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Abstract 16 

Assessing subjective criticality of take-over situations is crucial for understanding of take-over 17 

behavior and comparing studies. However, no validated rating scales exist that assess subjective 18 

criticality of take-over situations. In a driving simulator study, two rating scales, the Scale of 19 

Criticality Assessment of driving situations from Neukum et al. (2008) and the Criticality Rating 20 

Scale, were tested on their validity to assess the subjective criticality of take-over situations. 21 

Besides, the subjective and behavioral changes over the repeated experience of take-over 22 

situations were investigated. Twenty-five participants experienced a set of five take-over 23 

situations with varying time-to-collisions (TTC) at the moment of the take-over request, twice. 24 

After each of the first five take-over situations, participants rated the criticality on one scale, after 25 

each of the second five situations on the other scale. Correlation coefficients between TTCs and 26 

criticality ratings for each scale were calculated. Also, the changes of subjective and behavioral 27 

measures over the trials were investigated. Correlation coefficients indicated a strong correlation 28 

between criticality ratings and TTCs. Hence, both scales are equally valid for the assessment of 29 

the criticality of take-over situations. The repeated experience of the take-over situations did not 30 

affect effort ratings, take-over times, or steering wheel positions. But brake input decreased with 31 

increasing practice, indicating a safer take-over behavior. Hence, results of studies with repeated 32 

experience of take-over situations are relatively valid as only brake behavior changed with 33 

increasing practice.  34 

Keywords: Automated driving, Driver-vehicle interaction, Driver behavior, Criticality, Take-35 

over behavior, Scale validation  36 
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1.1 Introduction 37 

In the past years, human factors researchers have accumulated an impressive amount of 38 

knowledge, especially on the take-over process (Gold et al., 2016; Jamson et al., 2013; Körber et 39 

al., 2016; Murata et al., 2013; Politis et al., 2014; Roche et al., 2018; SAE International, 2018). It 40 

was observed that different characteristics of take-over situations may heavily influence the take-41 

over behavior and subjective experience (Damböck et al., 2012; Gold et al., 2016, 2013; 42 

Radlmayr et al., 2014; Roche & Brandenburg, 2020, 2018). One of these characteristics is the 43 

objective criticality of the take-over situation which is determined by situational parameters. For 44 

example, take-over situations with low time budgets are more critical than situations with high 45 

time budgets. The objective criticality affects the take-over behavior and subjective criticality, 46 

e.g. more extreme behavior and higher subjective criticality when the situation is more critical. 47 

There are many options to assess take-over behavior, such as take-over times or steering 48 

behavior. It provides insights into how drivers behave depending on different situational 49 

parameters. In contrast, to our knowledge, no validated instrument exists to assess the subjective 50 

criticality, even though, it supports the interpretation of observed take-over behavior and may 51 

enable comparisons between different take-over situations. Therefore, in the present study, two 52 

rating scales are validated regarding their suitability to assess the subjective criticality of take-53 

over situations. Besides, subjective and behavioral changes of the repeated experience of take-54 

over situations are investigated. 55 

1.2 Objective Criticality of Driving Situations 56 

The objective criticality of a driving situation is ‘the accident risk’ (Rodemerk et al., 57 

2012, p. 1). Hence, a driving situation, in which a collision is inevitable, constitutes the highest 58 

possible objective criticality (Rodemerk et al., 2012). Especially in automated driving, the 59 
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objective criticality of a driving situation is crucial since it influences the take-over behavior 60 

(Gold et al., 2013; Roche & Brandenburg, 2020, 2018; Zhang et al., 2019). 61 

The objective criticality of a driving situation may be determined by situational 62 

parameters such as time budget (Junietz et al., 2017), traffic density, or visibility. Lower time 63 

budgets, higher traffic densities, or poor visibility may lead to a higher objective criticality. In 64 

this paper, we focus on time budget. It can be quantified by time-to-collision (TTC). TTC 65 

describes the available time until a vehicle would collide with a reference object (Vogel, 2003). A 66 

reference object may be a preceding vehicle or a system boundary, such as an obstacle on the 67 

road. Hence, shorter TTCs indicate a more critical situation. These more critical situations may 68 

emerge in case the automated driving system reaches its limits or in the case of driver-initiated 69 

take-overs (Roche et al., 2020). 70 

TTC is known to influence take-over behavior. Numerous driving simulator studies varied 71 

the TTC in take-over situations. Lower TTCs, hence more critical take-over situations, were 72 

associated with lower take-over times (Gold et al., 2013; Roche & Brandenburg, 2020, 2018; 73 

Zhang et al., 2019), higher decelerations (Roche et al., 2020; Roche & Brandenburg, 2020, 2018), 74 

and larger steering wheel angles (Roche et al., 2020; Roche & Brandenburg, 2020, 2018). While 75 

lower take-over times are a desirable behavior, high decelerations and extreme steering are a 76 

threat to the drivers’ safety for the following reasons: This behavior may result in (a) vehicle 77 

instability, (b) rear-end collisions with following vehicles, (c) collisions with vehicles on 78 

neighboring lanes or (d) lane departures. Indeed, more critical take-over situations in terms of 79 

lower TTCs led to higher error rates, such as collisions or missing lane changes (Damböck et al., 80 

2012), more lane departures (Mok, Johns, Lee, Ive, et al., 2015; Mok, Johns, Lee, Miller, et al., 81 
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2015), and more collisions (Roche & Brandenburg, 2018). This impaired performance points at 82 

the threat of take-overs in situations with low TTCs.  83 

1.3 Subjective Criticality of Driving Situations 84 

Analog to the definition of objective criticality, subjective criticality may be defined as 85 

the perceived threat or risk of a driving situation (Rodemerk et al., 2012). Hence, situations that 86 

are objectively more critical are highly likely to be perceived as more critical. However, next to 87 

the objective criticality, further aspects may affect the subjective criticality. These are individual 88 

parameters such as the driver’s personality (Banet & Bellet, 2008; Mesken et al., 2007), fatigue 89 

(Feldhütter et al., 2018), familiarity with the take-over situation (Hergeth et al., 2017), or 90 

perceived capability (Fuller, 2011). For instance, it has been demonstrated that fatigued drivers 91 

rate the same situations as more critical than alert drivers indicating that they are more stressed 92 

(Feldhütter et al., 2018). And Hergeth et al. (2017) observed that criticality ratings decreased with 93 

increasing familiarity with the take-over situation. 94 

There are two reasons why it is crucial to assess subjective criticality of take-over 95 

situations. First, situational parameters may have diverse effects on take-over behavior and may 96 

interact. Assessing the subjective criticality of take-over situations would promote the 97 

understanding of the observed behavior. Second, a criticality rating facilitates the comparability 98 

of driving situations and the evaluation of take-over behavior. Rodemerk et al. (2012) advocated 99 

for the need to compare driving situations and introduced a general criticality criterion to do so. 100 

Similarly, Jarosch and Bengler (2018) suggested a holistic view to evaluate the take-over 101 

behavior adequately rather than consider the parameters separately. They argue that, for example, 102 

a fast reaction cannot generally be evaluated as a good reaction, but has to be looked at in 103 

combination with steering and braking behavior. However, both criteria from Rodemerk et al. 104 
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(2012) and Jarosch and Bengler (2018)  are based on objective parameters, e.g. collision 105 

probability. They do not include the subjective aspect of a take-over situation. In contrast, 106 

Radlmayr et al. (2018) included a subjective rating parameter to evaluate take-over behavior. 107 

Together with two further parameters, it ought to promote the understanding and the 108 

comparability of take-over situations (Radlmayr et al., 2018). In line with Radlmayr et al. (2018), 109 

we argue that a validated and anchored scale to assess subjective criticality would enable the 110 

comparability of different driving situations and the evaluation of take-over behavior in driving 111 

simulator studies and real traffic. 112 

In numerous studies, different scales for assessing the subjective criticality of driving 113 

situations have been employed. These are, for example, a multi-item Likert-scale (Banet & 114 

Bellet, 2008), an eleven-point, single item scale developed by Neukum et al. (2008), or seven-115 

point Likert-scales (Radlmayr et al., 2018; Roche & Brandenburg, 2020, 2018). However, to our 116 

knowledge, no publication is available that validates one of them.  117 

1.3.1 Scale of Criticality Assessment of Driving Situations 118 

The Scale of Criticality Assessment of driving situations (SCA; Neukum et al., 2018) is a 119 

scale that assesses subjective criticality of a driving situation (see figure 1, left in English, right in 120 

German). It was already used in various studies (Hergeth et al., 2017; Naujoks et al., 2017; 121 

Neukum et al., 2008; Siebert et al., 2014). The scale is a modified version of the judgment Scale 122 

for the Assessment of the Experienced Degree of Disturbance (Neukum & Krüger, 2003) that was 123 

developed based on the Cooper-Harper-Scale (Cooper & Harper, 1969). It is an eleven-point, 124 

single item scale and based on a two-step rating procedure. First, participants are asked to rate the 125 

criticality of the driving situation by selecting one of the five verbal categories: ‘imperceptible’ (0 126 

pt.), ‘harmless’ (1-3 pts.), ‘unpleasant’ (4-6 pts.), ‘dangerous’ (7-9 pts.), ‘uncontrollable’ (10 pts., 127 
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translation based on Naujoks et al., 2017). Participants are instructed that the driving situation 128 

shall be rated concerning the necessary compensatory effort. Second, they are asked to specify 129 

their rating by selecting one of the three numerical subcategories of each category (right area in 130 

figure 1). It was assumed that ‘imperceptible’ and ‘uncontrollable’ are not divisible any further. 131 

Hence, these both extreme categories have only one subcategory, 0 respectively 10 pts.  132 

 133 

Figure 1: Scale of Criticality Assessment of driving situation (SCA) in English (left, depicted 134 

from Naujoks et al., 2017) and in German (right, Neukum et al., 2008). The German version was 135 

used in the present study. 136 

This scale holds advantages and disadvantages. On the one hand, Neukum and Krüger 137 

(2003) state that an advantage of this scale is the threshold distinguishing between tolerable and 138 

intolerable situations (rating above 6). The magnitude of ratings should be, therefore, comparable 139 

between participants. Another advantage is its sensitivity that allows for differentiated ratings of 140 

subjective criticality across different driving situations (Neukum & Krüger, 2003). Besides, the 141 

original scale was highly accepted by naïve and expert participants (Neukum & Krüger, 2003). 142 

On the other hand, the scale does not take into account whether the driver’s perceived capability 143 
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to deal with the driving situation affects the rating, as suggested by Fuller (2011). Hence, drivers 144 

that feel very capable might rate a driving situation as tolerable, while others rate it as intolerable. 145 

In addition, it is questionable whether the differences between the numerical values are 146 

equidistant. For example, it may be assumed that the experienced differences within one category 147 

(e.g. two vs. three) differ from the experienced differences between two categories (e.g. three vs. 148 

four). Also, the effort for the application and analysis is high because the instruction takes longer 149 

and it has to be ensured that the rating of the verbal category corresponds to the rating of the 150 

numerical subcategory.  151 

1.3.2 Criticality Rating Scale 152 

The Criticality Rating Scale (CRS) is a modification of a criticality scale used in previous 153 

studies (Roche & Brandenburg, 2020, 2018). It was modified in the course of this research 154 

project aiming at compensating known disadvantages of existing rating scales. In the instruction 155 

of the item, it is clearly stated that the criticality should be rated concerning real driving 156 

situations. The wording of the question ‘How critical did you perceive the experienced driving 157 

situation?’ avoids complicated syntax, specific terms, and ambiguity as recommended by 158 

Moosbrugger and Kelava (2020). The Criticality Rating Scale consists of a single item rating 159 

scale. A continuous scale with tick marks is used to visualize the gradation of the rating (see 160 

figure 2). This is in contrast to the SCA, but similar to the NASA-TLX scale (Hart & Staveland, 161 

1988). The NASA-TLX is a well-known and widely used tool for the assessment of perceived 162 

workload (Hart, 2006). In line with the NASA-TLX, the CRS is designed with 100 points (1-163 

100). The poles are labeled with ‘not critical at all’ (1 pt., in German ‘gar nicht kritisch’) and 164 

‘very critical’ (100 pts., in German ‘sehr kritisch’). The verbal labeling is based on the results of 165 

Rohrmann’s study on rating scales (Rohrmann, 1978). He found that the German versions of ‘not 166 
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at all’ and ‘very’ were rated as the lowest and highest intensity terms with small scatter among 167 

eighteen terms. To allow the perception of an equidistant gradation, no more verbal or numerical 168 

anchors had been employed. Moosbrugger and Kelava (2020) recommended to omit a middle 169 

answer category because it is often used as a fallback option when the participant does not 170 

understand the question, refuses to answer, or does not know the answer. Hence, the number of 171 

ticks of the CRS was even to omit a middle answer category (see figure 2). In contrast, the SCA 172 

has a middle category (5 pts.). In doing so, the assumed disadvantages of the SCA shall be 173 

addressed.  174 

 175 

Figure 2: The Criticality Rating Scale (CRS) with poles ‘not critical at all’ (1 pt.) and ‘very 176 

critical’ (100 pts.). 177 

The advantages of this scale are the following. First, less inter-individual interpretations 178 

are assumed since only the poles are labeled as opposed to the SCA. Thereby, a different 179 

understanding of the used labels by the raters is less likely. Second, the rating differences 180 

between all scale points should be equidistant since the scale points are not additionally labeled. 181 

Third, the test efficiency is supposed to be higher than with the SCA due to the short instruction 182 

and the familiar rating system. A potential disadvantage of the CRS is the missing threshold that 183 

would enable comparability of ratings between raters as assumed with the SCA. 184 
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1.4 Test validity 185 

Tests should be valid to ensure they are truly measuring what they are supposed to 186 

measure (Hartig et al., 2008). The Standards for Educational and Psychological Testing (2018) 187 

state that test validity is the most important quality criteria of a test, next to objectivity and 188 

reliability. A test is objective when its result is independent of the experimenter and analyzer 189 

(Hartig et al., 2008). A test is reliable when it is precise, i.e. an elastic measuring tape would not 190 

be reliable when measuring length (Hartig et al., 2008). Objectivity and reliability are 191 

requirements to ensure test validity. It should be noted that none of the quality criteria is binary, 192 

hence, a test can be more or less valid, objective, or reliable. For the sake of this study, we 193 

assumed that both scales achieve a certain level of reliability due to their wording and scale 194 

design. Besides, we aimed at establishing objectivity when applying the scales (more details see 195 

Method section). 196 

Different types of test validity exist, among them construct validity. It describes the extent 197 

to which a test examines a psychological trait or construct, as defined by theory (Cronbach & 198 

Meehl, 1955). Construct validity is considered as the most fundamental type of test validity 199 

(Wainer & Braun, 2013) and composes of convergent and discriminant validity. Convergent 200 

validity is present when measurements of a construct that are recorded with different methods 201 

correlate strongly (Moosbrugger & Kelava, 2020). Usually, a new method is validated by means 202 

of another established method. Discriminant validity is high when measurements of different 203 

constructs that are recorded using the same or different methods correlate weakly (Moosbrugger 204 

& Kelava, 2020).  In this study, we focus on investigating the convergent validity of both scales.  205 
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1.5 Repeated experience of take-over situations 206 

The repeated experience of similar take-over situations is quite common in driving 207 

simulator studies due to the experimental setting and test efficiency. This may lead to subjective 208 

and behavioral changes. On the one hand, it would be plausible that take-over behavior 209 

deteriorates over the course of an experiment. Reasons for deterioration are increasing fatigue or 210 

increasing trust in the system (Hergeth et al., 2016). Indeed, there are indications that with 211 

increasing practice take-over behavior becomes riskier: maximal deceleration increases 212 

(Brandenburg & Roche, 2020) and observation decreases (Hergeth et al., 2016; Roche et al., 213 

2018). On the other hand, it could be that take-over behavior improves due to the increasing 214 

practice. This was demonstrated by Hergeth et al. (2017), Körber et al. (2016), and Payre et al. 215 

(2016) concerning decreasing take-over times, larger TTCs, lower maximal lateral accelerations, 216 

and lower maximal longitudinal decelerations. This shows that the evidence regarding the effect 217 

of experience is not unambiguous. 218 

1.6 Research questions 219 

The two rating scales are supposed to measure the subjective criticality of take-over 220 

situations. Hence, testing their validity requires checking whether they properly measure 221 

criticality. As a first step, the convergent validity of the scales is tested. Therefore, a variation of 222 

objective criticality in the take-over situations should be represented in the criticality ratings. 223 

Hence, the following research questions (RQ) are investigated: 224 

• Research question 1: Is the Scale of Criticality Assessment of driving situations (SCA) a valid 225 

tool for the assessment of subjective criticality in take-over situations? 226 

• Research question 2: Is the Criticality Rating Scale (CRS) a valid tool for the assessment of 227 

subjective criticality in take-over situations? 228 
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• Research question 3: Do both scales differ regarding their validity? 229 

For this, objective criticality is varied by the time-to-collision, an established method to 230 

vary criticality. In case the ratings and TTC-values correlate strongly, a high convergent validity 231 

can be assumed.  232 

The repeated experience of similar take-over situations would indicate whether the rating 233 

scales are robust in assessing subjective criticality and whether increasing familiarity affects the 234 

ratings. In addition, since our participants experience several monotonous trials, it likely leads to 235 

fatigue and lower arousal. De Waard (2002) stated that passive fatigue may be compensated by 236 

increasing effort. Hence, increasing perceived effort ratings over the repetition of trials would 237 

demonstrate passive fatigue. Furthermore, the available research on the repeated experience of 238 

take-over situations indicates that behavioral change may take place. This leads to the fourth 239 

research question: 240 

• Research question 4: Do drivers’ criticality and effort ratings and take-over behavior change 241 

over the repeated experience of take-over situations? 242 

2 Method 243 

The objective criticality of the take-over situation is manipulated by the time-to-collision 244 

to a stationary obstacle at the moment of the take-over request. A lane change was chosen as the 245 

take-over situation because it is one of the most common maneuvers on the highway, where 246 

higher levels of automated driving will be deployed first (Bellem et al., 2017). In a driving 247 

simulator, participants experienced five take-over situations twice that varied regarding time-to-248 

collisions. After each of the first five take-over situations, participants rated the criticality on one 249 

scale, after each of the second five situations on the other scale. 250 
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2.1 Participants 251 

Twenty-five persons (13 women, 12 men) between 21 and 37 years of age (M = 27.3 252 

years, SD = 4.8 years) took part in the driving simulator study. An a-priori power analysis with 253 

G*Power (Version 3.1.9.2) revealed that a sample size of 23 participants was required to detect a 254 

correlation of r = .5 with a given alpha of .05 and a power of .80. With 25 participants, each of 255 

the five TTC-values could be presented at each position across the experiment five times, e.g. 256 

five participants experienced the shortest TTC-value in the first trial, five in the second. All 257 

participants had to be German native or near-native speakers to follow the German instructions. 258 

They were required to have been holding a driving license for a minimum of two years (M = 9.6 259 

years, SD = 4.7, Max = 19 years). Twenty participants (80%) were students. Ten participants 260 

(40%) reported having experience with advanced driver-assistance systems, such as adaptive 261 

cruise control or lane change assistance systems. On average, they used their car at 2.8 days per 262 

week. The student participants received course credits as gratification. The experiment was 263 

approved by the ethics committee of the Department of Psychology and Ergonomics of 264 

Technische Universität Berlin, Germany, and its conditions complied with the tenets of the 265 

Declaration of Helsinki. Participants gave their informed consent before the experiment started. 266 

2.2 Materials 267 

The experiment was conducted in a mid-fidelity driving simulator of the Department of 268 

Psychology and Ergonomics of Technische Universität Berlin. The same driving simulator was 269 

used in Roche and Brandenburg (2020, 2018). It consists of a Volkswagen™ vehicle mock-up 270 

including Fanatec pedals, a Fanatec steering wheel, a dashboard, a seat, and a gear shift. Since the 271 

simulated vehicle was automatic, the gear shift and clutch pedal were irrelevant for this study. 272 

OpenDS 4.5 was utilized to simulate the driving environment: a two-lane rural road including a 273 
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crash barrier and other vehicles on both lanes. The driving scene was projected on a screen placed 274 

at a distance of 0.80 m to the vehicle mock-up. The size of the projection screen was 3 m x 1.70 275 

m. An image resolution of 1920 x 1080 pixels and a frequency of 60 Hz were used. A rear-view 276 

mirror was embedded in the projection (see figure 3). A driving automation corresponding to 277 

SAE-level 3 (SAE International, 2018) was active once the experimental trial started. It could be 278 

deactivated by a steering wheel or brake pedal input by the driver. A take-over was detected 279 

when the steering wheel positions exceeded 0.14 % or the brake pedal position exceeded 0.1 % 280 

(Roche & Brandenburg, 2020, 2018). Driving noise and auditory signals were played back via 281 

two speakers behind the driver seat. An iPad with standard factory settings was used to 282 

administer all questionnaires via the online survey service SoSci-Survey version 3.1 283 

(www.soscisurvey.de). That way, the scales were always presented in the same manner and the 284 

ratings could be given without the experimenter being able to see them diminishing the 285 

interviewer effect (Bogner & Landrock, 2016). Due to that, the application of the scales was 286 

objective to a certain extent. 287 

 288 
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Figure 3: Take-over situation with 2.5 s TTC, the crashed vehicle in grey, and the lead vehicle in 289 

blue. The rectangle in the upper-middle represents the rear-view mirror. 290 

Subjective criticality was assessed with the Scale of Criticality Assessment of driving 291 

situations (SCA; Neukum et al., 2008; see figure 1 and section 1.3.1) or the Criticality Rating 292 

Scale (CRS; see figure 2 and section 1.3.2), depending on the block. 293 

The effort-subscale of the NASA-TLX was used to assess the perceived effort (Hart & 294 

Staveland, 1988). Participants were asked to answer the question ’How hard did you have to 295 

work to accomplish your level of performance?’. The scale is a unipolar, single item with tick 296 

marks to visualize the gradation of the rating from ‘low’ (0 pts.) to ‘high’ (100 pts., see figure 4). 297 

We used the German translation by Sepehr (1988). It was applied to assess a further aspect of 298 

subjective experience and to investigate possible fatigue over the repetition of trials because 299 

driver fatigue may be compensated by higher effort (de Waard, 2002). 300 

 301 

Figure 4: Effort-subscale of the NASA-TLX in German (Hart & Staveland, 1988) ranging from 302 

‘low’ to ‘high’. 303 

2.3 Procedure and Experimental Design 304 

The experiment consisted of an instruction phase, a familiarization phase, a training 305 

phase, an experimental phase, and a final interview. In the instruction phase, participants were 306 

welcomed and instructed about the procedure of the experiment and the handling of personal 307 

data. Then, they were asked to read and sign the informed consent, and answer a demographic 308 
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questionnaire, i.e. age and profession. The questionnaire and all following rating scales and 309 

questions were presented on the iPad. 310 

In the familiarization phase, participants drove on a two-lane highway for about 3 min in 311 

the driving simulator. They practiced accelerating, decelerating, and lane changing to familiarize 312 

themselves with the driving simulator. 313 

In the training phase, participants were introduced to the automated system and the 314 

driving task. The system was designed to take over longitudinal and lateral control for specific 315 

driving tasks, depicting a system at SAE-level 3 (SAE International, 2018). Each of the training 316 

trials started with an automatic acceleration of the participant’s vehicle to 100 km/h. The vehicle 317 

drove on the right lane of a two-lane rural road. Participants were instructed to take hands off the 318 

steering wheel and feet off the pedals while driving automated. Upon an acoustic cue, they were 319 

instructed to take back control by steering or braking and steer around a construction work on 320 

their lane. The acoustic cue consisted of two consecutive sounds with a duration of 0.5 s each, a 321 

frequency of 780 Hz, and a volume of approximately 80 dB. Five training trials were driven with 322 

varying TTCs at the moment of the acoustic cue: 3.10, 3.35, 3.60, 3.85, and 4.10 s. The TTC-323 

values were on a medium range and the order was balanced across participants. After the last 324 

training trial, participants rated the subjective criticality on the SCA and the CRS and their 325 

perceived effort on the subscale of the NASA-TLX. The ratings did not enter into the analysis; 326 

they were rather applied so that the participants got used to the rating scales. 327 

In the experimental phase, the participants experienced two blocks of five experimental 328 

trials each. In each experimental trial, a lane change served as take-over situation with varying 329 

TTCs at the moment of the take-over request (TOR). In one block, participants rated the 330 

criticality on the SCA, in the other block, on the CRS. The sequence of blocks was balanced 331 
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across participants, i.e. 13 participants started rating subjective criticality on the SCA, 12 332 

participants on the CRS. Similar to the training trials, the simulated vehicle started in automated 333 

mode executing longitudinal and lateral control. The automation was designed to accelerate to 334 

100 km/h, keep the speed for the course of the trial, and drive at the center of the right lane. In all 335 

trials, the participant’s vehicle followed a lead vehicle, a blue coach (see figure 3), and 336 

maintained a constant distance of 1.8 s time headway, i.e. the time it will take the participant’s 337 

vehicle to reach the position of the lead vehicle. 338 

After about 1 min in each trial, the take-over situation took place. In this situation, the 339 

participants’ lane was blocked due to a broken vehicle. As soon as the lead vehicle changed lanes 340 

to avoid a collision, the obstacle became visible to the participant. The automation was able to 341 

detect the obstacle and requested the driver to take over by an acoustic cue. The same acoustic 342 

cue as in the training phase was used. The timing of the lane change maneuver of the lead 343 

vehicle, hence the timing of the TOR, was varied within-subjects. This resulted in different TTCs 344 

concerning the obstacle at the moment of the TOR. Five equidistant TTC-values were realized: 345 

2.5, 3.0, 3.5, 4.0, 4.5 s. They were presented in a balanced order across participants. This means, 346 

over all participants, each TTC-value was presented at each position five times. However, the 347 

sequence of TTC-values between the two blocks was held constant for each participant to avoid 348 

any sequence effects on criticality ratings. The interval of 0.5 s between the TTC-values was 349 

chosen because a pretest showed that 0.5 s was large enough to cover a certain range of TTCs 350 

without having too many trials. Participants were instructed to take back control as fast and safely 351 

as possible by steering or braking upon the TOR. After steering around the obstacle or braking to 352 

a complete stop in front of the obstacle, the simulation was switched off and the simulation was 353 

stopped. On the iPad, participants rated the subjective criticality and the perceived effort. An 354 

instruction trial was added before each block to avoid surprise effects on the criticality ratings 355 
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(see figure 5). For the instruction trials, a TTC from the medium spectrum was used (3.63 s). This 356 

resulted in one instruction and five experimental trials per block, hence, participants experienced 357 

two instruction trails and ten experimental trials in total (see figure 5). 358 

 359 

Figure 5: Experimental course. The sequence of TTC-values (A-E) was balanced between-360 

subjects and held constant between blocks (1 and 2). In the first block, criticality ratings were 361 

collected on rating scale A, in the second block, on rating scale B. The order of rating scales was 362 

balanced between-subjects. 363 

In a final interview, participants were asked for their personal preference regarding the 364 

two rating scales. Participants were debriefed of the scope of the experiment. Overall, the 365 

experiment lasted about 90 minutes. 366 

2.4 Dependent variables 367 

The subjective criticality rating was the main dependent variable assessed with the SCA 368 

[0-10 pts.] or CRS [1-100 pts.] at the end of each trial. Besides, the effort-subscale of the NASA-369 

TLX [0-100 pts.], take-over time [ms], maximal steering wheel position [%], and maximal brake 370 

pedal position [%] for each trial served as dependent variables. Take-over time was measured 371 

between the onset of the acoustic cue and the driver response in terms of the steering wheel or 372 

brake pedal input. For maximal steering wheel position and maximal brake pedal position, the 373 

highest values during the take-over were extracted per participant and trial. 374 
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2.5 Data Analysis 375 

 For the analysis, R version 3.6.1 (R Core Team, 2019) was used. The correlation between 376 

TTC and the criticality ratings was calculated based on a method proposed by Bland and Altman 377 

(1995). This method accounts for repeated observations as in the present study. It is implemented 378 

in the R-package ‘rmcorr’ (Bakdash & Marusich, 2018). Degrees of freedom were calculated 379 

with Bakdash and Marusich’s method available in rmcorr (2018). In accordance to Hemphill 380 

(2003), a correlation coefficient r < .21 indicates a weak correlation, between .21 and .33 a 381 

medium correlation, and r > .33 a strong correlation. The correlation coefficients were used to 382 

answer the question of whether the two scales are valid tools for the assessment of criticality of 383 

take-over situations (research questions 1 and 2). Besides, it was tested whether the ratings of 384 

each TTC-value differed from the remaining ratings. Since we had paired samples and did not 385 

expect a normal distribution of the data, the Friedmann-test is used (Friedman, 1937). In case a 386 

significant difference was found, a post-hoc analysis was calculated using the Nemeyi-test 387 

(Nemenyi, 1962) of the R-package ‘PMCMR’ (Pohlert, 2014). The Bonferroni-method was used 388 

to adjust p-values.  389 

To compare the two rating scales against each other (research question 3), it was tested 390 

whether the correlation coefficients differed significantly based on a method suggested by Eid, 391 

Gollwitzer, and Schmitt (2017). The method determines a z-value of the two fisher-Z transformed 392 

correlation coefficients that can be tested on significance. 393 

For the analysis of the change of ratings and behavior over trials (research question 4), 394 

mixed-effects models for each dependent variable were calculated with the ‘lme4’-package 395 

(Bates et al., 2015). The independent variable ‘trial’ served as a linear predictor. We accounted 396 

for inter-individual differences mentioned in the introduction and for the repeated measurement 397 
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by adding a random intercept for each participant. Degrees of freedom were estimated with 398 

Satterthwaite’s method available in the ‘lmerTest’-package (Kuznetsova et al., 2017). The 399 

goodness-of-fit of each model is characterized by the marginal and conditional coefficient of 400 

determination (R2, Nakagawa & Schielzeth, 2013). 401 

3 Results 402 

Since participants could rate subjective criticality either on the SCA or CRS, 125 trials 403 

(25 participants x 5 trials) were available for the analysis of the SCA- and 125 trials for the CRS-404 

ratings. For the analysis of the perceived effort ratings and the behavioral data, data from ten 405 

trials per participant were available, resulting in 250 trials. 406 

3.1 Correlation of the Scale of Criticality Assessment of driving situations 407 

with time-to-collision (RQ 1) 408 

Figure 6 visualizes the mean SCA-ratings for all five TTC-values. The mean SCA-rating 409 

across all TTC-values was 4.62 pts. (SD = 1.9). This mean value corresponds to the verbal 410 

category ‘unpleasant’ and is located at the threshold between tolerable and intolerable situations 411 

defined by Neukum et al. (2008). The ratings decrease with increasing TTC-values. The 412 

minimum (‘imperceptible’, 0 pts.) and maximum (‘uncontrollable’, 10 pts.) were not chosen by 413 

any participant. 414 
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 415 

Figure 6: Means, standard errors, and raw values of the Scale of Criticality Assessment of driving 416 

situations (SCA) for each time-to-collision-value from 2.5 to 4.5 s. 417 

The SCA-ratings correlated significantly with the TTC-values (rTTC_SCA(99) = -.59, p < 418 

.001). Based on Hemphill (2003), the magnitude of the correlation coefficient indicates a strong 419 

correlation. The Friedman-test revealed that the SCA-ratings from at least two TTC-values 420 

differed significantly from each other (χ2(4) = 35.36, p < .001). The post-hoc test showed a 421 

significant difference between the most critical TTC-value (2.5 s) and the two least critical ones 422 

(4.0 s resp. 4.5 s, see the adjusted p-values for all comparisons in table 1). 423 

Time-to-collision 2.5 s 3.0 s 3.5 s 4.0 s 

3.0 s .715    

3.5 s .229 1   

4.0 s < .001 *** 1 1  

4.5 s < .001 *** 1 1 1 



ASSESSING SUBJECTIVE CRITICALITY 

22 
 

Table 1: Friedman-test results for the SCA-ratings. Adjusted p-values for post-hoc comparisons 424 

of SCA-ratings between all TTC-values. Significance symbols: * p < .05, ** p < .01, *** p < 425 

.001 426 

3.2 Correlation of the Criticality Rating Scale with time-to-collision (RQ 2) 427 

The mean CRS-rating across all TTC-values was 45.98 pts. (SD = 25.2). Figure 7 428 

visualizes the means, standard errors, and raw values of the CRS. As expected, with increasing 429 

TTC, the CRS-ratings decreased (see figure 7). The minimum value (‘not critical at all’, 1 pt.) 430 

was selected 16 times, while the maximum (‘very critical’, 100 pts.) was never selected.  431 

 432 

Figure 7: Means, standard errors, and raw values of the Criticality Rating Scale (CRS) for each 433 

time-to-collision-value from 2.5 to 4.5 s. 434 

The correlation between CRS-ratings and TTC-values was highly significant (rTTC_CRS(99) 435 

= -.66, p < .001). Again, this represents a strong correlation. The Friedman-test revealed that at 436 

least two CRS-ratings differed significantly from each other (χ2(4) = 46.53, p < .001). The post-437 

hoc comparisons showed that in four cases the CRS-ratings differed from each other (see 438 
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adjusted p-values in table 2). These significant differences were between the most critical TTC-439 

value (2.5 s) and the two less critical ones (4.0 s and 4.5 s), similar to the SCA-ratings. Also, the 440 

CRS-ratings of the TTC-value 3.0 s differed significantly from 4.0 s and 4.5 s. 441 

Time-to-collision 2.5 s 3.0 s 3.5 s 4.0 s 

3.0 s 1    

3.5 s .229 1   

4.0 s < .001 *** .009 ** .636  

4.5 s < .001 *** .014 * 1 1 

Table 2: Friedman-test results for the CRS-ratings. Adjusted p-values for post-hoc comparisons 442 

of CRS-ratings between all TTC-values. Significance symbols: * p < .05, ** p < .01, *** p < .001 443 

3.3 Comparison of both scales (RQ 3) 444 

For the comparison, the two correlation coefficients of the SCA and the CRS were used. 445 

The method suggested by Eid et al. (2017) revealed that the coefficients of the scales did not 446 

differ significantly (z = 0.52, p = .603). 447 

The final interview showed that 84 % of the participants (N = 21) preferred the SCA for 448 

assessing subjective criticality of a take-over situation. 42.3 % of the participants (N = 9) 449 

reasoned their voting with the subdivision of the SCA into verbal and numerical categories. 38.1 450 

% of the participants (N = 8) preferred the SCA due to the better description of the take-over 451 

situation by the verbal categories. Two of the participants preferring the CRS stated that the 452 

labeling of the poles were better suited for the take-over situation. 453 
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3.4 Repeated experience of take-over situations (RQ 4) 454 

Mixed-effect models were calculated to investigate the change of ratings and take-over 455 

behavior over the repeated experience of the experimental trials. Significant estimates of the 456 

factor ‘trial’ would indicate a change of ratings or take-over behavior over the repeated 457 

experience. The statistical results are presented in table 3 and the mean-values and standard errors 458 

per trial are plotted in figure 8. Only the maximal brake pedal position decreased significantly 459 

over trials. Descriptively, the SCA-, CRS-, and perceived effort ratings decreased slightly over 460 

the trials (see negative estimates for trial in table 3 and figure 8). However, the models showed 461 

that none of these changes reached significance (all t < 2, p > .05). Hence, the ratings, take-over 462 

times, and steering wheel positions were not affected by the repeated experience of take-over 463 

situations. For all models, the marginal coefficient of determination was very small, hence, the 464 

variance explained by the fixed factor ‘trial’ was very low (below 1 %). 465 

Criticality rating on SCA [0-10] Estimate Std. Error df t-value p-value 

Intercept 4.98 0.39 79.65 12.86 < .001 *** 

Trial -0.12 0.09 100 -1.32 0.191 

Variance explained: R2
marginal = 0.8 %, R2

conditional = 41.9 % Ntrials = 125 

Criticality rating on CRS [1-100] Estimate Std. Error df t-value p-value 

Intercept 49.02 5.09 51.97 9.62 < .001 *** 

Trial -1.02 0.97 100 -1.05 .297 

Variance explained: R2
marginal = 0.3 %, R2

conditional = 62.6 % Ntrials = 125 

Perceived effort rating [0-100] Estimate Std. Error df t-value p-value 

Intercept 41.41 4.05 48.88 10.21 < .001 *** 

Trial -0.41 0.40 225 -1.04 .299 

Variance explained: R2
marginal = 0.2 %, R2

conditional = 44.3 % Ntrials = 250 
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Take-over time [ms] Estimate Std. Error df t-value p-value 

Intercept 764.27 32.34 43.13 23.63 < .001 *** 

Trial -3.37 2.90 225 -1.16 .246 

Variance explained: R2
marstginal = 0.3 %, R2

conditional = 51.2 % Ntrials = 250 

Maximal steering wheel position 

[%] 

Estimate Std. Error df t-value p-value 

Intercept 0.94 0.06 146.07 16.46 < .001 *** 

Trial 0.00 0.01 225 0.24 .809 

Variance explained: R2
marginal = 0.0 %, R2

conditional = 9.1 % Ntrials = 250 

Maximal brake pedal position [%] Estimate Std. Error df t-value p-value 

Intercept 57.43 4.88 39.79 11.76 < .001 *** 

Trial -0.81 0.41 225 -1.99 .048 * 

Variance explained: R2
marginal = 0.7 %, R2

conditional = 56.4 % Ntrials = 250 

Table 3: Summary of statistics for the repeated experience of trials of all dependent variables. 466 

Significance symbols: * p < .05, ** p < .01, *** p < .001. 467 
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 468 

Figure 8: Means, standard errors, and regression lines of the dependent variables per trial over the 469 

repeated experience of take-over situations. 470 

Note. Five trials were evaluated on the SCA, five with the CRS. Concerning the remaining 471 

dependent variables, values are available for all ten experimental trials.  472 
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4 Discussion 473 

The present study investigated whether two rating scales, the Scale of Criticality 474 

Assessment of driving situations (SCA) and the Criticality Rating Scale (CRS), are valid tools for 475 

the assessment of subjective criticality of take-over situations (RQ 1 and 2) and whether one is 476 

superior to the other one (RQ 3). Besides, the effects of the repeated experience of take-over 477 

situations on ratings and take-over behavior (RQ 4) were investigated. Participants experienced 478 

five experimental take-over situations twice that differed regarding time-to-collision. They 479 

provided their criticality rating either on the SCA or the CRS. Perceived effort ratings and take-480 

over behavior were recorded in the ten experimental trials. 481 

Before discussing the research questions, it should be noted that the take-over times were 482 

very small. This could be due to several reasons. First and in contrast to most other studies, our 483 

participants did not perform a non-driving related task. Hence, they could focus on the driving 484 

situations. Second, it could be that participants were highly trained to take over very fast after the 485 

training trials. Third, we assume that they were highly alert to expect a take-over by its frequent 486 

occurrence. Forth, the time budget used in this study was smaller than in most other studies on 487 

take-over time (2.5 s – 4.5 s in our study vs. 5 s and 7 s in Gold et al. (2013) or 8.6 s in Roche et 488 

al. (2018)). Previous research showed that shorter time budgets lead to shorter take-over times. 489 

4.1 Research question 1 and 2: Are the Scale of Criticality Assessment of 490 

driving situations and the Criticality Rating Scale valid tools for the 491 

assessment of subjective criticality in take-over situations? 492 

The study showed that both scales correlate strongly with the TTC-values that were varied 493 

to manipulate objective criticality of the take-over situations. This indicates that the SCA and the 494 
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CRS are valid tools to assess the subjective criticality. The study paved the way of validating 495 

criticality rating scales in driving studies. However, convergent validity was tested, while 496 

different types such as discriminant or criterion validity were not investigated. This should be 497 

addressed in future studies. Furthermore, as mentioned in the introduction, validity is continuous 498 

and cut-off values for correlations for validity testing do not exist. Hence, one could argue that 499 

higher correlations are requested to infer validity. Besides, the conclusion is limited to a lane 500 

change and take-over situations in which objective criticality is varied by TTC. It is questionable 501 

whether the correlations between objective criticality and criticality ratings would be equally high 502 

in other maneuvers or when objective criticality is varied by different variables. For example, it 503 

could be that increasing traffic density from low to medium traffic would have a different effect 504 

on criticality ratings than an increase from medium to high traffic. Also, the rating scales are only 505 

validated for time-to-collisions in take-over situations. A transferability to driving situations in 506 

general is not given. Finally, it should be noted that the scales measure a general perception of 507 

criticality of take-over situations. Specific aspects such as collision risk or vehicle stability cannot 508 

be extracted. For this purpose, more comprehensive questionnaires would be necessary. Hence, 509 

future studies should validate the rating scales in different maneuvers and with other situational 510 

parameters, e.g. traffic density, to manipulate objective criticality and test different types of 511 

validity. 512 

4.2 Research question 3: Do both scales differ regarding their validity? 513 

Even though the two rating scales use different scale designs, the comparison of the 514 

correlation coefficients demonstrated that they do not differ. Hence, the two scales are equally 515 

well suited for the assessment of subjective criticality in this specific take-over situation with this 516 

manipulation of objective criticality. 517 
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The results are noteworthy. On the one hand, the SCA is more time-consuming regarding 518 

instruction and processing than the CRS. More effort has to be put in explaining this scale since it 519 

is an unusual design. When processing the SCA, it has to be checked whether the rating of the 520 

first step (verbal category) corresponds to the rating of the second step (numerical subcategory). 521 

Besides, the correlation coefficient of the CRS was slightly higher and the CRS could better 522 

discriminate between different TTC-values as indicated by the higher amount of significant 523 

differences of the post-hoc comparisons. On the other hand, more participants preferred the SCA 524 

when rating subjective criticality of a take-over situation. Furthermore, as stated by Neukum and 525 

Krüger (2003), an advantage of the SCA is the threshold between tolerable and intolerable 526 

situations that is supposed to make ratings more comparable between raters. However, this reason 527 

was not yet proven. These aspects should make an impact on the researchers’ decision on which 528 

scale to use in the future.  529 

Apart from the research question, two additional insights concerning the two rating scales 530 

should be mentioned: First, the criticality ratings of the SCA and the CRS showed that 531 

differences of objective criticality are rather experienced with the more critical TTCs than with 532 

the less critical TTCs (see figures 6 and 7). This is in line with Siebert et al. (2014), who found 533 

rating differences between more critical THWs and no differences between less critical THWs to 534 

a lead vehicle. Siebert et al. (2014) interpreted this result as a threshold effect for the relation 535 

between objective criticality and subjective variables. While they used a car-following scenario, 536 

we likely observed the same effect in a different driving situation. 537 

Second, participants neither used the minimum category of the SCA (‘imperceptible’) nor 538 

the maximum categories of the SCA (‘uncontrollable’) or the CRS (‘very critical’). It seems as 539 

the lane change could not be ignored because no participant selected the minimum category. 540 
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Concerning the maximum categories, the impression arises as none of the TTC-values was small 541 

enough to not be coped with because none of them was rated as maximal critical. It could be that 542 

the realization of the take-over situation did not achieve to cover a wide range of objective 543 

criticality. Hence, future studies may seek to cover a broader range of criticality. 544 

4.3 Research question 4: Do drivers’ criticality and effort ratings and take-545 

over behavior change over the repeated experience of take-over 546 

situations? 547 

Neither the ratings nor the take-over behavior changed over the repeated experience of the 548 

ten take-over situations, except maximal brake pedal position (RQ 4). This might be due to two 549 

reasons. First, the behavior and subjective experience likely changed within the five training 550 

trials. Hence, participants were already highly trained and habituated when the experiment 551 

started. Second, it could also be that subjective experience and behavior change within the first 552 

experimental trials and does not change in the following. Forster et al. (2019) found stabilized 553 

reaction times after three trials for transitions between SAE-level 2 and 3. Our analysis across all 554 

ten trials might have overruled a potential effect. In the present study, participants experienced 555 

twelve take-over situations, while participants of other studies experienced fewer situations, for 556 

example two in Hergeth et al. (2016) or six in Roche et al. (2018). 557 

The criticality ratings of the take-over situations seem to be robust to a certain extent with 558 

the exception that the respondents possibly were already habituated to the take-over situations. 559 

This is a promising finding, as it suggests that even after the repeated experience of a take-over 560 

situation, the criticality ratings on the SCA and the CRS are still valid and comparable to the first 561 

rating. 562 
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Regarding the perceived effort ratings, the results showed that participants did not 563 

experience increased or decreased effort over trials, even though, the setting was monotonous 564 

with ten similar experimental and two instruction trials. Based on de Waard (2002), increasing 565 

fatigue due to the monotonous experimental setting may become apparent by increasing effort to 566 

cope with the situation. A reason why no change of perceived effort over trials was observed is 567 

that participants’ increasing practice had compensated for the increasing passive fatigue. In 568 

consequence, participants might not have experienced increasing effort. 569 

In line with Brandenburg and Roche (2020), we neither observed a change of take-over 570 

times nor of steering wheel positions over trials. The missing effects might be due to three 571 

reasons. First, similar to the perceived effort ratings, participants’ practice likely increased due to 572 

the repeated experience of the ten take-over situations. This would allow drivers to anticipate 573 

future states and, usually, improve their performance (Endsley, 1995). Passive fatigue possibly 574 

increased at the same time. Hence, increasing practice and increasing fatigue might have 575 

compensated each other and led to a constant level of behavior. Second, as indicated earlier, take-576 

over times and steering behavior might have changed within the training (and first experimental) 577 

trials and stabilized in the following. Such way, a significant change during the experimental 578 

trials was not detectable. Third, it could be that we observed a floor effect concerning take-over 579 

times because they were very small, making a faster reaction nearly impossible. Similarly, 580 

Brandenburg and Roche (2020) argued that a reason for the missing effect of repeated experience 581 

on take-over times might be a floor effect due to the very fast take-overs.  582 

A decrease of brake pedal position was observed but no other behavioral change over the 583 

repeated experience. In contrast to our results, Brandenburg and Roche (2020) showed an 584 
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increase in deceleration. It seems as brake behavior does not adapt as fast as other behavioral or 585 

subjective measures. 586 

To conclude, these results indicate that studies with repeated experience of take-over 587 

situations are relatively valid as only brake behavior changed with increasing practice. However, 588 

it could be that subjective experience and behavior already adopted within the training or first 589 

experimental trials. Besides, it should be noted that the marginal coefficients of determination of 590 

all mixed-effect models were very small while the conditional coefficients of determination were 591 

quite high. This means that the fixed factor ‘trial’ did not explain much variance but the random 592 

intercept ‘participant’ did. Hence, the ratings and take-over behavior were mainly affected by 593 

inter-individual differences to rate or react rather than by the repeated experience of take-over 594 

situations. 595 

4.4 Limitations 596 

The study has some limitations that should be kept in mind when interpreting the results. 597 

First, the investigated take-over scenario was limited to one scenario: a lane change due to an 598 

obstacle in the participant’s lane. Hence, the two rating scales have only been validated for this 599 

scenario. Besides, objective criticality was varied by manipulating TTC at the moment of the 600 

take-over request. Other characteristics of a take-over situation may also affect objective 601 

criticality. It should be tested whether similar correlations would be found if another take-over 602 

situation was used or if objective criticality would have been varied by different parameters.  603 

Second, it must be noted that the driving simulator was mid-fidelity. The degree of 604 

immersion of the presented scenarios may be low compared to a high-fidelity simulator and the 605 

effect on perception and take-over behavior might differ from the one in real traffic. However, 606 
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driving simulators allow low-cost and low-risk experiments in a controlled environment, 607 

especially for preliminary research (van Nes et al., 2010). 608 

Third, due to the restrictions of the driving simulator, the lowest feasible TTC was 2.5 s 609 

and, due to the experimental design, the highest TTC was 4.5 s. However, the ratings show that 610 

almost the whole ranges of both scales were used, except the maximum and minimum categories. 611 

Future studies may aim at covering the whole range of the scales by presenting more and less 612 

objectively critical driving situations. 613 

Forth, participants experienced many take-over situations in a row. This is an 614 

unrealistically high occurrence. Future studies should have a lower portion of take-over situations 615 

per session or more filler trials. 616 

Fifth, the NASA TLX was used to assess the development of passive fatigue over the 617 

course of the experiment. Rating scales on fatigue, e.g. Karolinska sleepiness scale (Shahid et al., 618 

2011), would have been more appropriate. 619 

Sixth, with a mean age of 27 years, the participants of the present study can be assigned to 620 

the younger population. Potential effects that come along with aging are impaired information 621 

processing (Salthouse, 1991) and increased hazard perception times (Horswill et al., 2008) which 622 

may result in slower take-overs. However, Körber et al. (2016) observed that take-over times did 623 

not differ between younger (≤ 28 years) and older drivers (≥ 60 years). But the older participants 624 

showed different take-over behavior than the younger ones, i.e. more and stronger braking and 625 

higher TTCs (Körber et al., 2016). Hence, it may be assumed that the study observed the best 626 

possible take-over behavior because mainly young drivers participated. Older participants might 627 

have shown different take-over behavior, i.e. larger take-over times, stronger braking, stronger 628 

steering. 629 
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4.5 Conclusion 630 

The Scale of Criticality Assessment of driving situations (SCA) and the Criticality Rating 631 

Scale (CRS) are equally valid tools for the assessment of the subjective criticality of take-over 632 

situations. The ratings are robust over time. However, it should be noted that the two scales were 633 

only tested on convergent validity in this specific take-over situation of a lane change with this 634 

specific variation of objective criticality. Validation tests in other take-over situations and with 635 

different variations of objective criticality are pending. Besides, different types of validity should 636 

be investigated. 637 

A behavioral change over the repeated experience of experimental take-over situations 638 

was only observed regarding braking. Possibly, subjective experience and take-over behavior 639 

adopted within the training trials, hence a change was not quantifiable. Effort ratings, take-over 640 

times, and steering wheel positions did not change. 641 
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