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Table 1. Classification of prior work regarding information visualization in manual and automated driving.
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4 IMPLEMENTATION

Fig. 1. The interior of the simulated Tesla X alongside the visualizations: Head-Up Display with the message “Vehicle brakes,
child on street” (1), AR with the message “Vehicle brakes, dog on street” (2), Lightband (3), and Priority with the message
“Vehicle brakes, blind person on street” (4).
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Fig. 2. Schematic top view showing the position of the user/participant (blue), the location of the Lightband (orange), and
the, according to the pedestrian position, lit part of the Lightband (turquoise) depending on the position of the crossing
pedestrian in a critical situation.
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Table 2. Implementation details for the Priority visualization showing the priorities determined by the object and the distance
to the AV. Below the threshold of 5, the objects were not visualized (n.v.) to reduce visual clutter and omit cognitive overload.
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What impact does the visualization in automated vehicles in critical situations have on (1) perceived
safety, (2) mental workload, (3) usability, (4) trust, (5) perceived intelligence, (6) attributed intention of
developers, and (7) capability assessment?

5.1 Procedure

prx pwn prwn five w wms  Baseline m sk z W r s w W™ oW wr
®» s Head-Up Display AR Lightband w Priority s

Px »or x au wusT w x 4 Py » Sp® wm x 1



How Should Automated Vehicles Communicate Critical Situations? A Comparative Analysis of Visualization Concepts « 94:7

(b) Positions of critical situations on the route of the AV. The orange lines show
the places where the children, the blue lines show where the dog, and at the
green lines, the blind person crosses the road. The yellow line shows the route
of the AV.

(a) Study setup: (1) one of the two Vive
base stations, (2) HTC Vive Pro, & (3) fan.

Fig. 3. The study setup and the positions of critical situations in Windridge City.
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You will drive through a city in a Virtual Reality (VR) environment in a highly automated vehicle. The
vehicle takes over the lateral and longitudinal control (braking, acceleration, steering). The vehicle tries
to detect critical situations and visualize them. You will be shown different ways of visualizing in critical
situations. You are supposed to follow them attentively and judge them afterwards.

rooom S P ™ uswg S x pr wm wg wmT s x

o Baseline During this ride, there is no visualization when critical situations occur.

e Head-Up Display While driving, the vehicle communicates on a small area of the windshield as soon as a
critical situation has been detected. This is symbolized by a warning triangle. At the same time, the vehicle’s
intention and the reason for it are communicated.

o Lightband A lightband is located below the windshield on the driver and passenger side. As soon as the car is
in the vicinity of a critical situation, the lightband lights up in the direction of the critical situation. Braking is
indicated by flashing of the lightband.

e AR The highly automated vehicle indicates via augmented reality (i.e., directly in the scene) when a critical
situation occurs. A turquoise border is placed around the critical situations and the intention of the vehicle and
the reasoning behind it is stated.

e Priority The highly automated vehicle now has an augmented reality display. Depending on the priority,
critical objects (e.g., pedestrians and cars) are colored. The priority for an object is determined by how high
the attention of the highly automated vehicle is for the object. There are priorities from 1 to 10 (10 being the
highest), each priority is given its own color. Objects with priority 10 have the color red, objects with priority 5
have the color yellow (with intermediate levels). Objects with lower priority are not displayed. The priority of
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objects also depends on their distance from the vehicle. The intention of the vehicle and the reason for it are

given.
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(a) Results of perceived safety [19]. (b) Results of mental workload [29].
Fig. 4. Results for perceived safety and mental workload.
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6.2 Usability and Trust in Automation
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PBonferroni-corect 19 = 0.000409 Pgonferroni-corrected = 0.003
Peonferroni corrected = 0-013 Paonferroni-corrected = 0.02
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Pairwise test: Durbin-Conover test; Ct i shown: only signifi Pairwise test: Durbin-Conover test; Comparisons shown: only significant
(a) Results of trust [51]. (b) Results of the SUS [10].
Fig. 5. Results for trust and the SUS.
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6.3 Perceived Intelligence and Intention of Developers
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6.4 Capability Assessment
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L reaman(®) = 26.91, p = 2.08-05, Wiengan = 0.26, Classg [0.13, 0.45], Npgies = 20 Prodman(@) = 26.67, p = 2.326-05, Wienga = 0.17, Closg, [0.08, 0.33], Npais = 20
PBonferroni corrected = 0.00000379 Pgonferroni-corrected = 0.00000901
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Pairwise test: Durbin-Conover test; Ct i shown: only signifi Pairwise test: Durbin-Conover test; Comparisons shown: only significant
(a) Results of perceived intelligence [99]. (b) Results of intention of developers [49].
Fig. 6. Results for perceived intelligence and intention of developers.
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(a) Results for lateral control. (b) Results for longitudinal control.
Fig. 7. Results for lateral and longitudinal control.
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(a) Results for critical situation perception. The dashed orange
line represents the actual distance for the visualization.

Pairwise test: Durbin-Conover test; Comparisons shown: only significant

(b) Results for intention comprehensibility.

Fig. 8. Results for situation perception and intention comprehensibility.
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(a) Results for control distribution. (b) Results for timeliness of visualization.

Fig. 9. Results for control distribution (oneself vs. AV) and timeliness.

6.5 Acceptance and Concept Preferences
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Pairwise test: Student's t-test; C i shown: only si Pairwise test: Durbin-Conover test; Comparisons shown: only significant
(a) Results of usefulness [95]. (b) Results of satisfaction [95].

Fig. 10. Subscales of the acceptance scale [95]. 15 datasets were used as one measurement missed for the first five participants.
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Fig. 11. Preferences for the concepts (lower is better).
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6.6 Reasonability and Necessity

Pr mwms r s L1 rogr Wmom xS r S m » ™ ss X now
s oz Mmmgwmr w RN » SMm R W oW PRomoRpow x
s s(1 Totally disagree  Totally agree.s T )

Table 3. Assessments of necessity and reasonability for concepts and general visualization. Additionally, the visualization of
intention and explanation were rated.
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6.7 Situation Relevance
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7.5 Practical Implications and Design Recommendations
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9 CONCLUSION AND FUTURE WORK
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