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415

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

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

418 The SCA-ratings correlated significantly with the TTC-values (rrrc sca(99) = -.59, p <
419  .001). Based on Hemphill (2003), the magnitude of the correlation coefficient indicates a strong
420  correlation. The Friedman-test revealed that the SCA-ratings from at least two TTC-values
421  differed significantly from each other (y’(4) = 35.36, p < .001). The post-hoc test showed a
422  significant difference between the most critical TTC-value (2.5 s) and the two least critical ones

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

Time-to-collision 2.5s 3.0s 35s 4.0s
3.0s 715

35s 229 1

4.0s <.001 *** 1 1

4.5 <.00] **x* 1 1 1
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Table 1: Friedman-test results for the SCA-ratings. Adjusted p-values for post-hoc comparisons
of SCA-ratings between all TTC-values. Significance symbols: * p < .05, ** p < .01, *** p <

.001

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

The mean CRS-rating across all TTC-values was 45.98 pts. (SD = 25.2). Figure 7
visualizes the means, standard errors, and raw values of the CRS. As expected, with increasing
TTC, the CRS-ratings decreased (see figure 7). The minimum value (‘not critical at all’, 1 pt.)

was selected 16 times, while the maximum (“very critical’, 100 pts.) was never selected.
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Figure 7: Means, standard errors, and raw values of the Criticality Rating Scale (CRS) for each

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

The correlation between CRS-ratings and TTC-values was highly significant (r77¢ crs(99)
= -.66, p < .001). Again, this represents a strong correlation. The Friedman-test revealed that at
least two CRS-ratings differed significantly from each other (y’(4) = 46.53, p < .001). The post-

hoc comparisons showed that in four cases the CRS-ratings differed from each other (see

22



439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

ASSESSING SUBJECTIVE CRITICALITY

adjusted p-values in table 2). These significant differences were between the most critical TTC-
value (2.5 s) and the two less critical ones (4.0 s and 4.5 s), similar to the SCA-ratings. Also, the

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

Time-to-collision 2.5s 3.0s 35s 4.0s
3.0s 1

35s 229 1

40s <.007 *** .009 ** .636

45 s <.007] #** .014 * 1 1

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

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

3.3 Comparison of both scales (RQ 3)

For the comparison, the two correlation coefficients of the SCA and the CRS were used.
The method suggested by Eid et al. (2017) revealed that the coefficients of the scales did not

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

The final interview showed that 84 % of the participants (N = 21) preferred the SCA for
assessing subjective criticality of a take-over situation. 42.3 % of the participants (N = 9)
reasoned their voting with the subdivision of the SCA into verbal and numerical categories. 38.1
% of the participants (N = 8) preferred the SCA due to the better description of the take-over
situation by the verbal categories. Two of the participants preferring the CRS stated that the

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

Mixed-effect models were calculated to investigate the change of ratings and take-over
behavior over the repeated experience of the experimental trials. Significant estimates of the
factor ‘trial’ would indicate a change of ratings or take-over behavior over the repeated
experience. The statistical results are presented in table 3 and the mean-values and standard errors
per trial are plotted in figure 8. Only the maximal brake pedal position decreased significantly
over trials. Descriptively, the SCA-, CRS-, and perceived effort ratings decreased slightly over
the trials (see negative estimates for trial in table 3 and figure 8). However, the models showed
that none of these changes reached significance (all £ < 2, p > .05). Hence, the ratings, take-over
times, and steering wheel positions were not affected by the repeated experience of take-over

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

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

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

Intercept 4.98 0.39 79.65 12.86 <.00] ***
Trial -0.12 0.09 100 -1.32 0.191
Variance explained: Rzmarginal =0.8 %, R conditional = 41.9 % Nyiais = 125
Criticality rating on CRS [1-100] Estimate  Std. Error df t-value p-value

Intercept 49.02 5.09 51.97 9.62 <.00] ***
Trial -1.02 0.97 100 -1.05 297
Variance explained: Rzmarginal =0.3 %, R conditional = 62.6 % Nyiais = 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: R narginal = 0.2 %, R’ conditional = 44.3 % Nyiats = 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: Rzmarstginal =0.3 %, chondmonal =512% Nyiais = 250
Maximal steering wheel position Estimate Std. Error df t-value p-value
[%o]

Intercept 0.94 0.06 146.07 16.46 <.001 ***
Trial 0.00 0.01 225 0.24 .809
Variance explained: Rzmargmal =0.0 %, chonditional =9.1% Nyiais = 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: Rzmargmal =0.7 %, chonditional =56.4% Nyiais = 250

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

467  Significance symbols: * p <.05, ** p < .01, *** p <.001.
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469  Figure 8: Means, standard errors, and regression lines of the dependent variables per trial over the

470  repeated experience of take-over situations.

471  Note. Five trials were evaluated on the SCA, five with the CRS. Concerning the remaining
472  dependent variables, values are available for all ten experimental trials.
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4 Discussion

The present study investigated whether two rating scales, the Scale of Criticality
Assessment of driving situations (SCA) and the Criticality Rating Scale (CRS), are valid tools for
the assessment of subjective criticality of take-over situations (RQ 1 and 2) and whether one is
superior to the other one (RQ 3). Besides, the effects of the repeated experience of take-over
situations on ratings and take-over behavior (RQ 4) were investigated. Participants experienced
five experimental take-over situations twice that differed regarding time-to-collision. They
provided their criticality rating either on the SCA or the CRS. Perceived effort ratings and take-

over behavior were recorded in the ten experimental trials.

Before discussing the research questions, it should be noted that the take-over times were
very small. This could be due to several reasons. First and in contrast to most other studies, our
participants did not perform a non-driving related task. Hence, they could focus on the driving
situations. Second, it could be that participants were highly trained to take over very fast after the
training trials. Third, we assume that they were highly alert to expect a take-over by its frequent
occurrence. Forth, the time budget used in this study was smaller than in most other studies on
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

al. (2018)). Previous research showed that shorter time budgets lead to shorter take-over times.
4.1 Research question 1 and 2: Are the Scale of Criticality Assessment of

driving situations and the Criticality Rating Scale valid tools for the

assessment of subjective criticality in take-over situations?

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

to manipulate objective criticality of the take-over situations. This indicates that the SCA and the
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CRS are valid tools to assess the subjective criticality. The study paved the way of validating
criticality rating scales in driving studies. However, convergent validity was tested, while
different types such as discriminant or criterion validity were not investigated. This should be
addressed in future studies. Furthermore, as mentioned in the introduction, validity is continuous
and cut-off values for correlations for validity testing do not exist. Hence, one could argue that
higher correlations are requested to infer validity. Besides, the conclusion is limited to a lane
change and take-over situations in which objective criticality is varied by TTC. It is questionable
whether the correlations between objective criticality and criticality ratings would be equally high
in other maneuvers or when objective criticality is varied by different variables. For example, it
could be that increasing traffic density from low to medium traffic would have a different effect
on criticality ratings than an increase from medium to high traffic. Also, the rating scales are only
validated for time-to-collisions in take-over situations. A transferability to driving situations in
general is not given. Finally, it should be noted that the scales measure a general perception of
criticality of take-over situations. Specific aspects such as collision risk or vehicle stability cannot
be extracted. For this purpose, more comprehensive questionnaires would be necessary. Hence,
future studies should validate the rating scales in different maneuvers and with other situational
parameters, e.g. traffic density, to manipulate objective criticality and test different types of

validity.

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

Even though the two rating scales use different scale designs, the comparison of the
correlation coefficients demonstrated that they do not differ. Hence, the two scales are equally
well suited for the assessment of subjective criticality in this specific take-over situation with this

manipulation of objective criticality.
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The results are noteworthy. On the one hand, the SCA is more time-consuming regarding
instruction and processing than the CRS. More effort has to be put in explaining this scale since it
is an unusual design. When processing the SCA, it has to be checked whether the rating of the
first step (verbal category) corresponds to the rating of the second step (numerical subcategory).
Besides, the correlation coefficient of the CRS was slightly higher and the CRS could better
discriminate between different TTC-values as indicated by the higher amount of significant
differences of the post-hoc comparisons. On the other hand, more participants preferred the SCA
when rating subjective criticality of a take-over situation. Furthermore, as stated by Neukum and
Kriiger (2003), an advantage of the SCA 1is the threshold between tolerable and intolerable
situations that is supposed to make ratings more comparable between raters. However, this reason
was not yet proven. These aspects should make an impact on the researchers’ decision on which

scale to use in the future.

Apart from the research question, two additional insights concerning the two rating scales
should be mentioned: First, the criticality ratings of the SCA and the CRS showed that
differences of objective criticality are rather experienced with the more critical TTCs than with
the less critical TTCs (see figures 6 and 7). This is in line with Siebert et al. (2014), who found
rating differences between more critical THWs and no differences between less critical THWs to
a lead vehicle. Siebert et al. (2014) interpreted this result as a threshold effect for the relation
between objective criticality and subjective variables. While they used a car-following scenario,

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

Second, participants neither used the minimum category of the SCA (‘imperceptible’) nor
the maximum categories of the SCA (‘uncontrollable’) or the CRS (‘very critical’). It seems as

the lane change could not be ignored because no participant selected the minimum category.
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Concerning the maximum categories, the impression arises as none of the TTC-values was small
enough to not be coped with because none of them was rated as maximal critical. It could be that
the realization of the take-over situation did not achieve to cover a wide range of objective

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

4.3 Research question 4: Do drivers’ criticality and effort ratings and take-
over behavior change over the repeated experience of take-over

situations?

Neither the ratings nor the take-over behavior changed over the repeated experience of the
ten take-over situations, except maximal brake pedal position (RQ 4). This might be due to two
reasons. First, the behavior and subjective experience likely changed within the five training
trials. Hence, participants were already highly trained and habituated when the experiment
started. Second, it could also be that subjective experience and behavior change within the first
experimental trials and does not change in the following. Forster et al. (2019) found stabilized
reaction times after three trials for transitions between SAE-level 2 and 3. Our analysis across all
ten trials might have overruled a potential effect. In the present study, participants experienced
twelve take-over situations, while participants of other studies experienced fewer situations, for

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

The criticality ratings of the take-over situations seem to be robust to a certain extent with
the exception that the respondents possibly were already habituated to the take-over situations.
This is a promising finding, as it suggests that even after the repeated experience of a take-over
situation, the criticality ratings on the SCA and the CRS are still valid and comparable to the first

rating.
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Regarding the perceived effort ratings, the results showed that participants did not
experience increased or decreased effort over trials, even though, the setting was monotonous
with ten similar experimental and two instruction trials. Based on de Waard (2002), increasing
fatigue due to the monotonous experimental setting may become apparent by increasing effort to
cope with the situation. A reason why no change of perceived effort over trials was observed is
that participants’ increasing practice had compensated for the increasing passive fatigue. In

consequence, participants might not have experienced increasing effort.

In line with Brandenburg and Roche (2020), we neither observed a change of take-over
times nor of steering wheel positions over trials. The missing effects might be due to three
reasons. First, similar to the perceived effort ratings, participants’ practice likely increased due to
the repeated experience of the ten take-over situations. This would allow drivers to anticipate
future states and, usually, improve their performance (Endsley, 1995). Passive fatigue possibly
increased at the same time. Hence, increasing practice and increasing fatigue might have
compensated each other and led to a constant level of behavior. Second, as indicated earlier, take-
over times and steering behavior might have changed within the training (and first experimental)
trials and stabilized in the following. Such way, a significant change during the experimental
trials was not detectable. Third, it could be that we observed a floor effect concerning take-over
times because they were very small, making a faster reaction nearly impossible. Similarly,
Brandenburg and Roche (2020) argued that a reason for the missing effect of repeated experience

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

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

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

subjective measures.

To conclude, these results indicate that studies with repeated experience of take-over
situations are relatively valid as only brake behavior changed with increasing practice. However,
it could be that subjective experience and behavior already adopted within the training or first
experimental trials. Besides, it should be noted that the marginal coefficients of determination of
all mixed-effect models were very small while the conditional coefficients of determination were
quite high. This means that the fixed factor ‘trial’ did not explain much variance but the random
intercept ‘participant’ did. Hence, the ratings and take-over behavior were mainly affected by
inter-individual differences to rate or react rather than by the repeated experience of take-over

situations.

4.4 Limitations

The study has some limitations that should be kept in mind when interpreting the results.
First, the investigated take-over scenario was limited to one scenario: a lane change due to an
obstacle in the participant’s lane. Hence, the two rating scales have only been validated for this
scenario. Besides, objective criticality was varied by manipulating TTC at the moment of the
take-over request. Other characteristics of a take-over situation may also affect objective
criticality. It should be tested whether similar correlations would be found if another take-over

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

Second, it must be noted that the driving simulator was mid-fidelity. The degree of
immersion of the presented scenarios may be low compared to a high-fidelity simulator and the

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

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

Third, due to the restrictions of the driving simulator, the lowest feasible TTC was 2.5 s
and, due to the experimental design, the highest TTC was 4.5 s. However, the ratings show that
almost the whole ranges of both scales were used, except the maximum and minimum categories.
Future studies may aim at covering the whole range of the scales by presenting more and less

objectively critical driving situations.

Forth, participants experienced many take-over situations in a row. This is an
unrealistically high occurrence. Future studies should have a lower portion of take-over situations

per session or more filler trials.

Fifth, the NASA TLX was used to assess the development of passive fatigue over the
course of the experiment. Rating scales on fatigue, e.g. Karolinska sleepiness scale (Shahid et al.,

2011), would have been more appropriate.

Sixth, with a mean age of 27 years, the participants of the present study can be assigned to
the younger population. Potential effects that come along with aging are impaired information
processing (Salthouse, 1991) and increased hazard perception times (Horswill et al., 2008) which
may result in slower take-overs. However, Korber et al. (2016) observed that take-over times did
not differ between younger (< 28 years) and older drivers (> 60 years). But the older participants
showed different take-over behavior than the younger ones, i.e. more and stronger braking and
higher TTCs (Korber et al., 2016). Hence, it may be assumed that the study observed the best
possible take-over behavior because mainly young drivers participated. Older participants might
have shown different take-over behavior, i.e. larger take-over times, stronger braking, stronger

steering.
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4.5 Conclusion

The Scale of Criticality Assessment of driving situations (SCA) and the Criticality Rating
Scale (CRS) are equally valid tools for the assessment of the subjective criticality of take-over
situations. The ratings are robust over time. However, it should be noted that the two scales were
only tested on convergent validity in this specific take-over situation of a lane change with this
specific variation of objective criticality. Validation tests in other take-over situations and with
different variations of objective criticality are pending. Besides, different types of validity should

be investigated.

A behavioral change over the repeated experience of experimental take-over situations
was only observed regarding braking. Possibly, subjective experience and take-over behavior
adopted within the training trials, hence a change was not quantifiable. Effort ratings, take-over

times, and steering wheel positions did not change.
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