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Abstract 19 

According to legislation, take-overs initiated by the driver must be possible at all times during 20 

automated driving. For example, when drivers mistrust the automation to handle a critical and 21 

hazardous lane change, they might intervene and take over control while the automation is 22 

performing the maneuver. In these situations, drivers may have little time to avoid an accident 23 

and can be exposed to high lateral forces. Due to lacking research, it is yet unknown if they 24 

recognize the criticality of the situation and how they behave and perform to manage it. In a 25 

driving simulator study, participants (N = 60) accomplished eight double lane changes to evade 26 

obstacles in their lane. Time-to-collision and traction usage were varied to establish different 27 

degrees of objective criticality. To manipulate these parameters as required, participants were 28 

triggered to take over control by an acoustic cue. Although this setting does not allow to 29 

investigate driver-initiated take-overs as such, it shows what might happen if drivers disable the 30 

automation and complete the maneuver themselves. The results of the experiment demonstrate 31 

that drivers rated objectively more critical driving situations as more critical and responded to the 32 

hazard very fast over all experimental conditions. Compared to the automation, however, their 33 

behavior was more extreme with respect to decelerating and steering. This impaired driving 34 

performance and increased the risk of lane departures and collisions. The results of the 35 

experiment can be used to develop an assistance system that supports driver-initiated take-overs.  36 
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1. Introduction 37 

During the past few years, much psychological and ergonomic research has been conducted 38 

on automated driving. One important issue of this research concerned the transition of control. ‘A 39 

transition in automated driving is defined as the process during which the human-automation 40 

system changes from one driving state to another…’ (Lu et al., 2016, p. 1). So far, the main focus 41 

of most studies has been on transitions initiated by the automation, so-called ‘system-initiated’ 42 

take-overs in contrast to ‘driver-initiated’ ones (Lu et al., 2016; Martens et al., 2007; McCall et 43 

al., 2016). Only very few studies have been concerned with the latter. 44 

Moreover, the majority of studies focused on take-over situations in which drivers had 45 

“sufficient time […] to respond appropriately to the driving situation at hand” (SAE 46 

International, 2018, p. 24). For example, a review from Eriksson and Stanton (2017) on 25 47 

studies showed that the most frequently used lead time from a take-over request (TOR) to a 48 

critical event ranged from 3 s to 7 s. These values – particularly the higher ones – constitute 49 

rather controllable and uncritical conditions. However, it cannot be excluded that take-over 50 

situations with shorter times to a critical event occur, e.g. in case of driver-initiated take-overs. 51 

To summarize, research has gathered notable knowledge about drivers’ behavior and 52 

performance after system-initiated take-over in uncritical situations, but little is known about the 53 

consequences of driver-initiated take-overs under critical conditions. But is this issue important 54 

at all? We claim that it is for two reasons. First of all, the Amendment of Article 8 of the Vienna 55 

Convention on Road Traffic requires that automated functions of a vehicle ‘can be overridden or 56 

switched off by the driver’ (United Nations Economic Commission for Europe, 2014, p. 9). 57 

Second, take-overs may happen in critical and dynamic driving situations for various reasons. 58 

Drivers may intervene at any time because they are startled by an unforeseen event or because 59 

they doubt that the automation can manage the current maneuver. If this happens, how well can 60 
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drivers manage the situation, and how does its criticality affect their take-over behavior and 61 

performance? 62 

Roche et al. (2020) investigated transitions from automated to manual control in critical 63 

driving situations that required braking. Forty-two participants took part in the experiment. They 64 

were travelling in an automated vehicle when another car moved into their lane and started 65 

braking heavily. The automation responded immediately and braked to avoid a collision. In this 66 

situation, the transition of control took place under varying conditions of objective criticality 67 

established by different values of time headway and traction usage, varied by longitudinal 68 

deceleration. Although the drivers were fully alert (and not distracted as in most other studies), 69 

they worsened the situation by overreacting, i.e., they increased the risk of an accident by very 70 

strong decelerations and unnecessary lane changes.  71 

In other driving situations, transitions of control may occur under conditions which require 72 

steering. Imagine the driver of an automated vehicle who is traveling on the highway while the 73 

automated mode is activated. Suddenly, the vehicle ahead of the driver changes lanes and reveals 74 

the view onto a close obstacle in the lane. Two cars have crashed and block the right side of the 75 

highway. The automation of the driver’s vehicle reacts instantly by steering to evade the obstacle. 76 

The vehicle lurches to the left towards the crash barrier. Surprised by the maneuver, the driver 77 

intervenes and thus deactivates the automation. But is the steering strong enough or on the 78 

contrary too strong? Do drivers try to stay on course or are they struggling to change the 79 

direction? In any case, they must cope with demanding, short TTCs and with traction usages, 80 

which are more extreme than they are used to. If they fail to manage this situation, an accident 81 

can hardly be avoided. 82 

  Is the drivers’ behavior appropriate for the criticality of the driving situation or do they 83 

overreact like in the study by Roche et al. (2020)? If they overreact: in which situations do they 84 
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need support to avoid the dangerous consequences of their overreactions? To answer these 85 

questions, we confronted participants with double lane changes in a driving simulator after short 86 

periods of automated driving. As in the study by Roche et al. (2020), different degrees of 87 

objective criticality were established by varying time-to-collision and traction usage, here 88 

realized by lateral acceleration. For this purpose, participants were triggered by an acoustic cue to 89 

take over vehicle control when the intended combination of both parameters was met like in 90 

Roche et al. (2020). This was accomplished at a certain point of time, either during the first or the 91 

second lane change. Since the take-over was triggered, it must be emphasized that we did not 92 

investigate real driver-initiated take-overs. Instead, we addressed the question what might 93 

happen, if drivers took over control under certain critical and dynamic conditions. 94 

1.1 Double Lane Changes and Parameters of Objective Criticality 95 

A double lane change is often used to assess driver performance and the handling of a 96 

vehicle (ISO 3888-2, 2011). It is a demanding maneuver that is likely to occur in real traffic when 97 

obstacles appear or slow vehicles are traveling in the driver’s lane. An analysis of reasons for 98 

automation disengagements on public roads revealed that a lane change was one of many reasons 99 

why drivers did take back control (Lv et al., 2018). Two kinematic parameters affect the 100 

objective criticality of this situation (Hu et al., 2019): time-to-collision and traction usage. 101 

Time-to-collision (TTC) denotes the interval from a certain point of time, e.g. a TOR, until 102 

a collision would occur with a reference object. A reference object can be a vehicle ahead if the 103 

ego vehicle and the vehicle ahead are on the same course and maintain the same speed (Vogel, 104 

2003) or a hazardous obstacle in the lane (Bosnak & Skrjanc, 2017). TTC is calculated by the 105 

quotient of the distance to the reference object ddistance, the velocity of the vehicle vego and 106 

velocity of the reference object vreference (see Equation 1). The smaller TTC gets, the more critical 107 

the situation becomes. 108 
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𝑇𝑇𝐶 =  !!"#$%&'(
!!"#!!!"#"!"$%"

         (1) 109 

Various studies were conducted focusing on the available time for a take-over at the 110 

moment of the take-over request, i.e. TTC or time headway (THW). They showed that early take-111 

over requests improved the driver’s performance in terms of fewer collisions, fewer lane changes, 112 

better lane-keeping, higher time-to-collisions, and more adequate decelerations (Mok et al., 2015; 113 

Roche et al., 2020; Roche & Brandenburg, 2018; Zhang et al., 2019). Moreover, subjective 114 

criticality and workload were lower and the experienced comfort was higher. However, the 115 

findings also indicated that drivers take their time to follow an early TOR, thus increasing take-116 

over time (Roche et al., 2020; Roche & Brandenburg, 2018; Zhang et al., 2019). 117 

Besides TTC, traction usage contributes to the objective criticality of a lane change. Due to 118 

the lateral movement during a lane change, lateral forces Fy act on the vehicle (Rajamani, 2011). 119 

Together with longitudinal forces Fx, they constitute the actual horizontal force; the numerator in 120 

Equation 2. The vehicle is stable as long as the actual horizontal force does not exceed the 121 

maximal possible force, which is calculated by the friction coefficient µf and the vertical forces 122 

acting on the tire Fz. Exceeding the maximal possible force leads to instability of the vehicle and 123 

loss of vehicle control. This is the denominator in Equation 2. The relation of the actual and the 124 

maximal possible force is called traction usage (TU) or adhesion utilization (Nguyen & Müller, 125 

2020) and characterizes the stability of the vehicle (Rajamani, 2011; see Equation 2).  126 

𝑇𝑈 =
!!!!!!!

!!∗!!
           (2) 127 

The higher TU gets, the more critical the situation becomes because the vehicle approaches 128 

the maximal TU-value of 1 from which it gets instable and the driver may lose control. The 129 

lateral forces during a lane change vary and depend on the trajectory of the vehicle. A steeper 130 
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trajectory is characterized by higher lateral forces which in turn lead to higher TU. Until now, no 131 

study focused on the effects of traction usage on take-over behavior or performance. 132 

1.2 Research Questions 133 

Automated driving systems are designed to change lanes safely even under critical 134 

conditions. However, in case of a driver-initiated take-over, such conditions may turn into a 135 

dangerous challenge since average drivers are not used to the high lateral forces that are acting 136 

during this maneuver. It is uncertain, how the drivers behave, whether their behavior is adapted to 137 

the objective criticality, and whether they are skilled enough to master such challenges. 138 

As stated above, this study investigated what might happen if drivers took over control 139 

during a double lane change of varying degrees of objective criticality resulting from TTC and 140 

TU. In accordance with the study by Roche et al. (2020), three research questions were 141 

addressed: 142 

(a) Does the objective criticality impact the subjective criticality indicating that drivers can 143 

discriminate between different degrees of criticality? 144 

(b) Does criticality influence the take-over behavior? 145 

(c) Do drivers deliver an appropriate performance when they take over during a lane change or 146 

do they increase the risk of an accident by their reaction? 147 

The relation between the constructs that are addressed in these three questions can be 148 

illustrated by referring to Fuller’s Task-Capability Interface (TCI)-model (2005). The TCl-model 149 

assumes that drivers are in control of the vehicle as long as their driving capability is sufficient 150 

for coping with the demands of the driving task. However, if the demands exceed this capability, 151 

drivers are bound to lose control which might entail an accident. The capability depends on a 152 

number of variables, such as the drivers’ alertness, their perception of the situation and their 153 

skills. To manage a current driving situation successfully, its demands must be correctly 154 
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recognized and be answered by the appropriate behavior which in turn determines the drivers’ 155 

performance. In the case of changing lanes, drivers must realize the criticality of the situation and 156 

accordingly adjust their behavior in terms of steering torque and steering angle (or even braking). 157 

These behavioral parameters constitute the quality of the drivers’ performance, including lane 158 

departures and collisions in case they lose control. 159 

2 Method 160 

For implementing a double lane change, we used an experimental setting close to the 161 

scenario described in the introduction. Participants were traveling in the automated mode 162 

following a lead vehicle in front of them. Suddenly, the vehicle changed lanes and revealed the 163 

view onto two crashed vehicles in the right lane. The automation of the participant’s vehicle 164 

reacted immediately by steering to the left to evade the obstacle. Some distance away, 165 

construction works in the left lane required the driver to return to the right lane, thus completing 166 

the double lane change maneuver. For the systematic variation of objective criticality in this 167 

situation, the driver’s take-over was triggered at specific points in time when the automation was 168 

still in control. At these points, defined values of TTC and TU were obtained (for the specific 169 

variation of TTC and TU see 2.4). An acoustic cue, which occurred either during the first or the 170 

second lane change, served as trigger. 171 

Our study complied with the tenets of the Declaration of Helsinki (World Medical 172 

Association, 1964) and was approved by the ethics committee of the Department of Psychology 173 

and Ergonomics, Technische Universität Berlin, Germany. 174 

2.1 Participants 175 

Sixty persons (28 women, 32 men) between 20 and 62 years of age (M = 29.1 years, SD = 176 

9.1 years) participated in the experiment. To ensure that they properly understood the German 177 
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instructions, they were all German native or near-native speakers. Each of them had been holding 178 

a driver license for at least three years (M = 11.3 years, SD = 8.6, Max = 44 years). Thirty-two 179 

participants (53 %) reported driving less than 5,000 km per year, nineteen participants (32 %) 180 

between 5,000 and 10,000 km, four participants (7 %) between 10,000 and 20,000 km, and five 181 

participants (8 %) more than 20,000 km. Each participant received 10 €/hour or course credits as 182 

gratification for the experiment. All of them gave their informed consent before the experiment 183 

started. 184 

2.2 Driving Simulator 185 

A fixed-based driving simulator of the Department of Automotive Engineering at 186 

Technische Universität Berlin served as technical platform for the experiment. The same 187 

simulator had been used in the previous study by Roche et al. (2020) to investigate critical brake 188 

situations. The simulator consisted of an Audi A4 equipped with a force-feedback steering wheel, 189 

active pedals, original control interfaces, and a motion seat. The motion seat was used to generate 190 

longitudinal and lateral forces which corresponded to the visual simulation of the driving. The 191 

implemented automation matched an automated driving system at SAE-level 3 (SAE 192 

International, 2018). It consisted of an adaptive cruise control and a lane-centering system. The 193 

threshold for   deactivating the automation was set to 18 N of brake pedal force and ± 1 Nm 194 

steering wheel torque for less critical TU-conditions, resp. ± 2.5 Nm steering wheel torque for 195 

more critical TU-conditions. The different thresholds accounted for the stronger steering of the 196 

automation in the more critical TU-trials.  197 

A front view angle of 180° was enabled by three projectors and a curved canvas (see Fig. 198 

1). The rear view was realized by one rear projector and a second canvas behind the vehicle. 199 

Participants could observe the traffic behind them via the rear view mirror and the left side 200 

mirror. The visualization was implemented with SILAB 5.0 from the Würzburg Institute of 201 
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Traffic Sciences GmbH (SILAB, 2014). The vehicle model was calculated by the commercial 202 

driving dynamics program IPG CarMaker 6.0. According to Equation 2, TU was estimated based 203 

on the longitudinal and lateral accelerations, gravity, and friction coefficient. The friction 204 

coefficient was not varied in this study. For a more detailed description of the driving simulator, 205 

see Nguyen and Müller (2019a). The experience of lateral accelerations was conveyed by the 206 

dynamic visualization of the driven trajectory and by the lateral tilt of the motion seat. Driving 207 

noise was presented via speakers and driving vibrations were transmitted by a subwoofer. To 208 

enable the communication between the participant and the experimenter, the vehicle and the 209 

control room were equipped with microphones and speakers. 210 

 211 

Fig. 1. The driving simulator at the Department of Automotive Engineering at Technische Universität Berlin, 212 
Germany. 213 

2.3 Procedure 214 

The experiment consisted of three parts: a familiarization phase of three minutes, a training 215 

phase with six trials and an experimental phase with 14 trials. In the familiarization phase, 216 

participants drove on a rural road with some curves and little traffic to accustom themselves to 217 

the simulator. A passage bordered by traffic cones formed the route for a double lane change in 218 

the training phase. The training was split in two parts. First, participants exercised driving and 219 
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changing lanes manually in two trials. They accelerated the vehicle up to 80 km/h and drove 220 

through the passage while keeping the speed constant. At the end of the passage, they braked to a 221 

stop. In the second half, participants were introduced to the automated driving system at SAE-222 

level 3 (SAE International, 2018) and received their instructions. They were asked to take their 223 

hands off the steering wheel and their feet off the pedals while the automation managed the 224 

longitudinal and lateral control. They were informed that they had to take over control when they 225 

heard an acoustic signal. As the trial started, the vehicle accelerated up to 80 km/h and drove 226 

through the passage. When the acoustic cue sounded, participants took over control. The cue had 227 

a base frequency of 1200 Hz and a duration of 0.6 s. It was presented in two trials before the first 228 

obstacle and in two more trials before the second obstacle. After the take-over, participants drove 229 

through the rest of the passage manually and stopped at its end. 230 

Before the experimental phase, participants were instructed to take over control only when 231 

they heard the trigger - but not otherwise - to avoid unwanted or over-hasty reactions. It was 232 

emphasized that the take-over should be performed as fast and safely as possible. Each 233 

participant completed 14 trials, eight experimental ones and six filler trials in randomized order. 234 

It was precluded that more than two filler trials were presented in a row and that a filler occurred 235 

as last trial. In each trial, the vehicle drove behind a leading car on a two-lane highway at a 236 

constant speed of 80 km/h and with a constant time-to-collision of 2.1 s to the car in front. One to 237 

two other vehicles were following the participant’s vehicle in the left or the right lane. The color 238 

and the model of all cars changed from trial to trial. Participants performed no non-driving 239 

related task, because non-distracted drivers are more likely to initiate a take-over. After driving 240 

one minute, the lead vehicle performed a first lane change to the left thus revealing the view on 241 

two stationary vehicles that had collided in the right lane (see Fig. 2). After passing this obstacle, 242 

the lead vehicle performed a second lane change, now back to the right, to evade road works 243 
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ahead (see Fig. 2). The obstacles were 100 m apart. Each was 9 m long and 3.7 m wide. The 244 

trajectory of the maneuver comprised two symmetric lane changes. The trigger was presented 245 

during the lane change either before the first or before the second obstacle. In case the 246 

participants failed to take over, the automation completed the double lane change without causing 247 

an accident. In addition to the experimental trials, participants experienced six filler trials to 248 

reduce the predictability of the situation. In these trials, less critical double lane changes were 249 

performed by the automation and no trigger was presented. 250 

At the end of each trial, the participant stopped the vehicle on the hard shoulder and then 251 

rated the experienced criticality of the situation by a single item (Roche, 2021). The item was 252 

implemented with SoSci-Survey version 3.1 (www.soscisurvey.de) and presented on an iPad 1. 253 

When all trials were completed, participants provided demographic information, such as age, 254 

gender and driving experience. The whole experiment lasted no more than 1.5 hours, including 255 

breaks the participants requested. 256 

 257 

Fig. 2. Schematic illustration of the double lane change. 258 
Note. Two crashed vehicles constituted the first obstacle, construction works the second one. 259 

2.4 Experimental Design and Hypotheses 260 

TTC and TU served as within-subject factors in a 2x2 design. They were used to describe 261 

the criticality of the take-over situation. TTC and TU were experimentally varied by the timing of 262 

the trigger, i.e. the trigger was presented when the pre-defined values were reached. At this time, 263 
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the automation was still active and, hence, TTC and TU were independent from the driver’s 264 

behavior. The lane change was not treated as an independent variable because the two differed in 265 

many respects: the predictability of the obstacles (covered by the lead vehicle vs. early visible), 266 

the required driver response (steering to the left vs. steering to the right), and the event preceding 267 

the trigger (no lane change vs. first lane change). Therefore, data of the two changes were 268 

analyzed separately, based on the 2x2 design. 269 

TTC was experimentally varied by the distance between the participant’s vehicle and the 270 

obstacle at the moment of the trigger. For the first lane change, TTC was calculated regarding the 271 

first obstacle, for the second lane change, TTC was calculated regarding the second obstacle. 272 

TTC was varied on two levels: 2.1 s (less critical, 46.7 m) and 1.2 s (more critical, 26.7 m). The 273 

trigger was presented when the specific TTC-value was met and the automated driving system 274 

started the lane change. Therefore, the lane changes with the less critical (longer) TTC started 275 

earlier than the lane changes with the more critical (shorter) TTC (see Fig. 3).  276 

TU was manipulated by the trajectory driven by the automation. When the automation of 277 

the participant’s vehicle had to steer more, the trajectory was steeper, hence lateral acceleration 278 

and TU were higher (see Fig. 3). At the moment of the trigger, TU had one of two values: 0.24 279 

(less critical) and 0.38 (more critical).  280 

Each participant experienced all eight double lane changes, which resulted from the 281 

combination of the lane change (first or second), the TTC- (more or less critical), and the TU-282 

values (more or less critical). For the whole lane change, it took the automation 2.25 s from the 283 

start of steering until driving straight again if the driver did not take over.  284 
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 285 
Fig. 3. Lateral position of the participant’s automated vehicle. 286 
Note. If the participant had not taken over control, one of the four trajectories would have been driven by the 287 
automation, depending on TTC and TU. The vertical solid lines represent the trigger time during the first and the 288 
second lane change. The dark grey rectangles represent the locations of the obstacles.  289 

Dependent variables were the criticality rating, take-over time [s], maximal steering wheel 290 

angle [°], maximal (longitudinal) deceleration [m/s2], lane departure frequency [%], and collision 291 

frequency [%]. The criticality ratings were assessed by a single-item rating scale ranging from 292 

‘not critical’ (1 pt.) to ‘very critical’1 (100 pt.). Ten markings were inserted between the 293 

endpoints to provide orientation, similar to the NASA-TLX (Hart & Staveland, 1988). The scale 294 

had been developed and validated (Roche, 2021) and been used in previous studies (e.g., Roche 295 

et al., 2020). It served to answer research question (a) by capturing the effect of objective 296 

criticality (TTC and TU) on subjective criticality.  297 

Take-over time was measured between the trigger onset and the driver’s response by 298 

steering or braking. For maximal steering wheel angles and maximal deceleration, the highest 299 

value during the take-over was extracted per participant and trial. These maxima pointed out the 300 

extent of the participants’ take-over behavior regarding lateral and longitudinal control. Large 301 

                                                
1 Translated from German ‚sehr kritisch‘. 
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values indicated extreme and hazardous behavior. Strong steering increased the risk of 302 

destabilizing the vehicle and heavy decelerating the risk of causing rear-end collisions. 303 

Take-over time, maximal steering wheel angles, and maximal deceleration served to 304 

investigate research question (b). They represented the take-over behavior and indicated how 305 

participants reacted to the variations of TTC and TU.  306 

A lane departure was registered when the vehicle crossed the right lane marking by at least 307 

0.5 m. A collision of the participant’s vehicle could occur with either the first obstacle, the 308 

second obstacle, the crash barrier or the lead vehicle. Lane departures and collisions served as 309 

indicators of take-over performance in answer to research question (c). Together with overly 310 

steering and strong deceleration, they pointed out situations that the driver could not handle 311 

adequately. 312 

In line with the results of previous studies (Mok et al., 2015; Roche et al., 2020; Roche & 313 

Brandenburg, 2018; Zhang et al., 2019), we hypothesized that more critical conditions with 314 

respect to shorter TTCs and higher TUs would lead to higher criticality ratings and more extreme 315 

take-over behavior in terms of shorter take-over times, larger maximal steering wheel angles, and 316 

larger maximal decelerations. Regarding take-over performance, we expected more lane 317 

departures, more collisions as well as stronger steering and deceleration under the more critical 318 

conditions. Since we had no prior assumptions whether the two-way interactions between TTC 319 

and TU might affect the dependent variables, interaction effects were inspected exploratively. 320 

2.5 Data Analysis 321 

For criticality ratings, take-over times, maximal steering wheel angles, and maximal 322 

decelerations, the main effects and two-way interactions were tested with linear mixed-effect 323 

models computed with the ‘lme4’- package (Bates et al., 2015) in R version 3.6.1 (R Core Team, 324 

2019). We used linear mixed-effect models to analyze the results because they have a higher 325 



16 
 

statistical power when missing values occur than analyses of variances (Kliegl et al., 2011). The 326 

assumption of the normal distribution of the residuals was tested with Shapiro-Wilk-test (Field et 327 

al., 2012). In case the residuals were not normally distributed, we transformed the dependent 328 

variable by Box-Cox-power-transformation with the ‘MASS’-package in R (Venables & Ripley, 329 

2002), log-transformation, square-root-transformation, and cube-root-transformation. Again, we 330 

tested with the Shapiro-Wilk-test whether the residuals of the transformed data were normally 331 

distributed. When transformed data were used to calculate the model, it is indicated in the 332 

corresponding results section and the tables 3 and 6. These analyses were used to answer research 333 

question (a) concerning the effects of TTC and TU on criticality ratings as well as research 334 

question (b) concerning the effects of TTC and TU on take-over behavior. Logistic models were 335 

calculated with the same R-package for the binary variables, i.e. for lane departure and collision 336 

frequency. These analyses served to answer research question (c) concerning take-over 337 

performance. Degrees of freedom were estimated with Satterthwaite’s method available in the 338 

‘lmerTest’-package (Kuznetsova et al., 2017).  339 

The independent variables TTC and TU were fixed variables and served as linear predictors 340 

with the coding of -0.5 for the less critical value and the coding of 0.5 for the more critical one. 341 

Due to the centering of the predictors, the intercepts α of the models represent the grand mean 342 

(see Equation 4.1). The estimates β1 resp. β2 constituted the estimated difference in the criteria 343 

when TTC resp. TU grew more critical from the less critical to the more critical value (research 344 

question a and b). The estimate β3 represented the two-way interaction effects of TTC and TU. 345 

Besides these fixed effects, a random intercept for each participant γj was added to account for 346 

interindividual differences and the repeated measurement. Equations 4.2 and 4.3 show the 347 

distribution assumptions for the random intercept γj and the error term εij. 348 

𝑌!" = 𝛼 + 𝛽! ∗ 𝑇𝐻𝑊! +  𝛽! ∗ 𝑇𝑈! + 𝛽! ∗ 𝑇𝐻𝑊! ∗ 𝑇𝑈! + 𝛾! + 𝜀!"   (4.1) 349 
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𝜀!"~ 𝑁(0,𝜎!!)          (4.2) 350 

𝛾!~𝑁(0,𝜎!!)           (4.3) 351 

Note: Yij describes the ith measurement of person j for the dependent variable. α reflects the intercept (grand mean), 352 
β1 and β2 the slopes for TTC and TU, β3 the estimates for the interaction of TTC and TU. γj is the random intercept 353 
for each participant and εij represents the error term that is not explained by the model. 354 

In case a model failed to converge, the optimizer algorithm ‘Bobyqa’ (Powell, 2009) from 355 

the ’minqa’-package (Bates et al., 2014) was added to the model. The goodness-of-fit is 356 

represented by the marginal and conditional coefficient of determination (R2). The marginal 357 

coefficient describes the variance explained by the fixed factors TTC and TU. The conditional 358 

coefficient characterizes the variance explained by the fixed and random factors (Nakagawa & 359 

Schielzeth, 2013). 360 

In general, extreme steering or deceleration by the driver would cause high TU-values, 361 

thus, increasing the risk of losing control over the vehicle and of collisions with passing or 362 

following vehicles. These modes of behavior can be interpreted as an overreaction in the course 363 

of managing the situation after the take-over. Therefore, the evaluation of the take-over 364 

performance (research question c) investigated the appropriateness of steering and deceleration: 365 

• The appropriateness of steering was examined by comparing the participants’ maximal values 366 

to the calculated maxima that the automation would have reached if no take-over had 367 

happened. Two-tailed, one sample t-tests were employed to detect significant differences 368 

between these values. The maximal steering wheel angle of the automation amounted to 27.1° 369 

for the less critical TU-trials and to 65.4° for the more critical ones2. The maximal values of 370 

the automation were higher in the more critical TU-trials due to the steeper trajectory in these 371 

trials.  372 

                                                
2 The maximal steering wheel angles of the automation were derived from test trials without a driver take-over. 
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• Since no deceleration was required to avoid a collision, the automation refrained from 373 

slowing down under any condition. Accordingly, two-tailed, one sample t-tests were 374 

calculated to determine whether the deceleration by the participants differed from 0. 375 

Together, the t-tests on steering and deceleration revealed whether and in which situations 376 

participants reacted more extreme than necessary. 377 

3 Results 378 

The results chapter is divided into two sections, one for the first lane change (see tables 1, 379 

2, 3 and Fig. 4) and one for the second lane change (see tables 4, 5, 6 and Fig. 5). 380 

None of the residuals of the models were normally distributed, except those of the 381 

criticality ratings of the second lane change. For most models, the different transformation 382 

methods failed to approximate a normal distribution. In these cases, the non-transformed 383 

dependent variables were maintained, since model estimates based on non-transformed data are 384 

easier to interpret and robust to violations of distributional assumptions (Schielzeth et al., 2020). 385 

Only the take-over times in the first lane change and the maximal decelerations in the second lane 386 

change were transformed as indicated in the corresponding section. 387 

As mentioned before, data for the first and the second lane change were analyzed 388 

separately. For both analyses, trials were excluded when take-overs had occurred either before 389 

the trigger or after the participants’ vehicle had fully passed the obstacle. Twenty-four 390 

experimental trials (5 %) were excluded from the analysis because of missing or too early 391 

reactions and six experimental trials (1 %) because of measurement errors. In total, 450 trials (94 392 

%) remained for analysis, 229 for the first and 221 for the second lane change. 393 
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3.1 First Lane Change 394 

3.1.1 Subjective Criticality 395 

The analysis of criticality ratings revealed that higher TU led to significantly higher 396 

criticality ratings, while TTC did not affect the ratings (see table 3). Also, the two-way 397 

interaction of both variables reached significance showing that the effect of TTC was more 398 

pronounced when TU was less critical (see Fig. 4a). The conditional variance explained by this 399 

model was far higher than the marginal variance, hence, a large portion of the variance was 400 

explained by the individual tendency of the participants to rate the criticality. 401 

3.1.2 Take-Over Behavior 402 

On average, participants took over after 0.82 s (SD = 0.26, min = 0.45, max = 2.22 s). For 403 

the statistical analysis, take-over times were transformed using the Box-Cox-power 404 

transformation (λ = -1). Neither TTC or TU nor their interaction had a significant effect on take-405 

over times. In line with this result, the marginal coefficient of the model showed that TTC and 406 

TU hardly explained any variance, but rather the random intercept ‘participant’.  407 

TTC and TU significantly affected maximal steering wheel angles3, such that the more 408 

critical TTC resp. TU led to higher steering wheel angles (see Fig. 4b and Fig. 4c).  409 

The analysis of maximal deceleration revealed significant main effects of TTC and TU. 410 

With the more critical TTC resp. TU, participants’ maximal deceleration was higher (see Fig. 4d 411 

and Fig. 4e).  412 

3.1.3 Take-Over Performance 413 

Lane departures occurred in 27 of 229 trials (11.7 %, see table 1 for detailed frequencies). 414 

Only TTC had a significant effect on lane departure probability4. Similar to the criticality ratings, 415 

                                                
3 Trials resulting in a lane departure (N = 27 trials) or a collision (N = 30 trials) were excluded from the analysis of 
maximal steering wheel angles and maximal deceleration. Including these trials, however, did not change any of the 
results. 
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the random intercept ‘participant’ added much to the explanatory value of the model (see the 416 

conditional coefficient in table 3). This may be due to the small number of events (four trials) 417 

included in the model per participant.  418 

Table 1 419 

Frequencies of lane departures in the first lane change related to TTC and TU. 420 

Lane departure frequency Less critical TTC More critical TTC Sum 

Less critical TU 2 6 8 

More critical TU 4 15 19 

Sum 6 21 27 

In 30 of 229 trials (13.1 %), participants collided with the first obstacle (N = 26) or the 421 

crash barrier (N = 4), but never with the second obstacle or the lead vehicle (see table 2 for 422 

detailed frequencies of TTC and TU). The logistic model with the two-way interaction failed to 423 

converge, even when the optimizer was added. Therefore, a model without interaction was 424 

calculated. The probability of a collision was significantly higher when TU was more critical. 425 

Surprisingly, the collision probability was significantly higher when TTC was less critical. 426 

Table 2 427 

Frequencies of collisions in the first lane change related to TTC and TU. 428 

Collision frequency Less critical TTC More critical TTC Sum 

Less critical TU 2 0 2 

More critical TU 26 2 28 

Sum 28 2 30 

                                                                                                                                                        
4 Logistic models estimate the probability of an event, e.g. a road departure, based on the observed frequency. 
Therefore, we use the term ‘probability’ instead of ‘frequency’ when reporting statistical results. 
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The one sample t-tests showed that the participants’ maximal steering wheel angles were 429 

significantly higher than those of the automation under three of four experimental conditions (df: 430 

42-54, all t > 7.0, all p < .001 ***). Only when TTC was less critical and TU was more critical, 431 

their steering wheel angles did not differ from the automation. The steering wheel angles of the 432 

automation are represented by the horizontal lines in Fig. 4b and Fig. 4c. 433 

Four one sample t-tests were calculated for maximal deceleration. They demonstrated that, 434 

participants decelerated under all conditions (df: 28-54, all t > 3.5, all p < .001 ***).  435 

Table 3 436 

Summary of statistics for the first lane change: Main effects and interactions of time-to-collision 437 

(TTC) and traction usage (TU) on all dependent variables. 438 

Criticality rating  

[1-100] 

Estimate Std. 

Error 

df t-value p-value 

Intercept 65.05 2.50 58.28 26.06 < .001 *** 

TTC 0.85 1.98 167.98 0.43 .668 

TU 22.46 1.99 168.63 11.30 < .001 *** 

TTC x TU -10.54 3.98 168.69 -2.65 .009 ** 

Variance explained: R2
marginal = 19.9 %, R2

conditional = 66.8 % Ntrials = 229 

Take-over time [s] 

(transformed) 

Estimate Std. 

Error 

df t-value p-value 

Intercept -0.30 0.03 57.30 -9.57 < .001 *** 

TTC -0.03 0.03 167.53 -1.03 .305 

TU -0.06 0.03 168.48 -1.97 .051 

TTC x TU -0.03 0.07 168.57 -0.40 .693 
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Variance explained: R2
marginal = 1.3 %, R2

conditional = 42.0 % Ntrials = 229 

Maximal steering wheel angle 

[°] 

Estimate Std. 

Error 

df t-value p-value 

Intercept 60.24 1.32 49.28 45.54 < .001 *** 

TTC 7.31 1.84 121.02 3.98 < .001 *** 

TU 35.47 1.85 126.07 19.13 < .001 *** 

TTC x TU 6.87 3.67 119.56 1.87 .063 

Variance explained: R2
marginal = 64.2 %, R2

conditional = 74.2 % Ntrials = 177 

Maximal deceleration [m/s2] Estimate Std. 

Error 

df t-value p-value 

Intercept 2.09 0.17 53.82 12.41 < .001 *** 

TTC 1.04 0.28 131.36 3.72 < .001 *** 

TU 1.60 0.28 137.30 5.71 < .001 *** 

TTC x TU -0.09 0.56 129.82 -0.17 .866 

Variance explained: R2
marginal = 20.1 %, R2

conditional = 31.7 % Ntrials = 177 

Lane departure probability 

(logistic) 

Estimate Std. Error z-value p-value 

Intercept -4.89 3.19 -1.53 .126 

TTC 2.57 1.27 2.02 .043 * 

TU 1.62 0.92 1.77 .077 

TTC x TU 0.75 1.38 0.54 .589 

Variance explained: R2
marginal = 10.3 %, R2

conditional = 57.0 % Ntrials = 229 

Collision probability (logistic) Estimate Std. Error z-value p-value 
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Intercept -3.52 0.66 -5.31 < .001 *** 

TTC -3.36 0.87 -3.85 < .001 *** 

TU 3.39 0.87 3.91 < .001 *** 

Variance explained: R2
marginal = 38.5 % , R2

conditional = 41.1 % Ntrials = 229 

Note. The predictors TTC and TU were coded with -0.5 for the less and 0.5 for the more critical condition. 439 
Significance symbols: * p < .05, ** p < .01, *** p < .001 440 
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 441 
Fig. 4. Result plots of the dependent variables for time-to-collision (TTC), traction usage (TU), and their interactions 442 
for the first lane change. 443 
Note. Raw values, means per condition, and regression lines for each dependent variable are plotted. Only significant 444 
main effects and interactions are plotted and no main effects in case of a significant interaction. For each plot, the 445 
objective criticality increases from left t to right. The dark grey horizontal lines in the plots of maximal steering 446 
wheel angles (b and c) represent the maximal steering wheel angles by the automation. Error bars represent ± 1 447 
standard error. A horizontal jitter with factor 0.1 was used to avoid an overlapping of the data.  448 
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3.2 Second Lane Change 449 

3.2.1 Subjective criticality 450 

The mean rated criticality was 56.03 pts. (SD = 26.05, min = 1 pt., max = 100 pts.). The 451 

model failed to converge, hence, the optimizer was added. The optimized model showed that 452 

TTC, TU, and their interaction had a significant effect on criticality ratings. The ratings increased 453 

when TTC resp. TU were more critical and the increase due to TTC was more pronounced with 454 

the less critical TU (see Fig. 5a). Again, the variance explained by TTC and TU was much 455 

smaller than the variance explained by those two fixed factors and the random intercept 456 

participant (see marginal and conditional coefficient in table 6). 457 

3.2.2 Take-Over Behavior 458 

 TTC and the interaction of TTC and TU had a significant effect on take-over time in such 459 

a way that the effect of TTC was stronger when TU was less critical (see Fig. 5b). However, not 460 

TTC or TU but the random intercept ‘participant’ contributed most to the explanatory value of 461 

the model (see marginal and conditional coefficient in table 6). 462 

The analysis of maximal steering wheel angles5 revealed that they were significantly 463 

affected by TTC, TU, and their interaction. More critical TTC resp. TU led to higher maximal 464 

steering wheel angles. The effect of TTC was stronger when TU was less critical (see Fig. 5c). 465 

The maximal decelerations were transformed using the cube-root-transformation. The 466 

maximal deceleration was only affected by TU. Participants decelerated more intensely when TU 467 

was more critical (see Fig. 5d).  468 

                                                
5 Trials resulting in a lane departure (N = 30 trials) or a collision (N = 2 trials) were excluded from the analysis of 
maximal steering wheel angles and maximal deceleration. Including these trials resulted in a highly significant 
interaction effect of TTC and TU on maximal steering wheel angles, and a significant effect of TTC and an 
interaction effect on maximal deceleration. 
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3.2.3 Take-Over Performance 469 

 In 30 of 221 trials (13.6 %), participants departed from the road to the right side (see table 470 

4 for detailed frequencies). The model showed that TTC and the interaction of TTC and TU had a 471 

significant effect on lane departure probability. More lane departures occurred when TTC was 472 

more critical. 473 

Table 4 474 

Frequencies of lane departures in the second lane change related to TTC and TU. 475 

Lane departure frequency Less critical TTC More critical TTC Sum 

Less critical TU 1 20 21 

More critical TU 4 5 9 

Sum 5 25 30 

 In two of 221 trials (0.9 %), participants collided with the second obstacle (N = 1) or with 476 

the crash barrier (N = 1, see table 5 for detailed frequencies). These occurrences were too few for 477 

the calculation of a model. 478 

Table 5 479 

Frequencies of collisions in the second lane change related to TTC and TU. 480 

Collision frequency Less critical TTC More critical TTC Sum 

Less critical TU 0 0 0 

More critical TU 1 1 2 

Sum 1 1 2 

Four one sample t-tests on maximal steering wheel angles demonstrated that the mean 481 

values differed from the steering behavior of the automation only under one condition (t(39) = 482 
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5.245, p < .001 ***). Participants’ steering was significantly more extreme than that of the 483 

automation when TTC was more and TU less critical. 484 

Although no deceleration was necessary to perform the second lane change, participants’ 485 

average maximal deceleration was 1.34 m/s2. Four one sample t-tests revealed that this behavior 486 

differed significantly from the automation under all conditions (df: 39-56, all t > 3.5, all p < .001 487 

***).  488 

Table 6 489 

Summary of statistics for the second lane change: Main effects and interactions of time-to-490 

collision (TTC) and traction usage (TU) on all dependent variables. 491 

Criticality rating [1-100] Estimate Std. 

Error 

df t-value p-value 

Intercept 56.45 2.52 58.31 22.36 < .001 *** 

TTC 17.11 2.14 162.40 8.00 < .001 *** 

TU 8.27 2.13 162.02 3.87 < .001 *** 

TTC x TU -27.06 4.23 160.18 -6.39 < .001 *** 

Variance explained: R2
marginal = 20.3 %, R2

conditional = 65.1 % Ntrials = 221 

Take-over time [s] Estimate Std. 

Error 

df t-value p-value 

Intercept 0.92 0.03 56.23 28.95 < .001 *** 

TTC -0.16 0.03 160.34 -6.01 < .001 *** 

TU 0.02 0.03 159.95 0.57 .566 

TTC x TU 0.12 0.05 158.03 2.26 .025 * 

Variance explained: R2
marginal = 8.3 %, R2

conditional = 59.0 % Ntrials = 221 
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Maximal steering wheel angle 

[°] 

Estimate Std. 

Error 

df t-value p-value 

Intercept 50.77 1.25 57.22 40.56 < .001 *** 

TTC 10.93 1.95 146.05 5.59 < .001 *** 

TU 29.27 1.95 143.37 15.02 < .001 *** 

TTC x TU -10.00 3.88 139.99 -2.58 .011 * 

Variance explained: R2
marginal = 56.4 %, R2

conditional = 64.2 % Ntrials = 190 

Maximal deceleration [m/s2] 

(transformed) 

Estimate Std. 

Error 

df t-value p-value 

Intercept -0.85 0.05 57.99 -18.78 < .001 *** 

TTC -0.10 0.07 145.6 -1.44 .152 

TU -0.34 0.07 142.99 -5.06 < .001 *** 

TTC x TU 0.17 0.14 139.75 1.26 .208 

Variance explained: R2
marginal = 7.2 %, R2

conditional = 26.3 % Ntrials = 190 

Lane departure probability 

(logistic) 

Estimate Std. Error z-value p-value 

Intercept -2.63 0.46 -5.73 < .001 *** 

TTC 1.89 0.65 2.89 .004 ** 

TU -0.09 0.65 -0.13 .894 

TTC x TU -3.32 1.30 -2.56 .010 * 

Variance explained: R2
marginal = 7.2 %, R2

conditional = 26.3 % Ntrials = 221 

Note. The predictors TTC and TU were coded with -0.5 for the less and 0.5 for the more critical condition. 492 
Significance symbols: * p < .05, ** p < .01, *** p < .001 493 
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 494 

Fig. 5. Result plots of the dependent variables for traction usage (TU) and the interactions TTC x TU for the second 495 
lane change. 496 
Note. Raw values, means per condition, and regression lines for each dependent variable are plotted. Only significant 497 
main effects and interactions are plotted and no main effects in case of a significant interaction. For each plot, the 498 
objective criticality increases from left to right. Error bars represent ± 1 standard error. A horizontal jitter with factor 499 
0.1 was used to avoid the overlapping of data.  500 
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4 Discussion 501 

Since drivers must have the option to regain control whenever they wish (United Nations 502 

Economic Commission for Europe, 2014), take-overs can happen in any situation. This study 503 

explored what might happen if driver-initiated take-overs occur during critical and dynamic 504 

double lane changes. We addressed three research questions, investigating (a) whether the 505 

objective criticality operationalized by TTC and TU impacts the subjective criticality, (b) whether 506 

the objective criticality affects the take-over behavior, and (c) whether participants show an 507 

appropriate take-over performance. 508 

When discussing the results, one should keep in mind that the two parts of a lane change 509 

were different in various aspects, hence, a comparison is problematic. Besides, it should be noted 510 

that the distributional assumption was violated by most models which may limit the reliability of 511 

the results. 512 

4.1 Research question (a): Does the objective criticality impact the subjective 513 

criticality indicating that drivers can discriminate between different degrees of 514 

criticality? 515 

Applying Fuller’s TCI-model (2005) to lane changes, the subjective impression of 516 

criticality should influence the driver’s behavior and behavioral parameters which in turn 517 

determine driving performance. The observed significant effects supported this assumption since 518 

our participants consistently rated certain situations as more critical than others. However, since 519 

the ratings were completed after each trial, it cannot be excluded that the participants’ success or 520 

failure in performing the maneuver also influenced their ratings6. To check this assumption, we 521 

calculated correlations between criticality ratings and (a) take-over times (r = -0.212, p < .001 522 

                                                
6 We are grateful to an anonymous reviewer for making us aware of this possibility. 
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***), (b) lane departures (r = 0.087, p = .067), and (c) collisions (r = .245, p < .001 ***). The first 523 

significant correlation showed that take-over times decreased when subjective criticality 524 

increased, thus supporting the hypothesis that drivers adapted their behavior to perceived 525 

criticality. The other two correlations revealed no significant relation between lane departures and 526 

ratings but between collisions and ratings. While this result did not falsify the presumed influence 527 

of perceived criticality on drivers’ performance, it showed that the a-posteriori assessment may 528 

have biased the ratings to some extent - at least when there was a drastic consequence involved. 529 

Against our expectations, TTC affected the criticality ratings only in the second lane 530 

change, while TU did in the first and in the second one. However, these main effects should be 531 

neglected due to the observed interaction effects. A first interpretation of the interactions may be 532 

derived from a general characteristic of human attention, i.e., its limited capacity (Kahneman, 533 

1973). When TU was critical, it constituted a hazard which was likely to capture the participants’ 534 

attention. Since they were suddenly exposed to high changes of lateral forces and to extreme 535 

shifts of the optical flow in their field of view, they probably experienced the situation as very 536 

intense and menacing. As a consequence, vestibular perception may have dominated visual 537 

perception and captured the participants attention. Moreover, the processing of the experienced 538 

forces may have required more resources than usual, thus reducing the cognitive capacity for 539 

processing stimuli of other modalities, as the visual stimuli resulting from low TTC. On the other 540 

hand, when traction usage was less critical, more resources were available for appraising such 541 

information. In the first case, drivers may have been almost oblivious of any changes of TTC, 542 

while in the second case more capacity should have been available to recognize such changes and 543 

process them to judge the criticality of the situation. Hence, TTC could influence the subjective 544 

criticality when TU was less critical, but not when it was more critical. 545 
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Of course, this is but a preliminary explanation. Together, the two criticality parameters 546 

constituted a complex pattern which demands more studies to be fully understood. One branch of 547 

related research concerns human perception of hazards. For example, Hu et al. (2019) 548 

investigated the effects and interactions of the vehicle’s velocity, acceleration (comparable with 549 

TU), and distance to an obstacle (comparable with TTC) on passengers’ hazard perception. In 550 

consistence with our results, they found that the effects of these three parameters were not 551 

independent from each other, but interacted and constituted the general impression of a hazard, 552 

especially when the velocity was high. However, they did not find a significant two-way 553 

interaction of acceleration and distance as we did. 554 

An explanation for the weaker interaction during the first lane change opposed to the 555 

second might be derived from the situational context. Due to the restricted visibility of the 556 

obstacle during the first lane change, the predictability of the course of events was constrained. 557 

Therefore, the situation as such might have appeared as so critical that a smaller TTC did not 558 

contribute much more to the experienced criticality. Or in other words, situational characteristics 559 

might have overruled the effect of TTC. This was not observed for the second lane change, where 560 

the obstacle was visible much earlier. 561 

To summarize, the objective criticality resulting from TTC and TU probably affected the 562 

subjective criticality during a double lane change, although the ratings might have been 563 

influenced by the success or failure of managing the situation as well. However, the ability to 564 

discriminate between less and more critical situations is crucial for acting adequately when taking 565 

over control under critical conditions. This leads to our next research question. 566 
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4.2 Research question (b): Does the objective criticality influence take-over 567 

behavior? 568 

To answer the second research question, the effects on take-over times, maximal steering 569 

wheel angles, and maximal decelerations were analyzed. 570 

4.2.1 Take-over times 571 

Under all conditions, take-over times were particularly short. Especially in the first lane 572 

changes, our participants responded to the trigger very fast (M = 0.82 s). This might have led to a 573 

floor effect obscuring the influence of TTC. The reason for the fast responses was probably the 574 

aforementioned sudden occurrence of the first obstacle when the lead vehicle changed lanes and 575 

thus generated a very intense stimulus by allowing a clear view on the accident. Based on Davis 576 

(1984, p. 288), ‘more intense stimuli produce larger responses’, i.e., in this case faster take-overs. 577 

In contrast, the second obstacle was visible much earlier and the time to react was longer. Now, 578 

our participants responded slightly slower (M = 0.92 s). Due to the longer take-over times in the 579 

second lane change, differences in TTC could more easily affect take-over times than during the 580 

first one. The observed interaction for the first lane change was in line with the interaction for the 581 

criticality ratings where the influence of TTC was also more pronounced when TU was less 582 

critical. When both findings are viewed together, a consistent picture arises. It shows that an 583 

increased subjective criticality coincided with shorter take-over times under the same conditions. 584 

This is also supported by the significant correlation between criticality ratings and take-over 585 

times (r = -0.212, p < .001), which we reported at the beginning of section 4.1. 586 

4.2.2 Maximal steering wheel angles 587 

The statistical analysis of both lane changes consistently revealed significant main effects 588 

of TTC and TU in both lane changes and an interaction in the second lane change. The shorter 589 

time for responding in the more critical TTC-conditions may have impaired the participants’ 590 
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situation awareness, in particular with respect to projecting the future situation, i.e., level three in 591 

Endsley’s model (1995). Additionally, the short TTC may have appeared as threatening. Since 592 

the participants had little time to select and carry out an appropriate action to cope with the threat, 593 

they may have selected a steering reaction stronger than necessary to ensure that the obstacles 594 

could be definitely evaded. However, no stronger steering was actually necessary to avoid a 595 

collision (see the two horizontal lines in Fig. 4b). The trajectories of the maneuver under the less 596 

and the more critical TTC condition were the same, and so were the required steering angles (see 597 

Fig. 3).  598 

Since the trajectory was steeper when TU was more critical, a larger steering wheel angle 599 

was necessary. This becomes apparent when looking at the maximal angle that was applied by 600 

the automation (see the two horizontal lines in Fig. 4c). Hence, the behavior of our participants 601 

went in the same direction as that of the automation. 602 

The interaction was in line with those for the criticality ratings and the take-over times 603 

discussed before. Based on the previous interpretation, it can be assumed again that the steering 604 

behavior was more affected by increasing TTC when TU was less critical because participants 605 

had more cognitive capacities to appraise the influence of TTC in this case. 606 

4.2.3 Maximal decelerations 607 

A significant effect of TTC on maximal decelerations was observed for the first but not for 608 

the second lane change (Fig. 4d). This effect might be related to the missing impact of TTC on 609 

take-over times during the first lane change. Normally, the smaller TTC should have provoked 610 

faster take-overs, but this was not the case. Compensating their rather late response, our 611 

participants might have decelerated stronger to avoid a presumed collision.  612 
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TU significantly affected maximal decelerations during both lane changes. Interestingly, 613 

participants decelerated more when TU was more critical, although a greater deceleration was not 614 

necessary to manage the situation. 615 

4.2.4 Conclusion 616 

The reported main effects indicated that the participants’ take-over behavior was more 617 

extreme when TTC resp. TU were more critical. The effects could be explained by the general 618 

finding that more intense and aversive stimuli lead to more intense responses (Davis, 1984), i.e., 619 

in our experiment, critical values of TTC and TU caused more pronounced behavior in terms of 620 

the aforementioned dependent variables. Even more importantly, all interactions consistently 621 

showed that the effect of TTC was more pronounced when TU was less critical. This could be 622 

explained by  reduced cognitive capacity (Kahneman, 1973) for processing TTC when TU was 623 

more critical.  624 

The take-over behavior was more extreme for the first compared to the second lane change 625 

(see the intercepts of each dependent variable in table 3 and 6). A reason might be that the 626 

obstacle appeared more sudden and thus provoked more intense reactions.  627 

Since some of the behavioral parameters of our participants were stronger than necessary, 628 

the question arises whether this implies an impairment of driving performance. This issue is 629 

addressed in the next section. 630 

4.3 Research question (c): Do drivers deliver an appropriate performance when 631 

they take over during a lane change or do they increase the risk of an accident? 632 

The lane departure frequency, collision frequency, maximal steering wheel angles and 633 

maximal decelerations were used to assess whether drivers’ take-over performance was 634 

appropriate. 635 
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4.3.1 Lane departures 636 

In 57 trials (12.7 %), participants departed from the lane. As for the criticality ratings, the 637 

take-over times, and the maximal steering wheel angles, the interaction effects of lane departures 638 

might be explained by the reduction of cognitive resources (see section 4.1 and 4.2). The effect of 639 

TTC was in line with the result that steering wheel angles were larger when TTC was more 640 

critical since they increased the probability of departing from the road. This behavior is safety-641 

critical since lane departures are a threat to the driver’s safety. 642 

4.3.2 Collisions 643 

In total, 32 collisions (7.1 %) occurred. While only two collisions occurred during the 644 

second lane change, 30 collisions were observed during the first one: 26 with the obstacle, four 645 

with the crash barrier. It was remarkable that none of the 26 collisions was a frontal one. Instead, 646 

our participants collided with the obstacle when they steered back to the right lane and had 647 

almost passed it, i.e., in real traffic they would have grazed the obstacle with their right back 648 

fender. Those participants who caused this type of accident strived to get back to the right lane as 649 

soon as they got aware of the second obstacle at the expanse of checking their surroundings. 650 

Indeed, the take-over times in these trials were shorter than in the other trials (Mfrontal collision = 784 651 

ms, SDfrontal collision = 142 vs. Mremaining trials = 830 ms, SDremaining trials = 273 ms). Turning their head 652 

slightly to the right would have sufficed to recognize that it was too early to steer back.  653 

It should be noted that under these conditions, collisions were less likely when TTC was 654 

more critical. At first sight, this appears as paradox since usually a short TTC increases the risk of 655 

collisions. In this situation however, things were different. To establish the more critical value, 656 

the trigger was presented rather late. Therefore, most of the maneuver was carried out by the 657 

automation and the vehicle had passed most of the obstacle when the participants took over 658 
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control. This left hardly any chance to collide with the obstacle even if the participants’ response 659 

were fast and pronounced.  660 

In addition to TTC, more collisions were observed when TU was high. As discussed earlier, 661 

a high TU-value came along with strong lateral forces that might have irritated the participants. 662 

Hence, they countered them by strongly steering to the right (compare the main effect of TU on 663 

steering wheel angles; Davis, 1984) which – in some cases – led to collisions with the first 664 

obstacle. Since collisions necessarily took place before a lane departure could occur this might 665 

explain the missing effect of TU on lane departure frequency. 666 

To summarize, the total of 32 collisions during a take-over is alarming since none would 667 

have occurred if the automation had completed the maneuver instead of the driver. The 668 

frequencies of lane departures and collisions enable a straight assessment of the driving 669 

performance that follows from the behavioral specifics that we have observed. An additional 670 

assessment is provided in the following by comparing the maxima of steering wheel angles and 671 

of decelerations between drivers and automation.  672 

4.3.3 Maxima of steering wheel angle and deceleration 673 

We investigated whether participants’ steering differed from the steering the automation 674 

would have performed if it had not been deactivated by the participant (values of the automation 675 

are indicated by the two horizontal lines in plot Fig. 4b and Fig. 4c). The results showed that 676 

participants steered more extremely than the automation under most conditions during the first 677 

lane change and under one condition during the second lane change. Strong steering can lead to 678 

collisions with overtaking vehicles, the crash barrier, or the obstacle. It can also cause lane 679 

departures or vehicle instability when drivers steer too much and thus further increase TU. 680 

Indeed, the mentioned potential consequences of such behavior, i.e. collisions and lane 681 

departures, occurred for the first lane change. 682 
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While no deceleration was necessary to perform the lane change, participants preferred to 683 

decelerate in addition to steering when taking over under critical conditions, especially during the 684 

first lane change (see intercepts in table 1 and 2). We observed that participants even decelerated 685 

under all conditions. Again, this can be qualified as an overreaction because strong decelerations 686 

may lead to rear-end collisions with following traffic or may destabilize the vehicle. 687 

4.3.4 Conclusion 688 

The results showed that drivers tended to overreact when they took over control from the 689 

automation. Their steering was stronger than necessary and they braked to decelerate although 690 

they did not have to. This impaired their driving performance and - in some cases - led to lane 691 

departures and collisions.  692 

The results served as a basis for the development of advanced driver assistance systems that 693 

support the driver during the take-over process. These systems attenuate too strong steering or 694 

braking to avoid collisions or lane departures (Nguyen & Müller, 2019a, 2020, 2019b). 695 

4.4 Limitations 696 

The study had three limitations that should be considered when interpreting our results: 697 

1. Although our research interest concerned driver-initiated instead of system-initiated take-698 

overs, our participants did not decide themselves to regain control. Instead, a trigger was used 699 

to elicit the transition of control from automation to the driver. This measure was necessary to 700 

create comparable lane change conditions with different degrees of objective criticality 701 

resulting from TTC and TU. Hence, we did not investigate what happens but what might 702 

happen, when drivers disengage the automation.  703 

2. Since our study investigated critical lane changes, it would have been irresponsible to conduct 704 

it under real traffic conditions. Behavior in a driving simulator, however, might deviate from 705 

behavior in real traffic. In our experiment, two conditions might have caused such deviations: 706 
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• First of all, the driving simulator was static. Even though we used a motion seat to 707 

generate longitudinal and lateral forces, it is unclear how well these artificially created 708 

forces evoked realistic impressions of motion. However, the car movements were also 709 

conveyed by the visual presentation on the screen. The driven trajectory and the speed of 710 

the vehicle determined the drivers’ optical flow so that lateral and longitudinal movements 711 

as well as decelerations and accelerations were visually perceptible. This may have 712 

compensated unrealistic vestibular information. Moreover, only two participants suffered 713 

from simulator sickness which indicated an adequate consistency of the vestibular 714 

stimulation with the visual information. 715 

• Secondly, most of the collisions occurred during the first lane change when our 716 

participants steered back to the right lane and contacted the obstacle which they had 717 

almost passed. Since the screen of the simulator provided a view of more than 180°, our 718 

participants’ peripheral perception or a side glance should have enabled them to recognize 719 

that it was too early to move back into the right lane. Thus, it seems that the collisions 720 

resulted from the drivers’ neglect of important visual information. Another factor, 721 

however, may have also contributed to the accidents: Since the driver’s car was fixed in 722 

the simulator and did not really move, our participants may have failed to develop an 723 

adequate representation of its length. Hence, it is not certain that drivers would behave the 724 

same way under real traffic conditions. 725 

3. Eight similar take-over situations were tested in every session. This was a high frequency 726 

compared to realistic traffic conditions. Previous studies have shown that repeated exposure to 727 

take-over situations leads to changes in behavior and experience (Roche et al., 2018; Zhang et 728 

al., 2019). Over the trials, our participants may have adapted their behavior to the take-over 729 

situation by learning when to expect them. Moreover, the repetition of the trigger may have 730 
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trained them to respond immediately without spending time on decision making and response 731 

selection. Therefore, the small take-over times we observed, may have resulted from our 732 

experimental conditions. They are not comparable to take-over times that are system-initiated 733 

or to those that occur in real traffic 734 

All in all, the discussed limitations may have biased the results of our study in a certain 735 

direction. Since our participants were not distracted by non-driving related tasks, had the chance 736 

to form helpful expectations in the course of the experiment, and were trained by successive trials 737 

to perform the required response very fast, we may have investigated the best case of what might 738 

happen, if drivers took over control during double lane changes. 739 

5 Conclusions and Future Work 740 

The research questions and the experimental setting of our study differed from most others 741 

on transitions of control. To our knowledge, no one has yet varied TTC and TU to investigate 742 

drivers’ subjective criticality, behavior and performance during take-overs except for Roche et al. 743 

(2020) in their driving simulator study on braking. So, what new insights have been gained by 744 

this approach and what follows from them?  745 

The results on double lane changes showed that our participants were probably sensitive for 746 

higher objective criticality and appraised the situation accordingly7. They succeeded to take over 747 

control remarkably fast, but compared to the performance of the automation, the subsequent 748 

behavioral pattern carries features of an overreaction.  749 

Comparable results were reported by Roche et al. (2020). The settings and the design of 750 

their experiment were the same as those of the present study, except for the investigated 751 

maneuver. Again, drivers were aware of different degrees of criticality, took over control very fast 752 

                                                
7 As discussed in section 4.1, the appraisal may have been biased to some extent by the participants’ success or 
failure to complete the lane change flawlessly. 
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and overreacted. They braked heavier than necessary and changed lanes without cause. Collisions 753 

occurred too, but since the brake maneuver was less difficult than the double lane change, the 754 

number was much smaller (3 out of 357 trials; 0.8%).  755 

Together the studies on steering and braking demonstrated what might happen if drivers 756 

took over control under dynamic and safety-critical conditions. In both cases, their behavior was 757 

overly pronounced, impaired the driving performance, and increased the risk of accidents (Roche 758 

et al., 2020). Since the limitations of both studies were very similar, impairments probably 759 

occurred for the best case of transitions from automated to manual driving. More severe 760 

consequences are to be expected when drivers do not get accustomed to critical take-overs by 761 

frequent exposures or when their situation awareness is reduced due to distraction.  762 

Although driver-initiated take-overs can be a threat to safety, the Amendment of Article 8 763 

of the Vienna Convention demands that drivers must be able to overrule the automation and 764 

regain control of their vehicle (United Nations Economic Commission for Europe, 2014). Since it 765 

would be illegal to thwart driver-initiated take-overs completely as long as this regulation 766 

persists, safety can only be increased by an appropriate assistance system. The results of our 767 

studies have been used by automotive engineers at Technische Universität Berlin to develop the 768 

prototype of such a system. Their general approach is to intervene when TTC or TU reach critical 769 

values without suppressing driver-initiated take-overs. Depending on the maneuver, this is 770 

accomplished by adjusting the braking force or the steering angle to an appropriate value 771 

(Nguyen & Müller, 2019a, 2020).  772 

More research, however, is yet necessary to convert the prototype into a comprehensive 773 

assistance system for driver-initiated take-overs. This development should be accompanied by 774 

further studies that evaluate the next versions of the system and expand the empirical basis for the 775 

assistance. They should investigate whether our findings can be replicated in a dynamic driving 776 
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simulator or outside the laboratory under safe but physically realistic conditions. Especially 777 

experiments doing without a trigger are required to reveal under which conditions real driver-778 

initiated take-overs occur.  779 

6 Highlights 780 

• Higher objective criticality in terms of lower time-to-collision and higher traction usage 781 

led to an increase of subjective criticality and more extreme take-over behavior in terms 782 

of steering and deceleration. 783 

• Drivers took over very fast. 784 

• When taking over during critical and dynamic lane changes, participants steered and 785 

braked more than necessary, thus causing lane departures and collisions. 786 

• The data of the experiment contributed to the development of a prototypical assistance 787 

system which supports driver-initiated take-overs under critical conditions that require 788 

steering, e.g., to evade an obstacle. 789 
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