of driving automation (Choi and Ji, 2015; Xu et al., 2018; Zoellick et al., 2019), we therefore expect in-vehicle HMIs to make a significant contribution to the future market acceptance and penetration of automated vehicles. For those vehicles still offering the opportunity for humans to intervene in the driving task if desired, such HMIs might even provide additional benefits related to driving safety. Thus, increasing passengers’ perceived safety and comfort as well as trust via HMI might prevent them from unnecessarily taking over the driving task based on distrust in the automated driving system’s abilities in a specific situation. Thereby, the HMI might not only benefit automated vehicle users, but other road users, as well. Summarizing these considerations, we recommend leaving passengers of higher-level automated vehicles the option to inform themselves on the system status, detected elements of the traffic situations and upcoming driving maneuvers during driving via in-vehicle HMIs.
Regarding the demand to design user-adaptive HMI concepts meeting varying user requirements (Feierle et al., 2020) instead of a one-size-fits-all-HMI, the study provides first empirical indications that strengthen this approach. Even though user group-specific effects of the two evaluated HMI versions could not be identified for all examined variables, the passenger experience of users with lower vs. higher initial trust was optimized by different levels of information availability of the HMI (indicated by significant interaction effects). Thus, passengers with lower initial trust felt most comfortable and safe when driving-related information were presented permanently, while passengers with higher initial trust felt most comfortable and safe when driving-related information were only presented in selected driving situations. Considering the methodological limitations of the study (see Strengths, Limitations, and Future Research), we expect such user group-specific HMI effects to be more pronounced and consistent in real-world environments and for more heterogeneous samples. Based on these results, we cannot recommend providing full information permanently during driving as a universal standard for in-vehicle HMIs in higher-level automated vehicles. While HMIs with such a permanent information availability might be the most fitting HMI solution for some passengers (e.g. those with low initial trust), it might not optimize the passenger experience of others (e.g. those with high initial trust). Therefore, we support the approach of user-adaptive HMIs that are able to customize their features (e.g. information availability over time) to different users with varying requirements. However, further research is required in order to identify additional relevant user characteristics determining varying HMI demands as well as additional relevant HMI features to address these demands.
Since our study focused on system-inexperienced users, it might be possible that the design recommendations derived from the results will be especially relevant during the early stages of market penetration, when unexperienced passengers need to build adequate trust in automated vehicles. However, we believe that system transparency and individual adaptability could also remain important beyond these early stages within the scope of modern car sharing concepts with constantly changing vehicle users, which will be necessary to achieve the potential environmental benefits of automated vehicles. In both application context, HMIs increasing the system transparency of automated vehicles could be a decisive factor to make driving automation more accessible for those groups of people who would otherwise refrain from using them due to their mistrust in the technology. The user-specific adaptability of HMI features (such as information availability) for an optimized passenger experience could be realized through active user input, automated user state recognition (Beggiato et al., 2019) or user profiles (Drewitz et al., 2019).
CONCLUSION
In summary, this research demonstrates the huge potential of in-vehicle HMIs increasing the system transparency of automated vehicles and thereby enabling passengers to monitor the system at higher levels of driving automation (SAE-Levels 4–5), even though human monitoring or intervention is actually no longer required at these automation levels. By significantly enhancing vehicle occupants’ passenger experience and trust in the automated vehicle, such HMIs could make a considerable contribution to the future acceptance and consequently market penetration of highly and fully automated vehicles. Further, the study provides first empirical indications that strengthen the approach to design user-adaptive HMI concepts meeting varying user requirements instead of one-size-fits-all-HMIs. Based on the indicated potential to optimize different user groups’ passenger experience with different HMI versions, user-adaptive HMI concepts could enable very different user groups to feel comfortable and safe in automated vehicles. Once such concepts are fully developed based on further research, user-specific adaptability could be an important factor to gain a broad acceptance and market penetration of driving automation.
In the broader context, is has already been established that the expected benefits of driving automation will only be achieved if potential users will feel comfortable to hand over vehicle control to automated driving systems and consequently use them on a regular basis. By supporting these requirements through enhanced passenger experience and trust, HMI-based system transparency and user-specific adaptability could represent two steps on the way toward the realization of the versatile benefits which driving automation is promising for our future mobility and society.
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