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Figure 1: An all-way stop intersection in virtual reality with a red human-driven vehicle intending to go straight, a white
autonomous vehicle with a human passenger intending to steer left, and a pedestrian intending to cross the street.

Abstract

This paper presents a virtual reality (VR) study that examines how
multiple road users jointly interact with an autonomous vehicle (AV)
in complex traffic scenarios. Moving beyond dyadic studies (e.g.,
AV-pedestrian or AV-passenger), our multi-user setup simulates
ambiguous all-way stop intersections involving a pedestrian, a
human driver in a conventional vehicle, and a passenger in an AV,
all interacting simultaneously with the AV. We investigated how
users perceive and respond to two distinct types of AV behaviors: an
efficient AV that proceeds as soon as it is safe to do so, and a prosocial
AV that yields to others before entering the intersection. Sixteen
groups of three participants (N=48) took part in the study, with
each group interacting with a single AV type across four ambiguous
traffic scenarios. Our findings show that even simple AV behavior
logics can meaningfully shape crossing negotiation dynamics and
highlight how trust and perception can vary across different user
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roles. We conclude by discussing how our methods and insights
can inform the research and design of AV interactions in complex
multi-agent traffic environments.
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1 Introduction

Interactions on the road involve coordination among multiple peo-
ple in different roles, such as pedestrians, drivers, and passengers.
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This coordination often involves complex implicit negotiations,
as each person has their own intentions and perceptions of the
situation. Autonomous vehicles (AVs) that share the road with hu-
man users must recognize these different perspectives to interact
effectively in traffic.

Although prior research has investigated AV interactions with
road users, most have focused on dyadic setups with a single user
type and the AV. These approaches may fail to capture the com-
plexity of real-world traffic scenarios, which often involve multiple
stakeholders with intersecting paths. To address this gap, we de-
veloped a multi-user virtual reality (VR) setup that enables three
participants in different roles to interact in real time with a sim-
ulated AV. The participants in our setup took on the roles of an
AV passenger, a pedestrian, and a human driver of a conventional
vehicle. We focused on all-way stop intersection scenarios where
all three road users arrived at the same time, creating uncertainty
over who should proceed first.

We prototyped two distinct AV behavior strategies and com-
pared how they affected multi-agent interactions in this ambiguous
setting. Half of the participant groups interacted with an efficient
AV that proceeds whenever it is safely able to do so, while the other
half interacted with a prosocial AV that waits for both the pedes-
trian and the human-driven vehicle before proceeding. We then
compared how different AV behaviors influenced joint decisions,
trust, and perception across different road user roles.

This work contributes to AV interaction research in two key
ways. First, it introduces a novel triadic interaction setup within
a VR environment that supports a synchronized and repeatable
study of complex traffic scenarios with multiple human road users.
Second, it provides empirical evidence that road users in different
roles can form diverging perceptions and levels of trust toward the
same AV behavior, influencing how they negotiate and make joint
decisions. Together, our work offers methodological and empirical
insights for advancing the study of AV behaviors in complex traffic
scenarios with multiple human stakeholders.

2 Related Work

Our work builds on a growing body of research that considers
human factors in the design of AV behaviors. Prior studies have
shown that passengers tend to prefer and trust AVs that exhibit
defensive driving characteristics [2, 22], such as maintaining a
longer distance from the lead car, use of full stops, and gradual
acceleration [10, 35]. However, overly conservative behaviors can
impede an AV’s ability to navigate traffic efficiently and can lead to
unnecessary confusion or congestion [36]. Additionally, road users
may exploit the AV’s defensiveness to violate road conventions,
assuming that the AV will always yield to them [5, 25]. Therefore,
in certain contexts, it may be necessary for AVs to appear less
defensive for joint interaction. For example, an AV may activate its
turn signal to initiate a lane change, prompting surrounding drivers
to slow down and yield to accommodate the merge [29, 30].
Much work has explored how AVs coordinate, negotiate, and
communicate with human road users [27, 34]. Explicit and implicit
interaction between road users are particularly important, as solely
relying on formal traffic rules without accounting for social behav-
iors can result in misunderstandings and even accidents [11]. To
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passenger

Figure 2: Three co-located participants are connected to the
networked VR environment. The driver (bottom left) oper-
ates a virtual vehicle using a steering wheel and pedals. The
passenger (bottom right) sits in the virtual AV, and the pedes-
trian (upper right) walks across the empty space to cross the
road in the virtual world while a camera tracks them.

explore human interactions with AV behaviors, researchers have
used a variety of prototyping methods. Some studies simulated AV
behavior using Wizard-of-Oz techniques, where a hidden human
driver controlled the vehicle while the passengers or pedestrians be-
lieved it was fully autonomous [6, 18, 28, 35]. Others have used driv-
ing simulators for users to compare autonomous driving policies
that interact with static and dynamic characters [9, 15]. In recent
years, virtual and mixed reality simulators, in particular, have been
used to study road interactions in immersive, yet controlled envi-
ronments. These methods have been used to investigate interaction
between drivers [14, 23], drivers and pedestrians [7, 8, 21], AVs and
pedestrians [1, 19, 31, 33], AVs and cyclists [17], and passengers in
AVs [13, 37].

Despite a rich body of road interaction studies, relatively few
studies have investigated scenarios involving simultaneous inter-
actions with multiple human road users [3, 32]. The most closely
related work features a coupled VR simulator in which a human
driver and a pedestrian interact with an AV in the same virtual envi-
ronment [4, 26]. To the best of our knowledge, this study is the first
to simulate triadic AV interactions where three participants, each
in different roles as a driver of a conventional vehicle, a pedestrian,
and a passenger of the AV, jointly navigate ambiguous intersections.
This approach offers both methodological and empirical contribu-
tions to understanding how trust, perceptions, and coordination
can vary across user roles in response to different AV behaviors in
complex, ambiguous scenarios.

3 System Setup

We create an immersive virtual environment in which three partic-
ipants can interact simultaneously in the virtual world, assuming
the roles of a pedestrian, a passenger of an AV, and a driver of a con-
ventional vehicle (Figure 2). Our system builds on StrangeLand [14]},

!StrangeLand has been open-sourced and we invite others with similar research
interests to explore and contribute to the project at https://github.com/Strange-Land.
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Pedestrian Passenger

Figure 3: Each image depicts a viewpoint from each of the human’s assigned roles. The driver’s and passenger’s head and hand
movements, as well as the pedestrian’s body movements are visible to one another.

an experimental VR platform for multi-participant driving simula-
tion, by integrating modules for autonomous vehicle control and
full-body pedestrian tracking (Figure 4).

Each participant wears a Meta Quest 2 headset and connects to a
shared virtual environment through a networked Unity server. At
the start of each scenario, participants are spawned at their desig-
nated positions and orientations in the virtual world. They interact
in a shared virtual environment with the same roads, buildings,
stop signs, moving vehicles, and with each other’s avatars rendered
in real time (Figure 3).

The driver’s and passenger’s head and hand movements are
represented inside their respective vehicles. Each VR headset tracks
their coordinates and sends them to the server to be shared with
other clients. As a result, nonverbal cues such as gaze direction and
hand gestures are visible to all participants.

The pedestrian’s full-body movements are represented with a
humanoid avatar. We used a Zed2i camera, Stereolab’s AI model
(v3.7), and their plugin for Unity to track the pedestrian’s body pose.
The pedestrian’s avatar is rendered on the server using coordinates
derived by aligning the neck position and orientation from the
external camera to the headset’s tracking data. Therefore, body
movements such as walking and other emergent behaviors during
traffic negotiations are visible to the driver and passenger.

3.1 Participant Roles

Each participant engages with the virtual environment according
to their assigned role: driver, AV passenger, or pedestrian.

Driver. The human-driven vehicle is red and visually and audi-
bly mimics a conventional four door sedan. The driver controls the
virtual vehicle by physically manipulating a Fanatec CSL steering
wheel and pedal setup. The driver receives navigation guidance via
an arrow displayed on the vehicle’s dashboard. The driving expe-
rience is similar to that of a conventional vehicle (e.g. the car will
slowly move forward if the participant takes their foot off the brake).
To prevent cyber-sickness, we limited the vehicle’s acceleration
past the local speed limit. This also enabled the human-driven car
and the AV to approach the intersection simultaneously, creating
intentional ambiguity around right-of-way.
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Figure 4: The system set up for three road user roles. The
driver controls their virtual vehicle via steering wheel and
pedal inputs. The AV is controlled via a state machine and
waypoints. An external camera tracks the body movements
of the pedestrian and projects it on the virtual server. The
driver, AV passenger, and pedestrian all connect to the same
Unity server through their headsets.

AV passenger. The autonomous vehicle visually and audibly resem-
bles the overall look of the human-driven vehicle except its white
exterior. The AV follows a pre-programmed path, with its intended
direction displayed on the vehicle’s dashboard. It drives below the
local speed limit with gradual acceleration and deceleration. The
vehicle’s start is synchronized with the human-driven vehicle’s
approach to ensure that they arrive at the intersection at the same
time. The passenger sits in the front-right seat and observes the
AV’s behavior.

Pedestrian. The pedestrian moves through the virtual world by
physically walking in the real world. The pedestrian receives nav-
igation instructions (e.g., to a bagel shop or park) via a message
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displayed on a virtual phone held in their left hand. Each destina-
tion requires the pedestrian to cross the street once. The timing
of the message is synchronized to the AV and the human-driven
vehicle’s approach towards the stop sign.

3.2 Traffic Scenarios

To simulate complex interactions, we designed four scenarios at an
all-way stop intersection, each involving different configurations
of path conflicts among the three road users.

In all scenarios, the timing of each participant’s approach was
synchronized so they would arrive at the intersection simultane-
ously. According to state traffic regulations, the vehicle that arrives
first should proceed first. If two vehicles arrive simultaneously,
the vehicle to the right has the right-of-way. However, drivers are
encouraged to use their judgment and communicate with others to
navigate ambiguous situations.

To further the ambiguity, the path conflicts between the pedes-
trian and the vehicles are not immediately apparent. Although
vehicles are expected to yield to pedestrians, the pedestrian’s cross-
ing directions are unknown until they receive a message on their
virtual phone. In addition, a pedestrian’s path can intersect with
a vehicle’s either immediately, crossing directly in front, or later,
as the vehicle exits the intersection. Pedestrian zebra crossings
are also intentionally omitted from the virtual environments. This
uncertainty complicates negotiations between road users.

Figure 5: Four different traffic scenarios at an all-way stop
intersection and the intended paths of the human-driven
vehicle (red), the AV (blue) and the pedestrian (black)

We designed four different scenarios (SC1-SC4) to explore differ-
ent configurations of path conflicts and create varied contexts for
negotiation. Each scenario differed in which users had intersecting
paths and the timing of those conflicts. The specific path configu-
rations are shown in Figure 5, where directional arrows illustrate
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the intended paths of the pedestrian (black), the human-driven
vehicle (red), and the AV (blue). For example, in SC1, the driver’s
path intersects first with the pedestrian before entering the inter-
section and then with the AV at the intersection, while the AV’s
path does not conflict with the pedestrian’s. In contrast, in SC4, the
vehicles’ paths converge, and the pedestrian’s path intersects with
both vehicles as they exit the intersection.

3.3 Autonomous Vehicles

To enable controlled comparison of AV behaviors in multi-user
scenarios, we implement a simplified driving logic using state ma-
chines, rather than using advanced motion planning algorithms.
This approach allowed us to isolate and examine how different be-
havior strategies can influence negotiation, trust, and perceptions
across user roles.

The AV follows a fixed set of waypoints for each scenario and
transitions among five internal states: Default, Driving, Braking,
Waiting, and Stopped. It begins in the Default state and transitions
to Driving once the human-driven vehicle approaches a predefined
distance from the intersection. When in motion, the AV calculates
its steering and acceleration using linear interpolation between
its current and target waypoint and speed. If the next waypoint is
located at a stop sign, the AV transitions to the Braking state and
decelerates with a target speed of zero. Once it comes to a full stop,
it enters the Waiting state for three seconds before switching back
to the Driving state. If, in the Driving state, another vehicle or a
pedestrian is detected within its path, the AV re-enters the Waiting
state for another three second interval to avoid collision. It contin-
ues cycling between Waiting and Driving until the intersection is
clear, at which point it resumes Driving.

To detect a pedestrian or a human-driven car, we set two invisible
boundaries for trigger detection zones in each scene. The first zone
covers the area where the pedestrian’s path intersects with the AV’s
path, and the second zone covers where the driver’s path intersects
with the AV’s path. If a pedestrian or driver enters their respective
zones before the AV, the AV will yield by remaining outside the
detection boundaries until they pass. If the AV reaches the zone
first, it will proceed unless another user unexpectedly enters in its
path, in which case it will stop to avoid a collision.

Figure 6: Zones in SC2 for detecting pedestrians (1) and
human-driven vehicles (2) for efficient (left) and prosocial
(right) AVs.

We designed and tested two AV behavior strategies: efficient
and prosocial. Both share the same underlying driving logic. The
difference lies entirely in the boundaries for the aforementioned
detection zones (Figure 6). The efficient AV uses minimal boundaries
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at path intersections to avoid collisions, so that it can proceed as
soon as no other user is in its way. In contrast, the prosocial AV
uses extended boundaries to detect pedestrians and drivers earlier
as they approach the intersection. This results in the AV yielding
and waiting until both have passed.

4 Study

We recruited participants using convenience sampling at a metro-
politan campus in the United States. Sixteen groups each consisting
of three people (N=48) completed our study. Eight groups inter-
acted with efficient AVs and the other eight groups interacted with
prosocial AVs.

Drivers, passengers, and most pedestrians had a U.S. driver’s
license or experience driving in the U.S. with an international li-
cense. The average age of the participants was 27.6 years (SD=6.2).
Forty-eight percent identified as female, two percent identified as
non-binary and the rest identified as male. The study took up to 45
minutes and all participants were compensated with a $15 gift card
for their time. The study was approved by the university’s Internal
Review Board under protocol #IRB0146989.

4.1 Procedure

Participants gave informed consent and were assigned to one of
three roles: driver of a conventional vehicle, a passenger of an
AV, and a pedestrian. Before the study, participants received role-
specific instructions, including how to operate the virtual vehicle
or navigate the virtual space safely without walking into physical
walls. In the simulation, participants were asked not to speak di-
rectly to one another, as road users typically cannot communicate
verbally through vehicles. Instead, they were encouraged to behave
as they would in normal traffic situations, knowing that their non-
verbal actions such as hand gestures and body movements were
visible to others through their avatars.

Participants first completed a practice session to become familiar
with the system and their assigned roles. The practice scenario fea-
tured an all-way stop intersection with no conflicting paths among
users. Each group then experienced four virtual traffic scenarios in
sequence, interacting with one type of AV throughout. After each
scenario, participants completed a situational trust questionnaire
evaluating the AV’s behavior. At the end of all four scenarios, each
participant completed an individual post-study questionnaire.

4.2 Data and Measures

We collected log, video, and survey data for analysis. Log data in-
cluded the head position and orientation of each participant, as
well as the position and rotation of both vehicles in the virtual
environment. It was used to analyze and visualize participant tra-
jectories for each scenario (Figure 7). We also captured recordings of
the virtual environment from each participant’s perspective using
ReRun [12] (Figure 3) and recorded video of the physical environ-
ment with participants’ consent (Figure 2). Survey data included
a post-scenario and post-study questionnaire. Following each sce-
nario, participants completed a situational trust questionnaire [16]
adapted to their specific roles (Table 1). At the end of the study, par-
ticipants reflected on their impressions of the AV, including what

344

AutomotiveUl ’25, September 21-25, 2025, Brisbane, QLD, Australia

Table 1: Situational Trust Scale Items for Each Role

Driver (Cronbach’s @=0.838)

I trust the other vehicle in this situation.

I performed better than the other vehicle in this situation*

In this situation, the other vehicle performed well enough for me.
The situation was risky”

The other vehicle made an unsafe judgement in this situation™
The other vehicle reacted appropriately to the environment.

Passenger (2=0.89)

I trust the autonomous vehicle in this situation.

If I were driving, I would have performed better than the autonomous
vehicle in this situation”

In this situation, the autonomous vehicle performed well enough for
me to engage in other activities (such as reading).

The situation was risky

The autonomous vehicle made an unsafe judgement in this situation*
The autonomous vehicle reacted appropriately to the environment.

Pedestrian (¢=0.87)

I trust the white autonomous vehicle in this situation.

If T were driving, I would have performed better than the white au-
tonomous vehicle in this situation.

In this situation, the white autonomous vehicle performed well enough
for me.

The situation was risky”

The white autonomous vehicle made an unsafe judgement in this
situation”

The white autonomous vehicle reacted appropriately to the environ-
ment.

*Asterisk indicates reverse-scored items

Table 2: Post-study Questionnaire

Driver

1. What was your overall impression of the other vehicle? Was there
anything you liked or disliked about the way it was driving?

2. Was it clear who had the right of way? How did you decide when to
enter the intersection?

Passenger

1. What was your overall impression of the autonomous vehicle? Was
there anything you liked or disliked about the way it was driving?

2. Was it clear who had the right of way? How do you feel about the
decisions that the autonomous vehicle made on when to enter the
intersection?

Pedestrian

1. What was your overall impression of the white autonomous vehicle?
Was there anything you liked or disliked about the way it was driving?
2. Was it clear who had the right of way? How did you decide when to
cross?

they liked or disliked, how clear they found the right-of-way, and
how they felt about the crossing decisions (Table 2).
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Figure 7: Trajectories of a human-driven vehicle (red), an AV
(blue), and a pedestrian (black) in SC2. Solid lines indicate
paths, dotted arcs represent horizontal fields of view. The
efficient AV proceeds before the human-driven vehicle (left);
the prosocial AV waits until others have passed (right).

5 Findings

We analyzed data from 16 groups of three people in four different
scenarios, for a total of 64 runs. Two runs were excluded: one in
SC1 due to missing data and the other in SC2 due to an outlier
caused by the pedestrian deviating from the instructed path. The
remaining data included 62 runs (31 with the efficient AV and 31
with a prosocial AV) and 3 X 62 = 186 participant data points.

5.1 Manipulation Check

5.1.1  Ambiguity in Perceived Right-of-way. Participant responses
to our post-study questionnaire suggested that the study success-
fully created ambiguous traffic situations for most road users. A
majority of the participants expressed doubt about right-of-ways
and when they should proceed. Drivers and passengers mentioned
being unsure who arrived first, or noted that they arrived at the in-
tersection simultaneously. Pedestrians were likewise unsure about
the vehicles’ intentions and when it was safe for them to cross.

“Since me and the autonomous vehicle both arrived at
around the same time, it was difficult to tell. It was also
difficult to tell when the pedestrian was about to cross
the road.” (E4-Driver?)

“It was very ambiguous. I didn’t notice who arrived at
the stop signs first” (P1-Passenger)

“Wasn’t clear. I walked as soon as possible” (E6-Pedestrian)

5.1.2  Difference in AV Behaviors. We derived AV Wait Time from
our log files to illustrate the difference in AV behaviors. AV Wait
Time measures the time that it spent waiting at the intersection,
from its initial stop at the stop line until it fully committed to
entering the intersection.

We ran an ANOVA test with Wait Time as the dependent variable
and AV Type and Scenario as fixed factors. Results showed that there
was a main effect for AV Type and an interaction effect between AV

2Quotes are attributed to participants as “<Study ID>-<Role>". Study ID indicates AV
type and participant group within that condition.
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Table 3: ANOVA Results for AV Wait Time

Cases SS df MS F p
AV Type 1325.811 1 1325.811 52.234 < .001
Scenario 114.778 3 38.259  1.507  0.223
AV Type * Scenario  282.518 3 94.173  3.710  0.017

Table 4: AV Type on Wait Time with Scenario as Moderator

Scenario SS df MS F p
SC1 782.001 1 782.001 30.809 <.001
SC2 57.384 1 57.384 2.261 0.139
SC3 157.647 1 157.647 6.211 0.016
SC4 613.541 1 613.541 24.172 <.001
AV Type
20 Efficient
. B Prosocial
(&) *
[0}
& 15
]
E
|_
-‘%‘ 10
=
>
R |
0
SC1 SC2 SC3 SC4
Scenarios

Figure 8: Barplot of average wait time for AV types in each
scenario. Error bars represent 95% confidence intervals, and
statistical significance is indicated by asterisks above the bars.
(*: p<0.05, **: p<0.01 ***: p<.001)

Type and Scenario (Table 3%). We further analyzed the interaction
effect by performing simple main effects tests for AV Type with
Scenario as the moderator (Table 4) and plotted the mean and
standard error of wait times for each pair (Figure 8). We found
that mean wait times were significantly shorter for efficient AVs
compared to prosocial AVs across all scenarios except SC2. These
results suggest that efficient AVs were able to reduce delays when
navigating ambiguous multi-user intersections.

5.2 Joint Decision in Negotiations

To better understand how differences in AV behavior influenced
joint decision-making and negotiation, we analyzed log data captur-
ing the AV’s relative entry order at intersections. The intersection
entry order refers to the AV’s relative rank (first, second, last) of

3We report results in a table using sum-of-squares (SS), degrees of freedom (df), mean
squares (MS), F ratios and p values.
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when it entered the all-way stop intersection in relation to the
human-driven car and the pedestrian.

Efficient AV
» 5
i (62.5%)
—_
(O]
25
O s 3 5 7
> 9 (42.9%) (62.5%) (87.5%)
=)
c
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g % 3 4 3 1
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Scenario

Figure 9: The relative order that efficient (top) and prosocial
(bottom) AVs entered the intersection for each scenario, in
relation to the human driver and pedestrian.

Figure 9 visualizes these entry orders across scenarios for both
efficient and prosocial AV types. By design, the prosocial AV entered
the intersection last, yielding to both the human-driven car and
the pedestrian. In contrast, the efficient AV entered earlier in most
cases, though its entry order varied across scenarios depending on
the specific configuration of path conflicts.

We also supplement our analysis of AV entry order with quali-
tative observations from VR recordings, noting behaviors, move-
ments, or other contextual factors that influenced crossing nego-
tiations. Particularly in SC2, the AV’s path intersected first with
the pedestrian’s and then with the driver’s, while the driver and
the pedestrian had parallel paths. Drivers interacting with both AV
types typically proceeded to the intersection when they realized
that their path did not conflict with the crossing pedestrian. How-
ever, in three cases involving the efficient AV, drivers were moving
slowly when they noticed the AV subtly inch forward. In response,
they yielded and allowed the AV to enter the intersection ahead of
them.

Similarly in SC1, SC3, and SC4, the efficient AV slowly inched
forward from the stop line after their initial stop, implicitly sig-
naling its intent to proceed. Human drivers similarly made subtle
advances forward but would brake repeatedly in response to the
pedestrian’s movements or the AV’s behavior. In most of these
cases, the efficient AV took advantage of the driver’s hesitation and
entered the interaction before them. In contrast, the prosocial AV
always yielded to both the pedestrian and the driver. Drivers would
proceed except to stop for the pedestrian, likely learning over time
that the AV would always yield to them.
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5.3 Situational Trust in the Autonomous Vehicle

We ran an ANOVA test with situational trust in the AV as the de-
pendent variable and AV Type, Role, and Scenario as fixed factors.
Results showed a main effect for AV Type and Role, as well as an in-
teraction effect between AV Type and Role (Table 5). We performed
simple main effects tests for AV Type with Role as the moderator
(Table 6) to investigate the interaction between the two variables.
We found that drivers and passengers trusted prosocial AVs more
than efficient AVs (p<.01). Pedestrians, in contrast, showed no sig-
nificant difference in trust levels between efficient and prosocial
AVs (Figure 10).

Table 5: ANOVA Results for Situational Trust in AV

Cases SS df MS F P
AV Type 11.108 1 11.108 7.142 0.008
Role 29.595 2 14.798 9.514 < .001
AV Type * Role 21.189 2 10.595 6.811  0.001
Scenario 4.774 3 1.591 1.023  0.384
AV Type * Scenario 0.247 3 0.082 0.053 0.984
Scenario * Role 5644 6 0.941 0.605 0.726
AV Type * Scenario *Role  3.542 6 0.590 0.380  0.891

Table 6: AV Type on Situational Trust with Role as Moderator

Role SS df MS F P
Driver 13.406 1 13.406 9.357 0.003
Passenger 15.540 1 15.540 10.847 0.002
Pedestrian  3.351 1 3.351 2.339 0.132
7
6 |
®
25
|_
c 4
i)
©
23
» AV Type
2 Efficient
s Prosocial
1 I
Driver Passenger Pedestrian

Participant Roles

Figure 10: Barplot for average situational trust rating for AV
types given by participant roles.
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5.4 Qualitative Analysis of User Perceptions

In addition to our quantitative metrics, we collected descriptive
impressions that participants had of the AV they interacted with.
To synthesize the participants’ open-ended text responses from
the survey, we used affinity mapping to cluster the quotes from
each role into positive and negative impressions, and extracted
representative quotes for role-specific findings.

5.4.1 Drivers. Drivers believed that efficient AVs were responding
to their actions but were too hasty at times.

“The other vehicle was great in 3/4 runs, patient, cog-
nizant of the person crossing the road, seemed aware of
my driving. In one of the runs it started moving a bit
too soon when I was coming through the intersection.”
(E5-Driver)

The predictability of the prosocial AV was appreciated by other
drivers, but they also noted that the AV was conservative and
yielding excessively.

“I like that the other car was driving in a stable and
predictable manner.” (P8-Driver)

‘T didn’t like how it was too conservative. I felt in a
couple of the trials they had the right of way but still
let me go first.” (P2-Driver)

One common sentiment expressed by drivers, regardless of the
type of AV they were interacting with, was wanting explicit com-
munication on who should go first.

“It was very unnerving to not be able to gesture and
decide who should go first.” (E6-Driver)

5.4.2  Passengers. Passengers perceived the efficient AV’s behav-
iors as intelligent and responsive, but at times felt it was too risky
or unsafe.

“Iliked that it is very intelligent. I think it has its own ob-
servation of what’s happening and is making responses
accordingly. I disliked that sometimes it is taking the
risks. Like when the other car stops at the stop sign at
the same time, it moves first instead of waiting for the
other.” (E3-Passenger)

“It did occasionally get quite close to the pedestrian or
the other car, although there was no collision, but that
made me feel a bit less safe.” (E5-Passenger)

Conversely, passengers in the prosocial AV noticed that the AV
always yielded to everyone else. Passengers liked the cautious and
defensive driving, but reported feeling impatient about it at times.

“It was cautious. It let others pass. I think it was appro-
priate for this situation. I myself might have eased in a
bit earlier.” (P3-Passenger)

‘T liked that it was cautious and seemed to drive only
when it was certain no collision would occur. [...] In one
scenario, I did think it was slightly too cautious, and that
we could have continued through the intersection before
the other car, and I got the impression that the other car
was irritated with our delay (honking).” (P7-Passenger)
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“The autonomous vehicle always prefer driving the last.
I might be anxious about it if I'm in a hurry” (P6-
Passenger)

Similar to drivers, passengers in both AVs wanted cues on whether
it planned to yield or enter the intersection. Some participants even
noted that they wanted to signal on behalf of the AV to coordinate
with other road users.

“Idid not like not knowing whether the AV was planning
on going before or after the red car. By the end, I think
we learned that the AV would wait for the red car no
matter what, but the first few trials I did not like not
knowing whether to signal the other car that they could
go or not.” (P1-Passenger)

5.4.3 Pedestrians. The pedestrians thought the efficient AV be-
haved like human driven vehicles, but some noted that it was too
close to them at times.

“Couldn’t feel any difference between the autonomous
car and the red car in terms of their behavior.” (E6-
Pedestrian)

“The white one looks normal to me. I would not recognize
it is a self driving car actually.” (E8-Pedestrian)

“At one time I did feel like the car was too close to me.”
(E7-Pedestrian)

Conversely, pedestrians noticed that the prosocial AV was wait-
ing until they finished crossing and appreciated it.

“Driving was pretty cautious and always waited for
pedestrian to finish walking.” (P7-Pedestrian)

With both AVs, pedestrians were not always confident to cross
the streets and wanted explicit acknowledgment from AVs that it
was waiting for them to cross, especially when they were crossing
directly in front of the AV.

“Idon’t know whether the car sensed me or not, and this
made me hesitate to cross the streets. this is as opposed to
the red car with actual human driver.” (P1-Pedestrian)

6 Discussion

Our work investigates multi-user interactions with autonomous
vehicles (AVs) in a controlled yet immersive environment. By simu-
lating ambiguous all-way stop intersections and capturing real-time
negotiation through embodied avatars, we noted how different road
users perceived and responded to different AV behaviors.

Even a simple logic for efficient and prosocial AVs produced
meaningful differences in interaction dynamics and user percep-
tions. The efficient AV, designed to proceed as soon as it was safe,
minimized wait times. This behavior was perceived by many drivers
and passengers as competent and responsive but at times risky. As
a result, they were less likely to trust an AV that appeared to take
risks. In contrast, the prosocial AV, designed to yield to all other
road users, earned higher trust and was perceived as stable and pre-
dictable. Even passengers who might be directly affected by delays
rated the prosocial AV higher. This finding aligns with prior work
on passenger preferences for defensive driving styles [2, 10, 22, 35].

Still, perceptions varied as some drivers and passengers found
the prosocial AV overly cautious and impractical. Passengers, in
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particular, expressed that they may grow impatient with exces-
sive yielding if in a hurry, or felt uneasy when the AV’s overly
conservative behavior seemed to frustrate other road users. These
reactions suggest that perceptions of the AV may vary depending
on the context, especially for passengers. Future research could
explore additional contextual factors such as situational urgency or
traffic density to evaluate how different AV behaviors can influence
perception and trust across various road user roles.

Interestingly, pedestrian outcomes diverged from those of the
other user roles. Despite arguably being the most vulnerable road
user, they showed no significant differences in trust between AV
types. Many accepted the efficient AV’s behavior as “normal” not-
ing it was similar to how human drivers typically act, such as
inching forward from the stop line while looking for opportuni-
ties to proceed. In fact, a few pedestrians explicitly compared the
AV’s movements to those of the human-driven car in the scenario.
Although some pedestrians noticed that the prosocial AV always
waited and did not move until they had fully crossed, this behavior
did not appear to increase trust.

Pedestrian perceptions may be better understood in light of prior
work showing that pedestrians often do not realize a vehicle is au-
tonomous when it follows conventional driving norms [28]. Our
findings suggest that AVs could maintain pedestrian trust while driv-
ing efficiently, so long as their behavior aligns with familiar social
norms. This points to an interesting direction for future research in
identifying the specific driving conventions that pedestrians expect,
to guide when and how AVs can adopt efficient strategies without
compromising social acceptability.

Finally, road users across all roles expressed a need for more
explicit communication to resolve ambiguity during traffic nego-
tiations. Drivers wanted a way to signal or gesture to the AV to
go first. Passengers wanted the AV to communicate its intentions,
both for their own situational awareness and to communicate the
AV’s intentions to others. Pedestrians sought clear recognition that
the AV was waiting for them rather than simply stopping at the
sign, especially in close-proximity scenarios like SC2. These find-
ings align with broader conversations in HRI about the value of
expressive and communicative interfaces on AVs [24] and highlight
role-specific communication needs.

6.1 Implications for Multi-role Simulators in AV
Research

Our work demonstrates the methodological benefits of studying
multi-user interactions with an AV. Unlike dyadic AV studies, our
multi-role simulation explores complex, ambiguous scenarios in-
volving pedestrians, human drivers, and AV passengers. Such con-
figurations more closely reflect real-world intersections where joint
decisions unfold dynamically among multiple actors.
Furthermore, the multi-agent setup allows AV behavior to be
understood in context, particularly in relation to the human-driven
vehicle. Such comparison between the AV and the human-driven
car can reveal trust dynamics that single-role studies might miss.
For example, pedestrian perceptions of the efficient AV’s behavior
appeared to be influenced by simultaneously observing similar
actions from a human-driven vehicle. Seeing these actions together
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may have helped normalize the efficient AV’s behavior as typical
and socially acceptable.

The setup also supports experimental control through manip-
ulation of synchronized variables, such as timing and detection
boundaries, while preserving the unscripted and emergent qual-
ities of social negotiation in ambiguous traffic scenarios. Subtle
or unexpected behaviors and naturalistic reactions that influence
negotiations are often overlooked in purely quantitative experi-
ments. While such behavioral variability is sometimes treated as
noise, we argue that this degree of behavioral freedom offers a
valuable source of qualitative insight into the nuances of road user
interactions with AVs.

Overall, our methodological approach supports synchronized
yet naturalistic interaction among pedestrians, drivers, and AV
passengers, providing a rich context to examine how different AV
strategies are perceived and responded to across roles. By identify-
ing the role-specific perceptions that impact their negotiation with
the AVs, we can inform the design of driving strategies that consider
travel efficiency and social expectations in complex multi-agent
interactions.

6.2 Limitations

While our VR-based multi-role simulation study provided valuable
insights into AV interactions, several limitations affect the scalabil-
ity of our methods and the generalizability of our findings, pointing
towards opportunities for future investigations.

First, technical constraints influenced the study design. The sys-
tem currently supports tracking for a single pedestrian within a
limited walking range, which restricted the complexity of pedes-
trian trajectories. In addition, aligning coordinates between the
external camera and the headset introduced minor latency and im-
precision. While the setup was sufficient for our scenarios, studies
involving multiple pedestrians or more dynamic movements would
require expanded tracking infrastructure to support larger spaces,
additional users, and precise movements reliably.

Moreover, the risk of cyber-sickness for drivers and passengers
caused by simulated motion without corresponding physical feed-
back constrained the duration and the complexity of driving ma-
neuvers in our scenarios. To mitigate this risk, we used a series of
relatively short and synchronized scenarios to induce ambiguity in
joint interaction without prolonging each session. Future setups
could incorporate motion platforms or haptic feedback systems
to support longer, more immersive experiences while maintaining
comfort.

Second, the use of simplified driving logic, while intentional
for experimental control, may limit real-world applicability. The
AV behaviors in our study do not capture the full capabilities of
modern motion planners used in real autonomous vehicles. To
scale to longer, more complex, and dynamic traffic scenarios, future
studies could integrate intelligent and adaptive driving models.

Finally, the virtual environment lacked cultural specificity and fi-
delity. We used generic urban buildings and streets without ambient
traffic or bystanders. Additionally, virtual avatars did not convey
facial expressions. Participant recruitment also relied on conve-
nience sampling and may not generalize to broader populations,
particularly those from different driving cultures. Future studies
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could incorporate more representative or cross-cultural samples
and use richer avatar representations to better capture culturally
specific social interactions with greater fidelity.
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