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Driving automation has become a trending topic over the past decade, as recent technical and technological improvements have created hope for a possible short-term release of partially automated vehicles. Several research teams have been exploring driver performance during control transitions performed under highly automated driving (i.e., while resuming manual driving, when facing a critical situation for instance). In this paper, we present a state of the art of studies dealing with control transitions as well as the concept of non-driving-related task (NDRT) engagement. More specifically, we aim to provide a global view on how task engagement is investigated in the literature. Two main utilisations of task engagement emerged from our literature review: its manipulation as independent variable to vary the driver’s engagement state before a control transition, and its measurement as dependent variable to compare its variation to driving behaviour variables during a control transition. Furthermore, we propose a new perspective on control transition, which was so far studied through a techno-centric approach; research works were indeed designed in function of the system state. Our article suggests a more cognitive-centred view by taking in account the evolution of engagement mechanisms along control transition stages. Finally, we provide a categorisation of engagement mechanisms’ variables involved during these different stages, with a view to facilitate future investigations on the driver’s engagement state during this crucial phase of highly automated driving.
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INTRODUCTION
Recent technical and technological progresses have set the scene for the introduction of driving automation systems. Automated vehicles, i.e., vehicles without active drivers, may appear as the most critical challenge. As they have been studied since the advent of automation in aeronautics, the impacts of delegation of control, system supervision, and control transitions, are now investigated for car drivers’ behaviour (Bainbridge, 1987; Endsley and Kaber, 1999). In the near future, drivers will be able to act like passengers, i.e., to focus on a completely different activity than road management, leading to an evolution of the cognitive functions involved (e.g., allocation of attention). Considered in the past as distractions and the potential cause of numerous road accidents, activities realised on board during automation phases, called non-driving-related tasks (NDRTs), are now studied from a different point of view. Stanton and Young first advocated the benefits of staying stimulated when automation on board increases, as the amount of attentional resources generated for a given task is considered “available” for a potential new task to process (Stanton and Young, 1998). They later concluded that the phenomenon could be the same in the case of highly automated driving (Young and Stanton, 2002). From this point of view, NDRTs could be seen as a tool to maintain drivers in a cognitive state which would allow them to takeover control of the vehicle. However, other researchers do not share this opinion. In fact, several studies found that being involved in a NDRT significantly led to worse takeover quality (Neubauer et al., 2012; Naujoks et al., 2016; Zeeb et al., 2016; Eriksson and Stanton, 2017; Mok et al., 2017). Yet, other research works showed that most drivers decided to engage in a NDRT when they could under automated driving (Carsten et al., 2012; Llaneras et al., 2013). Assuming that some activities will become very popular on board, such as the use of electronic devices (Dingus et al., 2006), exploring their impact on drivers’ attentional state, and capacity to resume manual driving when necessary, has become very common over the last decade. The question “how much time does a driver need to safely take over?” has already been widely addressed. In their large and complete meta-analysis, Zhang et al. discussed the critical issues raised by automation-to-manual driving transition throughout time to regain control (Zhang et al., 2019). Significant decrease of performance was observed compared to control groups (Merat et al., 2012; Beukel and Voort, 2013). Other studies showed that, in situations of control transitions, experienced drivers were quicker to achieve road situation elements than novices (Wright et al., 2016). Several works concluded that simulator variables were robust measures to assess manual driving performance (Wester et al., 2008; Melcher et al., 2015; Gold et al., 2016). A few studies on general transitions from system to driver showed that the higher the level of automation, the longer the drivers’ reaction times (Gold et al., 2013; Strand, 2014). The strong interest of researchers for control transition between a driver and an automated driving system is legitimate. It indeed involves complex mechanisms (as we will see afterwards), taking place in complex situations. The legislation around highly automated vehicle is being discussed and will have to determine, among other issues, whether it is a good thing or not to do activities during the autonomous phases. Are these activities beneficial or harmful? Should they be prioritised? This ongoing challenge is addressed by several research teams from the field of highly automated vehicles, in different ways around the world. Our review puts together these approaches and offers a global view on how transition of control should be addressed by taking into account the human factor.
Takeover design, time to takeover, steering wheel angle, and standard deviation of lateral or longitudinal position have been widely used to study control transition. Their importance is indisputable in the process of understanding how automation modifies driving behaviour, yet human factors should be addressed with the same interest. NDRTs have been less investigated through their impact on drivers’ cognitive state. Indeed, they have often been defined as secondary tasks, or even conditions to induce different driver states prior to a takeover request. Even though task engagement mechanisms seem to be the most involved cognitive functions during on-board activities, only a few studies explored them for the driving context (Park et al., 2019), despite their major implication on drivers’ attentional state and availability to ensure safe driving. The few studies which examined the impact of NDRTs on driver performance have increasingly used the concept of task engagement. Whether it is considered as the result of the provision of attentional resources (Young, 2010; Lee, 2014), workload level (Ko and Ji, 2018), task difficulty (Pohl and Murray-Smith, 2013), or as a combination of key variables like energy arousal (Matthews et al., 2010), the study of task engagement seems essential to understand the mechanisms involved in the complex task of control transition. Control transition is indeed a complex situation, and contains several phases to be distinguished (Naujoks et al., 2018). Soon, drivers will be able to delegate the driving situation handling to a system and concentrate on other activities on board. They become “drivengers”, a term to evocate the switch between driver and passenger states (Reilhac et al., 2015). The “drivengers” can engage in NDRTs, from which they will then have to disengage while re-engaging in the driving situation. The importance of studying engagement mechanisms during transitions between tasks was previously highlighted by various researchers. The existence of an optimal state of engagement in a task before switching to another one has been theorised. In the case of an optimal task engagement state, a transition to another task would be easy and would not degrade performance (Pashler et al., 2001). Marberger et al. tackled this issue through the concept of “driver availability”, within the framework of control transition (Marberger et al., 2018). Indeed, their model attempted to discern the phases of transitions, notably by considering the driver’s cognitive state. A driver state transition is mentioned, distinguished from the system state and from the two surrounding phases (i.e., NDRT and manual driving). The need to differentiate the driver’s cognitive states as stages of a transition progress was also put forward by the multitasking model based on the threaded cognition theory (Salvucci and Taatgen, 2008; Salvucci et al., 2009). They defined the concepts of “interruption lag” and “resumption lag”, constituting the transient state of the driver between two tasks. It therefore appeared necessary to focus more precisely on these stages of the control transition. The objective of this state of the art is to provide a clearer view on how engagement in NDRT is manipulated and/or measured in studies on vehicle control transition. We present how NDRTs were used by research teams who aimed to observe their impact on the driver state during vehicle control transition, and how this effect was measured in terms of engagement in both NDRT and driving task. Furthermore, existing literature currently proposes techno-centric approaches on control transitions (Naujoks et al., 2018), whereas our article suggests a more cognitive-centred view. Finally, we provide a categorisation of engagement mechanisms’ variables involved during the different stages of control transition.
To this end, several articles were collected via Google Scholar searches and via a list of references from a previous literature review (Naujoks et al., 2018). The covered publication period was restricted to the last decade (i.e., between 2010 and 2020). The screening process was based on several inclusion criteria. First, attention, workload, engagement, or disengagement concepts had to be clearly mentioned as a variable. Selected studies also had to provide enough accurate information on the procedure dedicated to instructions and design for the NDRTs. Being centred on NDRT and providing cognitive explanation was also necessary for inclusion (e.g., studies focusing on NDRT and comparing different age groups were included). Finally, NDRTs had to be ecological (i.e., close to most likely chosen NDRTs in real life), to avoid the existing gap between standardised and ecological tasks (Stanton and Young, 2003; Shinar et al., 2005; Zeeb et al., 2016). Automated driving systems implemented and tested in these studies had to be of SAE level 3 or 4 (SAE On-Road Automated Vehicle Standards Committee, 2014). After a screening procedure and duplicate removal, twenty-three entries were thoroughly studied, resulting in the dismissal of seven entries due to incompatibility.
In this article, a specific approach of engagement mechanisms in the context of control transition under highly automated driving (HAD) was adopted. Indeed, after literature inspection, it appeared that engagement in NDRT was either considered as a manipulated variable in order to assess its consequences, or as a measured variable with a view to quantify, describe, and interpret the process of transition from NDRT to manual control in the advent of a takeover request. In the studied experimental protocols, engagement in NDRT was sometimes considered as an independent variable, or as a dependent variable. On the basis of this observation, this review examines the presented literature depending on how engagement was considered. The Manipulation of Engagement firstly considers articles that manipulated engagement with a task-driven approach, and then with a cognition-driven approach; in The Evaluation of Task Engagement are scrutinised articles measuring engagement through performance, and then through subjective assessments. Table 1 offers a global view of the repartition applied to the reviewed paper corpus. The literature is finally discussed in order to provide a synthetic view of the matter in Discussion, where a resulting more complete way of approaching the study of engagement in NDRT during automated driving is introduced.
TABLE 1 | Overview of the repartition applied to the reviewed articles.
[image: Table 1]THE MANIPULATION OF ENGAGEMENT
This first section includes and details studies which declared a manipulation of task engagement or engagement factors through non-driving related tasks. To explain their methodological approach to vary drivers’ engagement in NDRTs, two main perspectives were observed in the reviewed papers. One was focused on the task, in which case, the research teams justified the creation of different drivers’ engagement levels as independent variables by the manipulation of the task. Trough the manipulation of the task properties, different levels of engagement were created. This task-driven approach is presented in Task-Driven Approach, which describes works where NDRTs were established in function of their type, or of an expected difficulty level. The other approach identified in the reviewed papers was defined on cognitive process manipulation. Indeed, cognitive theories on engagement mechanisms were used to create experimental designs varying drivers’ engagement in NDRTs. Cognition-Driven Approach deals with these studies. Figure 1 illustrates how the repartition of the studies was made. This tree-figure contains two main parts: the left branch presents the criteria used to organise Task-Driven Approach, describing the papers which used a task-driven approach, while the right branch illustrates the criteria related to Cognition-Driven Approach. Table 2 provides a detailed overview of the content extracted from the articles that manipulated engagement.
[image: Figure 1]FIGURE 1 | Illustration of task engagement manipulation in the selected studies.
TABLE 2 | Studies using the manipulation of engagement as independent variable.
[image: Table 2]Task-Driven Approach
Miller et al., identified task engagement as the new cognitive mechanism to investigate in the context of highly automated driving, instead of distraction and secondary tasks in the case of manual driving (Miller et al., 2015). To do this, they designed a simulator study where participants had to experienced three different NDRTs during automated drives, i.e., reading a book extract on a tablet, watching a video on a tablet, and supervising the advanced driver-assistance system (ADAS). The NDRT type was chosen in function of their induced level of driver: the authors expected a low level of engagement when supervising the ADAS, associated with a high level of drowsiness; whereas they qualified the two other tasks as “stimulating”, and yielding more engagement but less drowsiness. After each automated drive, a takeover was necessary. A post-drive questionnaire questioning participants about their engagement in each NDRT was mentioned in the protocol description, yet no information was given in the results. Reaction times when a takeover request appeared (i.e., time to press a button, and time to initiate first manoeuvre), and the minimum distance to a leading object were also recorded.
Last year, Wu et al. released their study on the effects of NDRT engagement on drowsiness and takeover performance (Wu et al., 2020). Three age groups were invited to sit in a driving simulator and to engage in diverse tasks: automated driving without NDRT (i.e., control group), video watching, or alternating video watching with playing Tetris. They were asked to stay in their motorway lane. Suddenly, a stopped van appeared in front of the ego vehicle, and a takeover request was issued. Before and after each scenario, participants were asked to rate their drowsiness using the Karolinska sleepiness scale (Shahid et al., 2012). Their eye blink duration was recorded thanks to an electrooculogram, and the TimeSteer (i.e., time until steering) and sdSteer (i.e., standard deviation of the steering wheel angle) were collected. sdSteer allowed to measure manoeuvring smoothness. Differences between the ratings of drowsiness before and after each scenario was calculated; statistical analyses revealed a significantly smaller value for younger drivers between NDRT conditions and no NDRT. For middle-aged drivers, only the alternating task led to a smaller difference compared to the control condition. Finally, no significant difference was found between the tasks for older drivers. Eye blink durations generated similar results. TimeSteer values were not statistically significant among task conditions for younger drivers, however, the latter tended to react faster when engaged in a NDRT. Opposite results were found for the middle-aged group. For older drivers, there was no difference between the control and video-watching conditions, whereas alternating between watching and playing yielded slower reactions. Differences in sdSteer were only revealed for older drivers, with a poorer stability under the swap condition. In general, younger drivers showed faster reactions but less stable steering under NDRT conditions; middle-aged drivers had slower reactions under both NDRT conditions; and older drivers had long reaction times and poor stability under the demanding NDRT. The authors concluded that NDRT engagement had a positive influence for younger drivers.
Lately, Yoon and Ji examined the impact of three different NDRTs, i.e., interacting with an entertainment console by continuously searching for a radio station, interacting with a smartphone by playing “1–50”, and watching a video where they had to count the number of balls passed (Yoon and Ji, 2019). The participants’ inner spirit of competition was highly invoked as they had to obtain the best scores possible for the first two tasks, and to inform the experimenter about the number of passes. Workload was assessed using the NASA-TLX questionnaire (Hart and Staveland, 1988); and the gaze-on time (i.e., before first gaze through windshield after takeover request), fixation time (i.e., before first gaze on the road), hands-on time (i.e., before grasping steering wheel), and takeover time (i.e., to resume manual control) were calculated to quantify takeover performance. Visual performance data was collected using an eye-tracker. Each participant was required to complete three sessions for the experiment. Within each session, they were asked to perform takeover at three distinct points, for non-emergency situations: participants had to change lanes as the number of lanes changed from three to four, or from four to three. Data analysis was conducted in three steps, i.e., subjective evaluation, objective evaluation, and correlation between both. Statistical analyses showed that each task had a significant effect on the workload: interaction with the entertainment console was scored significantly lower than the two other tasks, notably in terms of mental demand and effort. As for objective measurements, an ANOVA demonstrated significant differences between tasks for the gaze-on, fixation, and takeover times; however, there was no impact on the hands-on time. A negative correlation was found between workload and takeover performance. As a summary, the different tasks had statistically significant effects on manual takeover.
Borojeni et al. presented their work, with two main research questions in mind: one linked to the type of automation, and one to the effects of engagement (Borojeni et al., 2018). The participants had to engage in a reading span task with unconnected sentences, and were required to determine which ones made sense. They were also asked to recall a word after each sentence, and later to type them in the correct serial order (three words for the low-level condition, five under the high-level one). Two takeover requests were studied: an information one, warning about an upcoming takeover, and a decision one, priming with appropriate manoeuvre. Requests were made to the participants for specific events, e.g., when the lead car suddenly braked. Depending on the traffic situation, drivers had to steer left, change lane and overtake, or to brake and overtake. Reaction time (i.e., between request and action), time to collision (i.e., between action and collision with lead car), number of collisions, of alternative manoeuvres (i.e., when participants steered instead of braking and vice versa), gaze behaviour (i.e., frequency and duration), and performance in NDRT were measured. Workload was rated thanks to the NASA task load index (NASA-TLX) questionnaire (Hart and Staveland, 1988). An analysis of variance (ANOVA) showed a significant effect of automation type (i.e., information vs. decision) on reaction time: takeover was performed faster under the decision condition. However, no significant effect of engagement level was found on reaction time. Similar results were observed for the time to collision. Statistical analyses of the subjective data demonstrated no effect of the automation type, but a significant impact of the NDRT engagement on the workload. Collected eye-tracking data showed no differences between experimental conditions. Borojeni et al. concluded their article by suggesting a few interesting points for the design of future takeover requests.
In a simulator study, Wandtner et al. investigated NDRTs’ engagement mechanisms, also using different task difficulty levels (Wandtner et al., 2018c). In addition, they studied the effects of a predictive human-machine interface (HMI) on participants’ behaviour during control transitions. Twenty participants drove on a simulated track, alternating sections of manual and automated driving, while a visual-manual texting task was offered to them on a tablet. More precisely, they had to transcribe a given text made with short or long sentences (i.e., thirty vs. ninety characters). One group was encouraged to achieve as many tasks as possible while the other had no particular instruction. An HMI was located on the centre console. It continually displayed the test progression in real-time gauges with more or less information, depending on the HMI condition (i.e., predictive vs. basic HMI). The predictive HMI gave much more precise information than the basic one about the progression of each section (i.e., automated or manual). The same takeover request was presented at the end of each automated phases when a sharp bend appeared to the left side of the road. To measure task engagement, the number of tasks accepted during both manual and automated driving was counted. Typical simulator aspects, like time-response variables or quality measures (i.e., time until hands were back at the steering wheel, time until system deactivation or variability of lateral position, lane exceedances, and maximum accelerations), were recorded and analysed. Results showed that, even in the case of imminent takeover, several participants started a new NDRT. NDRT engagement was correlated with significantly poorer performances during takeover. A phenomenon of task perseverance was observed during takeover in most cases. Under the predictive HMI condition, where self-regulation processes were encouraged, takeover performance was better. For instance, during regaining control of the vehicle, participants better controlled lateral parameters.
In 2017, Zeeb et al. studied the impact of NDRTs on critical takeover situations (Zeeb et al., 2017). Participants were asked to engage in two tasks i.e., reading (“easy task”), and proofreading (“difficult task”). One group of participants had the tablet mounted, whereas another group had to hold it to analyse the effects of manual task load. Finally, a control group (i.e., not engaged in any NDRT) was involved. Two distinct takeover situations were presented: a lateral one (wind gust), where participants had to react with a steering intervention; and a longitudinal one, where they had to brake to avoid a collision. After each situation, the participants were asked to score their alertness, and how mentally demanding were the minutes prior to the takeover. Time to eyes on (i.e., before first gaze on the road), time to hands on (i.e., before first contact with the wheel), and time before intervention were measured. Furthermore, takeover quality was recorded. Data analysis showed a significant effect of the task difficulty on alertness and mental load ratings: the control group rated both values lower than the other groups. No difference in alertness was found between easy and difficult tasks; however, difficult task yielded higher mental load. The tablet position had a significant influence on the reaction times, which were longer for the handheld group. Differences were also found in terms of takeover quality, with the handheld group having larger lane deviation and shorter time to lane crossing. The cognitive task load also had an influence on times to hands on and to first steering, but not on time to eyes on; yet there were no differences between easy and difficult tasks. To conclude, manual task load had effects on reaction times and takeover quality for both interventions, whereas cognitive task load had no influence on takeover performance.
Cognition-Driven Approach
In a first study, Wandtner et al. used Wickens’ MRT (Wickens, 2002) to analyse the influence of task modality and cognitive workload on takeover (Wandtner et al., 2018a). Fourteen participants experienced six automated driving scenarios, each followed by a critical takeover situation. During automation phases, participants conducted NDRTs on a handheld tablet; all of them experienced each task type, as described below. To explore the impact of NDRTs, the authors applied a mix of task modality (i.e., visual, auditory, and manual) and cognitive workload (i.e., medium vs. high level) factors. The visual-manual condition was equivalent to previous study (i.e., Wandtner et al., 2018b). The visual-manual with high workload condition had, in addition, the objective to “alphabetise” each word that contained errors (e.g., “deirv” had to become “drive”). The authors assumed that such variations could affect takeover performance. Classical metrics of drivers’ takeover performance, concerning reaction time and quality takeover, were recorded and analysed. Timing aspects were assessed using the time from takeover request until both hands were on the steering wheel, and from the brake-response time. Reaction times showed an influence of the NDRT type, with a significantly longer hands-on time for the visual-manual task than for the auditory-vocal task. A significant effect of a high workload task was observed on the time to brake.
Wandtner et al. focused on the influence of NDRTs on drivers’ engagement and takeover performance in another study (Wandtner et al., 2018b). Thirty participants were invited to experience five scenarios ending by a takeover. All takeover situations were considered critical as the participants had no possibility to anticipate (i.e., situations were hidden by scene objects). During automated phases, participants were asked to engage in NDRTs. Based on Wickens’ multiple resource theory (MRT) (Wickens, 2002), cognitive modalities were manipulated to create different demand levels. For one group, tasks were locked out when takeover requests appeared, whereas no such condition was applied to the other group, who could continue their task. The NDRTs were exercise-type, based on the same goal, i.e., to transcribe sentences. For the auditory-vocal condition, participants had to listen to sentences and repeat them aloud. Under the visual-vocal condition, participants had to repeat sentences presented on the tablet mounted on the centre console. For the visual-manual condition, they were requested to read sentences displayed on the tablet and to type them. This condition was split into two versions depending on where the tablet was located (i.e., on the centre console or in participants’ hands). Sentences followed each other without any break to ensure participants stayed engaged, and the latter were encouraged to complete as many tasks as possible with a monetary incentive. All participants experienced each of the four task types, as well as a control sequence (i.e., without NDRT). Classical dependent variables were used to evaluate takeover performance: reaction time was measured through hands-on and brake-response times (i.e., from takeover request until the brake pedal was sunk). A significant effect of task modality was found on hands-on time: when using hands to hold the tablet, the time to regain control was higher. No significant effect but a tendency on brake-response time was found. A significant effect of NDRT condition was found on the time to collision, with the visual condition associated with shorter times, whereas only a slight tendency was observed on the number of collisions.
Three years ago, Roche et al. explored the impact of NDRT cognitive modality on drivers’ behaviour (Roche et al., 2019). Six automated phases, which always ended by a takeover request, were tested in their experiment. Participants had to regain control before the beginning of a construction site that prevented the automated system from continuing. Two takeover request designs were tested on two distinct groups; one was an auditory alert, whereas the other one was combined with a visual message. During automated phases, participants were instructed to play a game consisting in a question-answer challenge, which was designed in two versions to vary involved cognitive dimensions. More specifically, the game was either offered via an auditory mode (i.e., the experimenter read questions aloud, and participants were asked to answer aloud), or via a visual mode (i.e., questions were presented on a tablet, and participants had to tap the answers). In this study, the NDRTs were presented as distractions for the drivers. It was expected that the multiplication of stimuli which came from the same cognitive modality, especially in visual cases will lead to poorer performance, in line with Wickens’ multiple resources theory (Wicken, 2002). Classical driving data were recorded from the simulator as the takeover time, some lateral and longitudinal variables (i.e., minimum acceleration, standard definition of lateral position (SDLP), and steering wheel angle), and time to collision. Fixation durations on the road were also recorded thanks to an eye-tracker. Results showed an effect of NDRT modality on SDLP and gaze behaviour: participants looked less at the road when NDRT required visual effort, compared to auditory NDRT. From the takeover request to its end, corresponding to the beginning of a construction site, SDLP appeared to be larger after a visual NDRT than an auditory NDRT.
Befelein et al. investigated eight takeover situations on the highway to evaluate the impact of NDRTs’ motivational aspects and interruption effort on takeover performance (Befelein et al., 2018). Emergency takeover requests were examined: the ego-vehicle was following a lead vehicle when, suddenly, a broken-down vehicle appeared. A visual and auditory takeover request was consequently issued to avoid collision. Each participant was required to complete two distinct blocks; one where the NDRT led to external incentive, and one where it was only a hobby. Each block was composed of two situations with high interruption effort, and two with low interruption effort, as further defined. The authors chose the video game Tetris as NDRT. For the high interruption effort, participants were asked to pause the game, put the tablet in a box, and place a lid on that box; whereas, for the low effort, they only had to pause and put the device aside. Reaction times, i.e., time between request and first driver reaction, were measured for every situation. Furthermore, participants were asked to rate several items on discrete Likert scales, including the situation criticality, their takeover performance, and their motivation. Subjective ratings showed significant differences between low and high interruption efforts: criticality was rated higher, and takeover performance was scored lower in situations with high interruption effort. No statistically significant differences were found between both motivation conditions (i.e., with or without external rewards), however, the performance condition was considered more dangerous than the hobby condition. As for objective measurements, participants reacted significantly slower in situations with high interruption effort. There were no significant differences between motivation conditions. Befelein et al. concluded by highlighting the fact that task interruption effort requires further attention, as it has a critical impact on takeover reaction times.
Simultaneously, Ko and Ji published their own work in two parts, aiming to analyse flow experience, mental workload, and reaction time under automated driving (Ko and Ji, 2018). Their first experiment is detailed in Subjective Ratings. In the second experiment, participants were asked to sit in a driving simulator and to perform two different NDRTs, i.e., watching a video and reading an article on a tablet, under three levels: a low-demand level (i.e., boredom condition), a mid-skill level (i.e., fit condition), and a high-demand level (i.e., anxiety condition). At given points, the participants were informed through an auditory sound to resume manual driving. Their gaze behaviour was recorded using eye-tracking glasses. Their reaction time, consisting of four variables, i.e., gaze-on time, road-fixation time, hands-on time, and takeover time, was registered. Participants were required to fill in two subjective questionnaires after completing the scenarios: a flow short scale to measure flow experience (Engeser and Rheinberg, 2008), and the NASA-TLX questionnaire (Hart and Staveland, 1988). Statistical analyses showed a significant difference in the perceived difficulty of each task, with video watching perceived easier. The anxiety condition required a higher demand level than the fit condition, which required a higher one than the boredom condition. Each task had a significant impact on the flow experience, with a difference between the fit condition and the other two conditions (i.e., boredom and anxiety). Mental workload was rated differently for each task, with the reading task rated higher than video watching. Objective measurements led to complementary results: significant effects of the experimental condition were found for all the aspects of the reaction times. More precisely, there was a significant difference between the fit condition and the other conditions, but no difference between boredom and anxiety conditions. To conclude, the authors claimed that flow experience, mental workload, and reaction time depended on the experimental condition.
Last year, Tanshi and Söffker conducted a driving simulator study to better understand human behaviours while resuming manual driving (Tanshi and Söffker, 2019). They defined four distinct scenarios; each scenario presenting two different complexity levels (i.e., easy vs. difficult, depending on the ego speed). The first scenario represented a fixed obstacle on the highway, not visible due to fog. For the second scenario, also taking place on the highway, a slow vehicle ahead had to be overtaken. For the third one, participants were required to exit the highway. Finally, the fourth scenario corresponded to a right turn on a four-way intersection on a country road. Before taking over from automated to manual driving, the participants were invited to perform three NDRTs: reading, proofreading, and proofreading out loud. After takeover, participants had to fill in the situation awareness rating technique (Taylor, 1990), and NASA-TLX (Hart and Staveland, 1988) questionnaires. Moreover, their takeover time was recorded. Analyses of the results showed that takeover time under difficult complexity level was higher for the first and third scenarios, but not for the second and fourth. This can be explained by the fact that dynamics were different. As far as situation awareness and workload are concerned, they appeared to be higher for the easy level for all scenarios but the second one. In general, takeover time for the reading task was higher than for proofreading and proofreading out loud; however, this was due to a learning effect, as reading was linked to the first scenario presented to the participants. Thanks to these results, Tanshi and Söffker developed a model defining the dependencies of a situation complexity on takeover time.
THE EVALUATION OF TASK ENGAGEMENT
In this section, studies which measured task engagement as a dependent variable are described. Two main ways to measure NDRT engagement was observed. Task-Related Measurements represents works where engagement was measured through task management during automated driving and control transition., whereas Subjective Ratings concerns articles where task engagement measurement was made through participants’ subjective ratings. Figure 2 recapitulates this categorisation. The figure is composed of two parts: the left branch describes the criteria used to organise Task-Related Measurements; dealing with the papers which used task-related measurements to evaluate NDRT engagement, whereas the right branch represents Subjective Ratings which reviews the use of subjective ratings. Table 3 further details the articles’ content relating to the evaluation and measurement of task engagement.
[image: Figure 2]FIGURE 2 | Illustration of task engagement measurements in the selected studies.
TABLE 3 | Measures of task engagement as dependent variable.
[image: Table 3]Task-Related Measurements
To analyse some quality aspects to further investigate drivers’ behaviour, Wandtner et al. used multiple dependent variables in their simulator study described in Task-Driven Approach (Wandtner et al., 2018a). The number of collisions, maximum longitudinal decelerations, takeover criticality, and subjective workload were recorded. Workload was used to assess engagement, whereas disengagement was measured by observing how drivers dealt with NDRTs in takeover situations. In fact, NDRT disengagement was evaluated using a behaviour classification regarding the interruption strategy and more precisely the task manipulation from the takeover request until the end of the takeover situation. Behaviours varied depending on the task, more especially on the task modality and time-budget.
Then, to continue the exploration of engagement and disengagement measurements, Wandtner et al. defined new dependent variables (Wandtner et al., 2018b). In their second study, detailed in Cognition-Driven Approach, the authors observed how participants dealt with the tablet when a takeover request appeared. Only five participants dropped it off the passenger seat, whereas twelve put it on their thighs, and thirteen kept it in one hand while taking back control of the vehicle with the other hand. The authors also coded the behaviour series. They noted that more participants braked before putting their hands on the steering wheel under the visual–manual handheld condition than under the other conditions. The number of collisions, minimum time to collision, and maximum decelerations were investigated as quality measures. The way participants from the no-lockout group (i.e., when the task was not blocked when a takeover request appeared) dealt with the task was also examined. Three different behaviours were observed, i.e., an immediate interruption and no task resumption, an interruption with a resumption of the task after responding to the request, and a continuation of the task even during takeover and manual driving. Along with Wickens’ theory (Wickens, 2002), the more the task was demanding, the more it was immediately abandoned; auditory-vocal tasks were more often continued than visual-manual-handled ones. Subjective workload ratings indicated a higher level for visual-manual tasks than for different vocal tasks. Visual-vocal conditions were also rated significantly higher than auditory-vocal conditions.
Concerned by age differences in driving and on-board behaviours, Clark et al. explored this question through a simulator study (Clark et al., 2017). Two groups of participants (younger vs. older) drove on experienced three driving sessions, each with four transitions of control, on a simulated highway track. A takeover was requested when entering a construction zone. During automated driving, they were free to engage in any NDRT as they would do in real life. The NDRTs observed were: reading, reaching an object, grooming, using an electronic device, playing a horse videogame, talking to other people (i.e., experimenters), talking to self, listening to music, and looking at the road scene. The number of occurrences and the total duration of each NDRT recorded through an eye-tracker was used by the authors to distinguish participants: a “low activity” and a “high activity” groups were identified. The level of engagement in NDRT was associated with this classification. In fact, participants who had a high level of off-road gaze occurrences and duration was considered as highly engaged in the NDRT while the opposite was classified in the low engaged participants, corresponding to the “low activity” group. Regarding the activities observed, the most popular in all groups was to look at the road environment. Apart from this activity, younger participants principally used their electronic device or did some kind of grooming, whereas older drivers preferred to talk to the experimenters. Younger participants in the high activity group spent up five times more in doing a NDRT than those in the low activity group, and more than ten times more than older drivers. Driving data recorded were analysed in function of the different groups (i.e., younger vs. older, and low activity vs. high activity). Speed, steering wheel angle, response time from notification to driver’s first reaction, lateral lane position, throttle, and brake input were collected. The younger and high activity group had the highest speed after a takeover. No significant differences were found between the older high and low activity groups, except a tendency in braking. In fact, older drivers who engaged the most in NDRT tended to brake harder during a transition of control.
Five years ago, Mok et al. investigated the effects of distraction during transitions of control (Mok et al., 2015). They observed participants perform a regain of control after an automated driving session while they had to watch a video, presented as a passive distraction. Three levels of time were tested for transitions, i.e., two, five, and eight seconds. Each participant experienced one of these time conditions. During the automated drive, participants successively watched two videos on a tablet. They had no specific instructions about its manipulation during transition of control. To measure participant engagement in the task, unexpected items were placed on road sides (e.g., a giant gorilla). In a post-simulation questionnaire, participants were asked to recall what they saw. Their performance to identify the items was used to evaluate task engagement: a participant who missed all the items was considered as highly engaged in the task. Driving behavioural data were recorded, including standard deviation of road offset (i.e., distance from the centreline of the road), standard deviation of steering wheel position, and deviation from a lane in curve. The main results concerned the minimum time to correctly regain control after a phase of automation. The authors noted that their results were close to some from a previous research where participants were not given any distraction during automation (Mok et al., 2015). Focusing on the transition phase and the driver needs at this moment, Mok et al. did not neglect the importance of driver cognitive state and addressed it through the question of task engagement and disengagement (Mok et al., 2015).
In their experiment described in Task-Driven Approach, Wandtner et al. measured task engagement and disengagement through different variables (Wandtner et al., 2018c). NDRTs were offered one after another during manual and automated driving. The number of accepted tasks during each session was recorded to assess drivers’ engagement level in NDRT. The authors considered that participants who rejected tasks were more engaged in road supervision than in the NDRTs. Task interruption management was used to evaluate disengagement from the task when a takeover request appeared; disengagement was consequently considered higher when a task was cancelled. Such variables, related to task engagement and disengagement, were used to interpret takeover performance. Results showed a decrease of the performance under highly task engagement. Regarding disengagement, results showed a persistence in the task during takeover. The authors shaded this finding by the effect of money incentive and the simulated context that probably led to prioritise the task.
Miller et al. processed driver’s eye and face behaviours to analyse drowsiness which is, according to their approach, negatively correlated to task engagement level (Miller et al., 2015). In their simulator study described in Task-Driven Approach, they coded the number of yawning and eye-blinking duration, which were identified as markers of drowsiness. The results showed a significant difference of drowsiness markers between the supervising ADAS task and the two others (i.e., reading a book extract and watching a video on a tablet). Indeed, supervising ADAS led to much more eye closure and yawn, which was consistent with the preliminary hypothesis. No influence of the NDRT type was found in the case of critical control transition (i.e., when the takeover request appeared 5 s before the automated system deactivation) on reaction time or minimum headway distance.
In their experiment described in Cognition-Driven Approach, Roche et al. recorded fixation durations on the road thanks to an eye-tracker. This variable was considered a robust indicator to measure allocation of attention resources. Results showed that participants’ fixation durations decreased along a session. Visual NDRT was associated to fewer gazes on the road than the auditory NDRT. Results also showed that even after the TOR, there was still a difference on gaze behaviour in function of the NDRT modality. Indeed, after the TOR, when participants were engaged in a visual NDRT, their fixation duration to the road is still poorer than the auditory NDRT condition. Finally, the takeover request condition (auditory vs. visual-auditory) did not had an effect on fixation duration.
Subjective Ratings
Zeeb et al. investigated the effects of NDRTs on drivers’ distraction with four driving sessions ending by a takeover control after a phase of automation on a simulated highway (Zeeb et al., 2016). Participants were instructed that the system would manage the entire vehicle function as long as it could stay on the same road lane; meaning that, when a lane change was required, the system would request drivers to take over. Among the four sessions, two ended by a critical scenario, and two by a non-critical situation. Two different groups of participants were defined, i.e., one without NDRT (control group), and another with the instruction to perform predefined NDRTs. The latter were asked to write emails, read news, and watch videos. An extra NDRT was used to complete automation phases for two longer scenarios, i.e., listening to music. To assess drivers’ response, time from takeover request to first gaze at the road, to drivers’ hands on the steering wheel, and to deactivate the system were recorded. These time responses were considered as indicators of drivers’ distraction. No significant differences were found between distraction conditions on the times to hands on and to deactivate the system. Deviation from lane centre and lateral acceleration were used as takeover quality measures: video watching and news reading resulted in a larger deviation from lane centre, and news reading was also associated with larger lateral acceleration. Participants were invited to associate a subjective level of distraction (i.e., low, medium, high) for each NDRT. Results indicated that writing emails was the more distracting task, followed by reading news and video watching, which was the opposite of what was expected from the takeover quality results.
Before testing the impact of NDRTs on driving performance in their second experiment presented in Cognition-Driven Approach, Ko and Ji studied the differences between NDRT designs, especially their effects on attentional engagement factors (Ko and Ji, 2018). They asked participants to sit in a driving simulator and to perform different tasks without any driving simulation running. Their aim was to examine whether differences appeared between each task and each condition on perceived difficulty, rated workload, and flow experience. Participants performed two tasks, i.e., watching a video and reading an article, under three conditions (boredom, flow, and anxiety). A secondary two-back task was added to vary and control mental workload. NDRTs were performed on a tablet placed on the right side of the steering wheel. After each task, participants filled in the NASA-TLX questionnaire (Hart and Staveland, 1988), and the Flow Short Scale (FKS) which measures the perceived demand level of a task (Engeser and Rheinberg, 2008). Main results indicated that perceived difficulty was significantly different between each task and each condition. Reading task was rated higher than video watching, and the perceived demand level increased from boredom to anxiety. Flow experience provided a significant effect between experimental condition and task type, with the best flow experience under fit condition. Again, a significant effect was found on the mental workload for each task type and experimental condition. The watching task was rated lower significantly than the reading task, and it increased with the experimental condition from boredom to anxiety.
A relatively new study conducted by Lee et al. investigated the effects of the NDRT type on takeover quality after automated driving (Lee et al., 2020). During automated driving, the participants experienced nine NDRTs (i.e., conversing with a passenger, listening to music, talking to their phone (handheld), watching a video on the centre console, reading a book, texting on a smartphone, operating the in-vehicle information system, playing games on a phone, and holding and drinking a beverage). A categorisation of NDRTs (i.e., two physical attributes, two cognitive attributes, and one visual attribute) was determined to analyse the effects of the NDRT type. Physical attributes referred to the place where the NDRT was held and to the number of hands required. Cognitive attributes referred to the dimensions used to perform the NDRT and to the cognitive load declared. Finally, the visual attribute corresponded to the video-coded gaze position during NDRT. Cognitive load was used as a factor of NDRT differentiation. Classical takeover quality measures, like longitudinal and lateral data, were recorded after control transitions. The effects of each attribute were explored using aforementioned measures, as well as subjective ratings of cognitive load (in the case of cognitive attributes). A positive correlation was found between cognitive load level and the maximum longitudinal deceleration in the case of hazard avoidance. This means that participants who declared highest levels of cognitive load were also the ones who braked the most when they had to avoid a collision. The cognitive load also had an effect on distance and time to collision variables. By contrast, resource allocation had no effect on the takeover quality. The researchers concluded that the increase of cognitive load during NDRT was associated with a difficulty to perform lateral and longitudinal control during a takeover situation. They also deduced that physical and visual attributes were less important than cognitive ones regarding takeover control performance.
Subjective workload also brought interesting results in another research team’s study (Wandtner et al., 2018a). It was significantly different between each task, with lowest workload recorded under the auditory-vocal condition, and highest one under the visual-manual high workload condition. No effect of cognitive workload was found on the first response variables (e.g., hands-on time). On the contrary, an influence of both task modalities and mental workload was observed on time to brake. Indeed, participants braked stronger under visual-manual than auditory-visual conditions, and under visual-manual high workload than visual-manual task conditions. The authors specifically noted that high mental workload had no effect on first reactions, but on actions that needed higher cognitive processes, such as action selection and decision.
Wandtner et al, also used subjective ratings as dependent variables in their second experiment (Wandtner et al., 2018b). The authors used the common NASA-TLX (Hart and Staveland, 1988) to evaluate the workload level associated with the NDRTs. They also asked participants to rate their subjective perception of the NDRTs levels of safety, and to classify the NDRTs in function of their level of disruption in the case of a takeover situation. Results confirmed the association between workload and an increase of cognitive dimensions, as the auditory tasks were associated with smaller scores than visual-manual tasks. The perceived safety level of each NDRT increased with the number of cognitive dimensions needed to get the task done. Participants also declared the most complex (i.e., visual–manual handheld) NDRT as the most impairing under takeover situations.
DISCUSSION
Task Engagement: Manipulation and Measurement
The objective of this work was to propose a literature review of the existing studies dealing with non-driving-related tasks engagement, as well as its impact on taking over control of highly automated vehicles. More precisely, we attempted to better understand and explain how task engagement was manipulated and analysed in the literature. The complexity firstly lied in grouping together studies with close, or at least similar, exploration goals (i.e., around task engagement, NDRTs, and automation), in spite of the heterogeneity of the terms used (e.g., task engagement, task demand, cognitive load, and effort), and of the theoretical approaches. Among the selected studies, we noted that some authors (i.e., The Manipulation of Engagement) designed specific experimental protocols to vary task engagement by the choice of activities to be carried out on board, with a view to analyse the effects of such variability. In this precise case, engagement was used as an independent variable. Other research teams (i.e., The Evaluation of Task Engagement), on the other hand, preferred to use measures of task engagement through recognised factors (e.g., resource allocation, cognitive effort, and mental workload). Engagement, or its associated factors, were then used as dependent variables. Both approaches aimed to study differences between daily life activities carried out on board, and to look for correlations with driving behaviour when regaining control.
Eight main tasks were identified within the articles studied, i.e., object manipulation, audio listening, video watching, gaming or video gaming, searching for information, typing, reading, and taking part in text exercises. Figure 3 illustrates the type and the occurrence of NDRTs used in the reviewed studies. We decided to distinguish classical reading activity to the reading activities with exercises because the cognitive dimensions involved were not the same, as demonstrated by Wickens’ MRT (Wickens, 2002). Three activities stood out within the selected articles, i.e., reading (simply or as an exercise), video watching, and game playing.
[image: Figure 3]FIGURE 3 | Illustration of the recurrence of the NDRTs used in the selected articles.
Two main approaches were observed regarding studies varying engagement through their task. The first one focuses on generating differences by choosing particular tasks. Most of the authors postulated that there were differences between chosen tasks based on previous research on the same topic (i.e., studies on takeover performance after a period of highly automated driving, e.g., Llaneras et al., 2013; Merat et al., 2012; Kim et al., 2015). Other studies (e.g., Zeeb et al., 2017; Borojeni et al., 2018; Wandtner et al., 2018b) relied on the notion of task difficulty to yield variations, sometimes within a single NDRT. Generally, instructions were then more complex for the difficult version of the task, ranging from a version without instruction (e.g., watching a video), to a version with a particular instruction requiring textual or audio-visual data processing. The second approach identified was the reliance on cognitive models defining cognitive dimensions which create different levels of difficulty. The predominantly used model, when a model was cited, is Wickens’ multiple resources theory (MRT) (Wickens, 2002). This model was used to justify a manipulation of the cognitive load/workload, and of the difficulty generated by the task. Thus, by combining several dimensions [e.g., motor and visual dimensions (Borojeni et al., 2018)], the research teams obtained different levels in the subjective evaluation of engagement factors (e.g., workload). The threaded cognition theory (Salvucci and Taatgen, 2008) appeared in one paper (i.e., Tanshi and Söffker, 2019) in order to justify an increase of the level of resources required between the different proposed versions of a reading task. It can be noted that the authors who used a cognitive theory (i.e., Wickens, 2002, or Salvucci and Taatgen, 2008) to choose their activities all ended up with reading tasks.
Among the studies which chose task engagement as variable to be measured (i.e., The Evaluation of Task Engagement), two main types of measurements were found. The first one corresponds to the way of managing the task with driving (i.e., autonomy supervision and/or transition), whereas the second one designates participants’ subjective assessment of their engagement, or of various factors of engagement (e.g., effort, estimated level of demand, distraction). Task performance was identified as another metric which we did not rank at the same level as the ones aforementioned, as its relevance in the cited research was only minor. Yet, task performance can be considered as an indicator of task engagement, even though it is not self-sufficient.
Task engagement is a state resulting from multiple factors, which are important to combine to best cover such a complex cognitive state. Control transition phases also comprise different stages which can be linked to sub-factors of task engagement, as shown in Figure 4. Figures 4, 5 illustrate our identification and distinction of these phases, by associating to each of them their corresponding measurements. Existing approaches lack Such distinction is often lacking in current approaches to control transition (Melcher et al., 2015; Walch et al., 2015; Dogan et al., 2017).
[image: Figure 4]FIGURE 4 | Illustration of different ways to investigate a control transition, from system to driver.
[image: Figure 5]FIGURE 5 | Illustration of the attribution of reviewed articles measurements to each control phase according to engagement mechanisms.
Task Engagement in the Course of Control Transition
Figure 4 exposes three principal ways to address takeover. It starts with a techno-centric approach, the most common one nowadays, which mainly describes takeover according to a system’s behaviour. Techno-centric studies clearly tend to separate delegation of control, and takeover alert. System deactivation then initiates the last phase, that is to say: manual driving. Starting from this techno-centric point of view, an approach by the driver’s behaviour can be proposed. During driving delegation, drivers usually engage in NDRTs (Pfleging et al., 2016; Large et al., 2018). From takeover request, a greater complexity can be observed for the behaviour-centred approach. In fact, phases are not sequential but layered. Stopping the NDRT does not necessarily precede regaining control of the vehicle; these can overlap, which creates the complexity and multifactorial nature of the takeover. From a safety-centred point of view, a quick and total abandonment of the NDRT in favour of regaining total control of the vehicle is expected. Nonetheless, the human factor with its wide variability has to be considered. Using a cognitive-centred approach, we attempted to identify the mechanisms of task engagement involved from these observable behaviours.
From such a cognitive-centred point of view, Figure 5 illustrates a repartition of measurements found in the reviewed articles that fit each phase of a control transition. A control transition phase, i.e., from automation to driver, can be considered both multidimensional and multiphasic. It is indeed multidimensional because it simultaneously calls on several functions, such as auditory perception (e.g., alarms), visual perception, motor reaction, and attention. Control transition can also be considered multiphasic by distinguishing three main phases, as follows. The first one corresponds to the pre-alarm stage, during which the NDRT is performed under automated driving conditions. This phase is important in the study of control transition as it appears necessary to know the driver’s state at the moment of a takeover request. Thanks to our literature review, we assigned three main measures to this phase. The first one includes subjective variables about the driver’s cognitive state, collected, or not, through standardised questionnaires [e.g., NASA-TLX (Hart and Staveland, 1988)], such as mental workload, interest in the task, and experienced difficulty. Gaze behaviour represents the second measure, as it was identified as a variable used to assess driver’s engagement in the NDRT, particularly using the fixations (i.e., number and time) distribution between road and task. Finally, even though it was not clearly identified as an engagement variable, task performance was sometimes used by the authors, which also appears as an interesting indicator. On the contrary, performance measurement of the driving task was a central component of takeover assessment. According to the techno-centric approach, we noticed a transition phase between takeover request and deactivation of the automated system. From a cognitive perspective, this phase is composed of two interlocking stages of task engagement, i.e., a disengagement of the activity and a re-engagement in the road situation and driving, lasting until the final phase. A mobilisation of several cognitive and motor skills thus takes place in a very short period of time. We consequently identified three main variables as well as an ancillary variable in the experiments studied. A first type of measurement groups together all the variables recording the way the NDRT is handled from the takeover request. Some authors (e.g., Wandtner et al., 2018a) chose to code the NDRT management differences, e.g., “completely abandoned”, “paused before stopping”, “continued in parallel”. The notion of interruptibility level of the task appears as an indicator of the driver’s disengagement from the NDRT when a takeover was requested. It can be measured in several ways, yet the goal always seems to be the same, i.e., to evaluate to what extent the driver decreases the use of their task resources to the NDRT. We also assigned several subjective evaluations to this phase, such as the difficulty experienced to perform the takeover, or the distraction generated by the NDRT, compared to the driving task. Note subjective evaluations could relate to both disengagement and re-engagement in the task. Gaze behaviour (i.e., fixation duration and number of glances to the mirrors) was also used to determine the driver’s strategy to regain control.
In the literature, reaction time is commonly used as an indicator of takeover performance. However, according to the multiplicity of involved mechanisms as we demonstrated in this article, this metric needs to be nuanced, as different types of reaction times can be identified. For instance, several information processing and decision-taking processes are involved behind considering the time to redirect gaze towards the road and the time to effectively act on the steering wheel. This could lead to attributing different meanings to similar values of these two types of reaction times. The time to redirect gaze towards the driving environment could be considered as a reference to measure the first instants of NDRT disengagement. On another side, the time to effectively act on the vehicle commands refers more to the first instants of driving task reengagement. Even with this subtlety, we argue that reaction time cannot be considered alone to provide a detailed insight on the ongoing task transition process. Thus, it should be at least combined with the other driving performance indicators. It seems that takeover quality indicators are considered as key information to assess re-engagement in driving. Even though they provide reliable and useful information to assess driving performance and fitness of behavior, such variable appears to be insufficient to provide detailed explanation in case of takeover failure. Consequently, considering the driver’s cognitive state should be central for a better understanding of the transition steps during the takeover process. As suggested in our approach, NDRT disengagement, road situation, and vehicle control re-engagement appear to be more complex and entangled than simple on/off transitions. As illustrated in several studies, it frequently happens that the driver returns back to the NDRT after at least partially regaining manual control of the vehicle (e.g., Feldhütter et al., 2017). Such phenomenon could be explained with the help of deeper assessment about cognitive processes and situation awareness rebuilding states. Therefore, a better consideration for temporal lability of resources allocation to the two considered tasks (i.e., NDRT and driving) through more extensive probing of driver cognition should become the new gold standard in takeover studies.
CONCLUSION
In this paper, we presented a literature review on existing research works studying the effects of non-driving related tasks (NDRTs) on task engagement under highly automated driving (i.e., SAE levels 3 and 4). More specifically, we analysed how engagement in NDRT was manipulated and/or measured in the specific context of control transition, i.e., from automated driving to manual takeover. Based on this work, we proposed a novel approach of the transition of control, more centred on engagement mechanisms, which better considers the cognitive aspects of such a complex action, compared to a more traditional techno-centric perspective. Indeed, our literature review revealed the lack of ability of the techno-centric approach to properly grasp the subtlety of the cognitive engagement-disengagement processes, especially the fact that disengagement from NDRT and reengagement in driving is more of a continuum than a simple on-off switch. Our cognitive-centred approach aims to compensate for this flaw. More particularly, it postulates that transition phases cannot only be considered through a timing aspect. We demonstrated that the time between two behaviours could not be used as the only measure of the cognitive processes in course. To this end, a better consideration of disengagement and reengagement processes is the clue to understand the driver ability to takeover. Consequently, we came up with a combination of the different cognitive states involved, and the many diverse measures of engagement observed in our review. We believe that this clarification of the stages of task engagement state and of its associated metrics allows for a more complete and accurate approach of control transition from automation to human. We further suggest that the cognitive engagement-centred view developed in this work serves as a methodological guide for future research about engagement in control transitions. This would allow for more accurate findings about the takeover inner dynamics.
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