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Introduction
Mixed traffic interactions with automated lead vehicles (AVs)
Observing AV driving behaviour from “the front row”
▪ Human drivers can use situation awareness (Endsley, 1995)

▪ AVs use their algorithms, AI training
▪ In mixed traffic, human drivers are directly affected by lead AV behaviour
▪ AV driving behaviour might be uncomfortable for human drivers
▪ 60 % of AV crashes are rear-end collisions involving a human driver 

following the AV (e.g., Alambeigi et al., 2020)

Perspective of manual drivers in mixed traffic
▪ Bottleneck scenarios (e.g., Miller et al., 2022; Rettenmaier et al., 2019, 2020, 2021)

▪ Gap acceptance at intersections (e.g., Hensch et al., 2023)

▪ Following AVs in real traffic (e.g., Mahdinia et al., 2021; Wen, Cui, & Jian, 2022)

▪ Traffic Light Assistance System (e.g., Preuk et al., 2016a, 2016b, 2018)

▪ Interactions in mixed traffic (Ma & Zhang, 2022)
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Research questions
Mixed traffic interactions with automated lead vehicles (AVs)

1. How do human drivers evaluate the driving behaviour of the lead AV 
in ambiguous situations in urban mixed traffic?

2. Does lead AV driving behaviour result in safety-critical interactions 
with human drivers following the AV?

3. Does an external marking of the current driving mode of the lead AV 
(status marking) affect human drivers following the AV in terms of 
driving behavior or the evaluation of the AV's driving behavior?

4. Which driving behaviour would be ideal for an AV from the 
perspective of human drivers following an AV?
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Introduction
Multi-method study

Driving simulator study
Summer 2023

Vehicle-in-the-loop study (in preparation)
Spring 2024
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Next steps
Vehicle-in-the-Loop
Next step: Replication of the study in the vehicle-in-the-loop

Find a large (enough) test site!

Test site

Test vehicle Virtual world

Passenger’s perspective

Stange et al., 2022

Steimle et al., 2022 Steimle et al., 2022

Reality SimulationPassenger wearing
head-mounted VR display

Steimle et al., 2022

Steimle et al., 2022

Steimle et al., 2022

Virtual world
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Study methods
Driving scenarios
Nine generic driving scenarios in an urban environment

AV-Car interactions AV-VRU interactions

Delivery van Bottleneck I Bottleneck II

Crash Parked car

Zebra crossing Ball

BicyclePedestrian
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Study methods
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Nine generic driving scenarios in an urban environment
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Crash Parked car

Zebra crossing Ball

Pedestrian Bicycle
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Study methods
Child at a zebra crossing
3 variations of AV driving behaviour
▪ Main goal was to implement a range of possible behaviours

“Defensive” “Moderate” “Aggressive”

Decelerate from 45 km/h to 0 km/h
Wait
Continue

Decelerate from 45 km/h to 30 km/h
Continue

Continue
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Study methods
Experimental design / Measurements
Experimental design
▪ 3-factorial 2 x 3 x 9 mixed design (= 27 trials per participant)

Automated driving behaviour (within-subjects)

External marking (between-subjects) defensive moderate aggressive

None N = 30 participants

Status eHMI N = 30 participants
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Experimental procedure
Instructions / Procedure

Training drive

Baseline for car-
following behaviour

Block 1 

Car-following 
Defensive AV
behaviour

Evaluation
(after each trial)

Block 2 

Car-following 
Moderate AV
behaviour

Evaluation
(after each trial)

Interview & Evaluation 
Driving Situations
Ideal AV behavior
External marking

▪ Order of block 1, 2 and 3 was counterbalanced
▪ Randomized order of trials within the three blocks

Instructions to the participants
▪ Mixed traffic & automation (SAE L4) 
▪ External marking depending on the group
▪ Follow the lead vehicle & show “normal” driving behaviour

Procedure

Block 3 

Car-following 
Aggressive AV
behaviour

Evaluation
(after each trial)
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Study methods
Experimental design / Measurements
Measurements
Digital questionnaire after each trial
▪ Perceived risk (Stange et al., 2022a, 2022b), Pleasantness (Stange et al., 2022a, 2022b)

▪ Comprehensibility (Rettenmaier et al., 2021), Disturbance (Fuest et al., 2020)

(Heller, 1982)

Driving data
▪ Min. time headway to lead vehicle, number of collisions
▪ Min. speed (ego-vehicle & lead vehicle as a manipulation check)

Post-experimental interview
▪ ideal AV driving behaviour (open-ended question), external marking (5-point Likert scale + reasons)
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Selected results
Driving data
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D: F(2,116) = 7.4, p < .001, η2
par = .11

E: F(1,58) = 0.2, p = .680
D x E: F(2,116) = 0.4, p = .390

D: F(1.7,99.5) = 238.1, p < .001, η2
par = .80

E: F(1,58) = 0.2, p = .670
D x E: F(1.7,99.5) = 0.5, p = .933

?

🗸

Manipulation check
Minimum speed before zebra crossing
Defensive: M = 0 km/h (SD = 0), Moderate: M = 38 km/h (SD = 0.6), Aggressive: M = 45 km/h (SD = 0) 

Mixed ANOVA 
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Selected results
Questionnaire data
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par = .32

E: F(1,57) = 1.2, p = .285
D x E: F(1.9,107.5) = 1.2, p = .291

??

Perceived risk & Comprehensibility of AV driving behaviour
▪ Manipulation of AV behaviour is reflected in the ratings
▪ Defensive & moderate behaviour in the positive half of the scales
▪ Aggressive behaviour gets no extreme ratings

Mixed ANOVA 
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Results
Post-experimental questions

Ideal driving behavior
▪ 32       : defensive behaviour
▪ 24       : moderate behaviour
▪ 2         : aggressive behaviour

External marking
▪ No marking 26 / 29        :  good, very good
▪ Marking       23 / 30        :  good, very good

“Slow down quickly to come to a stop with 
sufficient distance in front of the zebra crossing. 

Wait for child's reaction or behavior.”

“Approach [the zebra crossing] slowly and 
continue driving.”

“Observation of the environment, 
only delay and stop if the child 

really wants to cross.”

“because you can then pay 
attention to it [the AV] as a driver, 
one can adjust to the fact that it 

behaves not human-like but 
overcorrect.”

“It helps other road users to adjust 
to possible [AV] driving behavior. It 

is conceivable that other road 
users will back off and be more 

careful themselves. This, in turn, 
can lead to greater safety in 

traffic.”
?
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Discussion
Lessons learned / Limitations / Future research

Lessons learned
▪ Defensive and moderate behaviour were acceptable, defensive behaviour most often rated as ideal
▪ Our participants’ driving behaviour depended on the lead vehicle’s behaviour → interactions were safe
▪ External marking had no effect on situation ratings and driving data, but drivers still want the info… 

Limitations
▪ Selection of driving behaviour implemented in lead AVs
▪ Social desirability

Future research
▪ Replication of selected variations in the vehicle-in-the-loop
▪ Extend mixed traffic interactions from situations to entire trips in the city
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Thank you!
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