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Can Cars Gesture? A Case for Expressive
Behavior Within Autonomous Vehicle

and Pedestrian Interactions
Paul Schmitt , Nicholas Britten, JiHyun Jeong , Amelia Coffey, Kevin Clark, Shweta Sunil Kothawade,

Elena Corina Grigore, Adam Khaw, Christopher Konopka, Linh Pham,
Kim Ryan, Christopher Schmitt, and Emilio Frazzoli

Abstract—One of the major challenges that autonomous vehicles
(AVs) face in an urban setting is communicating with other road
users such as pedestrians. In this work, we investigated with what
expressive behaviors we can endow AVs such that pedestrians read-
ily recognize the underlying intent of the vehicles’ movements. The
purpose of our study was to test the impact of expressive stopping
behaviors on pedestrians’ decision to cross a road. We utilized a
virtual reality (VR) environment in which participants would have
to cross a street in the presence of an oncoming vehicle that may
or may not stop. Next, we crafted several expressive AV behaviors
conveying its intention to stop for the pedestrian. Then, for each
expressive design we recorded how quickly a pedestrian determined
that it was safe to cross the street. We also administered repeated
surveys of their subjective experiences. Our findings suggest that
expressive behaviors such as easing into a full stop or stopping
farther away can help pedestrians make quicker decisions to cross
the road. Additionally, stopping farther away from the pedestrian
also resulted in higher subjective experience for sense of safety,
confidence, and intention understanding. We propose further in-
vestigation into expressive behaviors such as easing into a stop and
stopping farther away to convey yielding intentions to pedestrians
in future work.1

Index Terms—Autonomous vehicles, human-robot interaction,
animatronics.
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I. INTRODUCTION

IN THIS study, we present the exploration of expressive
autonomous vehicle (AV) movements for the purpose of in-

tuitively conveying a vehicle’s intentions to yield to a pedestrian
trying to cross a street. Interacting with an AV can be confusing
for pedestrians due to a lack of familiar social cues. For instance,
human drivers and pedestrians often use intuitive non-verbal
cues like gaze, eye contact, hand and arm movements to commu-
nicate their intentions to stop and yield [1], [2]. Vulnerable road
users, like pedestrians, rely on these social cues to recognize
the driver’s intentions and coordinate their crossing actions.
Ideally, interacting with AVs should feel equally familiar and
intuitive. With the absence of a human in the driver’s seat, we
designed artificial cues for the AV that make its intentions easily
interpretable.

Inspired by the animation industry’s use of movement [3], we
designed expressive cues for the AV to signal its intentions to
stop and yield to the pedestrian. These expressive cues include
actions such as easing the deceleration rate of a vehicle to a stop,
projecting sounds that exaggerate a car’s braking and lower RPM
sounds, exaggerating a vehicle’s nose dive when braking, and
stopping farther away from the pedestrian. We compared the
effect of these implicit expressive cues against a state-of-the-art
LED interface [4] as well as a baseline human-driven vehicle
and a baseline AV where the deceleration profile was modeled
after drivers braking at a stop-controlled intersection [5].

A within-subjects study design was employed so participants
would experience all vehicle behaviors three different times
within the realistic virtual reality (VR) environment of an in-
tersection with an unmarked crosswalk. Our results show that
expressive behaviors such as easing the deceleration to a stop re-
sulted in earlier pedestrian cross times and lead more pedestrians
to cross the road prior to the vehicle fully stopping. Even though
it did not result in a much earlier crossing time, stopping farther
away still lead more pedestrians to cross before the vehicle
stopped when compared to baseline vehicle behaviors Interest-
ingly, pedestrians subjectively did not report feeling more safe,
confident, nor having a higher intention understanding for the
vehicle that decelerated expressively compared to the baseline
vehicles. Instead, participants felt safer and felt they understood
the vehicle’s intentions better when the AV stopped farther away
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from the pedestrian. Participants also felt a higher degree of
confidence in making the crossing decision when they initially
experienced the vehicle that stopped farther away.

We add to the field of pedestrian-Autonomous Vehicle inter-
action research by performing a study that compares animation
inspired expressive vehicle behaviors against more traditional
baseline driving conditions and a state-of-the-art e-HMI. Addi-
tionally, we release the Virtual Reality files used to perform this
study in hopes of assisting the academic community to further
explore the pedestrian-AV relationship.

II. RELATED WORK

In this section, we discuss prior literature in designing inter-
actions between autonomous vehicle and pedestrian interaction.
We particularly focus on relevant concepts from the anima-
tion industry and in the field of Human-Robot Interaction for
anthropomorphic and mobile robots. Much research has been
performed in the subarea of legible robot motion planning [6].
Further, studies on the effects of exaggerating motion in order to
optimize human-mobile robot interaction have yielded positive
results [7], encouraging us to extend these concepts to AVs.

A. Pedestrian-AV Interaction

Prior research has widely explored visual mediums such as
LED lights [8] and digital displays as a method for autonomous
vehicles to communicate with varying degrees of success. For
instance, [9] had color based warnings displays, while [10]
visualized a smile, a hand waving gesture, and a pedestrian light
to the signal intent of the car. [11] also tested various colors
and motions of the external LED interface to signal the car’s
intent to yield. [12] even designed eyes on the car’s headlights.
Having AVs with eyes that looked at the pedestrian increased
pedestrians’ subjective feeling of safety and resulted in earlier
decisions to cross the street compared to AVs with no eyes [12].
Cyan colored LED lights were perceived as neutral and a pulsing
pattern was preferred to a sideways sweeping one to signal
the car’s intentions to stop [11]. And informative displays with
symbols helped reduce pedestrians’ decision time and supported
pedestrian’s comfort of an AV [10]. Of the many external dis-
plays including front brake lights, smiling digital display, sweep-
ing LED lights and text displays, text was the least ambiguous
for pedestrians [13]. However, many studies noted that the visual
display would only be a secondary modality as many participants
seemed to base their crossing decisions on the kinematics of
the AV, its velocity and distance from the pedestrian [9], [10],
[14]. Moreover, some participants had trouble understanding
what information was being communicated through visuals, for
example, finding eyes on cars confusing [12].

Audio cues have also been considered by researchers. Along
with visual and physical cues, [14] tested explicit auditory cues
such as using the speaker to broadcast messages like “about to
stop”. Similarly, [15] had words like “Cross Now” displayed and
spoken out to the pedestrians. In other cases, artificial engine, tire
and braking sounds were projected to communicate intentions
of a silent electric vehicle [16]. Being able to hear the vehicle
decelerate and accelerate was reported as crucial to pedestrian

decision-making when visibility was low, such as in bad weather
conditions [16].

A review of literature emphasizes vehicle’s implicit commu-
nication through motion to be the most effective way to convey
intent to pedestrians [1], [17]. Therefore, we decided to double
down on this finding when investigating how a vehicle might
expressively behave to convey intent to pedestrians.

B. Using Expressive Movements

Researchers have looked at designing motions that can convey
robot intentions in the field of Human-Robot Interaction, often
inspired by techniques and principles from the animations indus-
try [18], [19]. Several studies have particularly referenced the 12
Principles of Animation to make robots more expressive. [20]
prototyped human-robot interaction behaviors using animation
techniques of anticipation and reaction to create human-readable
behaviors that explain what the robot is doing and what it will do
next. [21] was able to leverage the animation principle of timing
to express the robot’s internal states. Without adjusting path but
by manipulating timing, the robot was able to express its level
of confidence, naturalness and difficulty of task to users.

Another key framework for robot behaviors is legibility and
predictability [22]. Legible robot behavior is expressive, such
that a naive observer can infer the robot’s goals quickly and
confidently. Just as expressive motion can convey the robot’s
intentions to users [23], we can design expressive motions for
autonomous cars to convey its intentions to pedestrians.

Drivers often convey intentions to stop and yield the right
of way to pedestrians implicitly through non-verbal move-
ments, braking and stopping far away from the pedestrian [24].
Movement can evoke visceral reactions from pedestrians that
influence their crossing decision [25]. Findings from an in-the-
wild Wizard-of-Oz (WoZ) study of an autonomous vehicle and
pedestrians suggest that cars need not have explicit cues like
visual lights and displays for the pedestrians to cross in front of
the vehicle, unless the car violates pedestrian expectations like
behaving erratically [26].

Building on this background, we collaborated with animators
to apply principles from animation to create our expressive AV
behaviors and then tested the efficacy of those behaviors in
communicating with pedestrians.

III. HYPOTHESES

Our study aims to investigate whether expressive vehicle cues
could affect a participant’s decision on when to cross the street as
well as their subjective experience while making such a decision.
A robot’s expressive motion can increase the legibility [22] of its
goals, leading to a faster recognition of its intended future state.
This earlier recognition of vehicle intention by pedestrians can
lead to decisions to cross the street earlier, as opposed to waiting
for the vehicle to reach a complete stop.

In addition to earlier decision-making, expressive and legible
behaviors can influence the way pedestrians feel about interact-
ing with the AV. If the pedestrians feel like they have a clear
sense of what the AV is intending to do, they could feel safer
and more confident to cross the street.
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Fig. 1. A panoramic view of the virtual reality environment. Participants start each trial facing the four-way intersection and the flashing yellow traffic light.
Upon hearing an auditory cue, they look to their left to see a white vehicle approaching.

Finally, expressive behaviors could be more intuitive for
pedestrians, which would enable them to quickly learn to rec-
ognize the vehicle’s intentions with limited repeated exposures.
Hence, we test the following hypotheses:

H1. Participants will cross the street at earlier times in rela-
tion to a vehicle’s full stop when interacting with AVs
with expressive behaviors.

H2. Participants will have a better subjective experience in-
teracting with AVs with expressive behaviors.

H3. Pedestrians will more likely respond to expressive be-
haviors faster with less exposure.

IV. EXPERIMENT

We designed a within-subjects experiment in virtual reality
where, in each of the trials, a vehicle approaches the participants
as they are intending to cross the street at an intersection.

A. Setup

The virtual reality environment depicts a four-way urban in-
tersection (Fig. 1). There is no clear pedestrian crossing zone and
a flashing yellow traffic light is visible. Flashing yellow lights in-
dicate that cars need not stop, but should proceed carefully [27].
The pedestrian could look around using the VR headset, but they
could not move within the environment. The oncoming vehicle
was a white van modeled after a 2019 Chrysler Pacifica. The
color white was selected for its global popularity [28].

We contracted a professional animation studio to create a more
realistic environment and vehicle behavior to elicit higher fi-
delity reactions from participants. Numerous details were added
throughout the environment such as road texturing, aged bricks,
parked cars, swaying trees, city noise etc. The virtual environ-
ment ran with Unreal Engine 4.25 and a HTC Vive Cosmos
Elite setup (Cosmos Elite head-mounted display, Vive controller,
and two base tracking stations) at 90 Hz with a resolution
of 2880 x 1700. We used an HP OMEN Obelisk 875–1022
desktop with an Intel i9-9900 k processor, a Nvidia Geforce
RTX 2080ti Graphics Processor, and 16 GB DDR4 RAM. The
public release of our VR files used in the study can be found at
https://nureality.org.

B. Participants

We recruited 60 adults (M= 43.8, SD= 15.28, male= 52.7%
and female = 47.3%) from the Boston, MA area to participate
in the study. All participants self-reported crossing the street
at least once per week on average, and did not require the use
of an assistive mobility device. The study protocol followed
enhanced COVID measures to protect the participants’ and ex-
perimenter’s safety. Approval to conduct this study was obtained
from Motional’s Institutional Review Board on July 17, 2020.
Participants received a $75 Amazon gift card as compensation
for their time.

C. Procedure

Participants first gave written informed consent and com-
pleted a pre-survey on their demographics, mobility, and cross-
ing patterns. Then, they received training on the VR environment
and task.

The task consisted of participants experiencing up to 33 trials
of a vehicle approaching an intersection that the participant is
trying to cross. Participants were instructed to signal the first
moment they felt it was safe to cross the road. Each participant
had 21 trials where the vehicle stopped in one of seven ways
(see section IV-D) three separate times. They also had up to
12 trials where the vehicle rolled through without stopping (see
section IV-D3). The order of these trials were randomized for
each participant. After completing each trial, participants ver-
bally answered a three item questionnaire about their subjective
experience.

Participants completed a single practice trial prior to begin-
ning the study. We administered the Misery Scale question-
naire [29] half-way through the study to ensure that participants
were not experiencing motion sickness.

In the beginning of each trial, participants faced the intersec-
tion and the traffic light. We notified the participants using a
short auditory cue to look to their left and see the approaching
vehicle. The short auditory cue was added after pilot study
observations. We found that the initial position of vehicles at
the start of each scenario was too far from the pedestrian that
participants would choose to cross the street without looking at
the vehicle’s approach. Implementing the short auditory cue to
delay participants’ exposure to the vehicle made it necessary for
pedestrians to negotiate crossing decisions with the approaching

https://nureality.org
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Fig. 2. Scenario starts at Point A. The pedestrian looks over to the car, at Point
B, when the car reaches 55 meters from the crossing point. We mark the time
when the pedestrian decides to cross the road as Point C. (Thus, B to C, measured
in distance, is 55 meters.) The time when the vehicle comes to a full stop is at
Point D. Pedestrians can cross before the car stops (above) or afterwards (below).

TABLE I
A SUMMARY TABLE OF FEATURES FOR EACH VEHICLE TYPE CONDITION

vehicle. We also made the decision to control for the distance
at which the pedestrian first saw the vehicle based on prior
studies that suggested pedestrians are more sensitive to the
approaching vehicle’s distance than time until arrival [30], [31].
In all conditions, participants first saw the approaching vehicle
at 55 meters out (at Point B in Fig. 2).

Participants marked when they would cross the street by
pressing the trigger on the Vive controller. The time they initiated
crossing (Point C in Fig. 2) was recorded as time in seconds from
the start of the trial.

D. Experimental Conditions

Table I shows the different modalities and behaviors for
vehicle type in each condition. Vehicle conditions C1, C2, and
C3 are our baseline conditions (Section IV-D1). C1 has a human
driver in a conventional vehicle. C2 has an AV with no visible
occupants. C3 has an AV that has a LED light bar display on
its windshield. Vehicle conditions C4 through C7 has our ex-
pressive behaviors (Section IV-D2). C4 exhibits our expressive
deceleration behavior. C5 stops 5 m short. C6 projects expressive
sound. C7 combines expressive nose dive and expressive sound.

1) Baselines: We devised three baseline conditions (Fig. 5).
All baseline vehicles followed a deceleration curve modeled
after human drivers stopping at a stop-controlled intersection
in a natural setting [5]. We estimated the deceleration curve
by fitting a polynomial function to extrapolate the velocity and
distance values by time.
� Human Driver A conventional human-driven vehicle

baseline (C1) was modeled after a white 2019 Chrysler
Pacifica, with a single occupant looking straight ahead in
the left driver’s seat.

Fig. 3. Vehicle stops 5 meters farther away (C5).

Fig. 4. Left depicts the appearance of a vehicle with its nose down as it is
braking. Right depicts the car with its nose raised with an overlay of its previous
nose dive state in red.

Fig. 5. A baseline human-driven vehicle (left, C1) and a baseline AV (mid,
C2), and a state-of-the-art AV with cyan LED lights that move in a sweeping
motion (right, C3). AVs have visible sensors and no one in the driver’s seat. The
differences in vehicle conditions are highlighted in red for clarity.

� AV An AV baseline (C2) had the same white van equipped
with visible LIDAR sensors mounted on its side and roof
as well as a RADAR sensor on the front of the car. There
were no visible occupants in the car.

� LED eHMI The state-of-the-art AV (C3) had a LED light
bar mounted on its windshield. When yielding, cyan col-
ored LEDs displayed a sweeping motion from the center
to the edge of the bar following the work of [4].

2) Expressive Behavior Conditions: Expressive vehicle con-
ditions exhibit one or more of the following expressive behav-
iors:
� Expressive Deceleration Following the animation’s prin-

ciple of “slow in and slow out” [3], we collaborated with
animators to modify the baseline deceleration so that it
slowly eases out of the braking motion to a full stop
(C4). The AV exaggerates this motion by initiating the
braking sequence earlier and it achieves a peak deceleration
value 10% greater and 10 meters earlier than the baseline
scenario.

� Stop Short: The vehicle followed the same deceleration
pattern of the baseline vehicles, but stopped 5 meters farther
away from the pedestrian (C5, Fig. 3). The team selected
a distance that would be readily discernible to a pedestrian
observer, but not so large as to confuse intention. The
sizing of a vehicle was felt to meet these requirements,
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so the length of the virtual AV, 5 meters, was selected. In
practice, we had the vehicle start the scenario 5 meters
back and exposed the pedestrians to the vehicle when it
reached 55 meters from the pedestrian crossing point. It
then travelled for another 50 meters following the baseline
vehicle’s deceleration pattern, and stopped 5 meters farther
away from the crossing point.

� Expressive Sound We added exaggerated brake noises and
low engine RPM sounds that increases in volume as the car
approaches closer to the pedestrian. C6 tests this behavior
in isolation, while C7 tests a vehicle with both expressive
nose dive and expressive sound.

� Expressive Nose Dive In line with “anticipation” and
“exaggeration” principles of animation [3], the vehicle
approached the intersection with its nose down, to mimic
heavy braking. Fig. 4 depicts the vehicle’s undercarriage
compressed against its front tires, appearing to absorb the
forward momentum of the car (left).
From initial testing, we discovered that participants had dif-
ficulty discerning nose dip behavior from the baseline. The
authors feel this is due to the movement range constrained
by the limits of a typical active suspension (approximately
1 inch in each direction). Additionally, movement was
limited in order to minimize potential discomfort felt by the
riders due to unnatural movements. We chose to combine
the Nose Dip with C6 because we wanted to see if combing
the two subtler behaviors could have any compounding
effects.

3) Control: We added a control condition where vehicles did
not yield but rolled through the intersection. We collaborated
with animators to devise a convincing vehicle behavior that
approached while braking but ultimately rolled through the
intersection without fully stopping. The control condition was
intended to counter learning effects across trials. Without this
condition, participants might assume that the vehicle will stop
in every trial and learn to cross earlier regardless of vehicle
behavior. Participants were exposed to the control condition up
to twelve times throughout the study. The cars in the control
conditions were a mix of human-driven conventional vehicles
used in C1 and AVs used in C2. We did not record any data for
these trials.

E. Measures

1) Pedestrian Cross Time: We measure the gap between the
time the vehicle came to a full stop (Point D in Fig. 2) and the
time the pedestrian decided to cross the street (C). We call this
metric Δ Crossing time. Since we control for the distance at
which the participant is exposed to the car, different deceleration
inevitably leads to a difference in the time it takes the car to come
of a full stop (D). To control for this variance, we define a metric
called Exposure time to indicate how long the pedestrian was
exposed to the vehicle for, from exposure (B) to crossing (C).
We define pedestrian cross time as Δ Crossing time over
Exposure time.

Pedestrian Cross T ime =
Δ Crossing time

Exposure time
=

(D − C)

(C −B)
.

2) Crossed Before Stop: We extract a binary categorical vari-
able “Crossed Before Stop” to indicate whether the pedestrian
crossed prior to the vehicle’s stop or after. If D − C > 0, we
note 1 to indicate the pedestrian crossed before the vehicle’s
stop. If not, we note 0 to indicate the pedestrian crossed after the
vehicle came to a stop.

3) Subjective Experience Survey: A panel of domain experts
from the research team (consisting of product managers, HRI
researchers and user experience designers) identified safety,
confidence, and intention understanding as likely antecedents
for trust in the AV. Participants rated the level of agreement with
the following statements on a 7-point Likert scale (1= I strongly
disagree, 7 = I strongly agree): “I felt safe interacting with the
vehicle” (sense of safety); “I felt confident with my decision”
(decision confidence); “I understood the intention of the vehicle
before it arrived at the intersection” (intention understanding).
We opted for rating single statements for each construct due to
concerns of participant fatigue over multiple trials.

V. RESULTS

Of the 60 participants recruited, seven participants withdrew
from our study before completion. and their data was excluded
in our analysis. In total, we analyzed data for 1,113 pedestrian
crossing trials from our 53 participants. We used R [32] to
conduct our analysis.

A. Crossing Behavior

The dependent variables are pedestrian cross time (Section IV-
E1) and crossed before stop (Section IV-E2). The independent
variables are vehicle condition and exposure number. Vehicle
condition is a nominal variable that indicates which of the seven
vehicle behaviors the participant was interacting with (C1-C7).
Exposure number indicates whether it was the first, second or
third time the participant was exposed to the particular vehicle
condition.

1) Pedestrian Cross Time: The distribution of pedestrian
cross time violated normality assumptions determined by the
Shapiro-Wilk test [33], [34]. Therefore, we used linear mixed
models to analyze pedestrian cross time [35]. We fit a linear
mixed model using vehicle condition and exposure number as
fixed factors and unique participant ID as a random factor. There
was a main effect for vehicle condition on pedestrian cross time
(F(6,1040) =12.9671, p<0.001). We did not find a main effect
for exposure number (p=0.22), nor an interaction effect between
our independent variables (p=0.88).

We performed post-hoc pairwise comparisons and adjusted
all p-values using the Holm–Bonferroni method [36]. Post-hoc
tests revealed a significant contrast for C4 compared to our
baseline conditions (p<0.001). This means that using expressive
deceleration (C4) led to earlier crossing decisions by pedestrians
(Fig. 6). This result supports hypothesis H1.

We also believe that the lack of exposure effects or interaction
effects support hypothesis H3. Even from the first exposure,
pedestrians were able to interpret the vehicle’s expressive de-
celeration and responded to it by crossing early.
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Fig. 6. Pedestrians make earlier crossing decisions when interacting with the
vehicle with expressive deceleration (C4).

TABLE II
PERCENTAGE OF PEDESTRIANS THAT CROSSED THE STREET BEFORE EACH

VEHICLE CAME TO A FULL STOP

2) Crossed Before Stop: The dependent variable, crossed
before stop, follows a binomial distribution which violates as-
sumptions of parametric models. As a result, we used the non-
parametric Aligned Rank Transform (ART) tool implemented in
R [37]. We took vehicle condition and exposure number as fixed
factors and unique participant ID as random factor. The fitted
model converged and met all assumptions. ANOVA of Aligned
Rank Transformed Data with Kenward-Roger F tests noted a
main effect for vehicle condition (F(6,1040)= 29.95, p<0.001).
We also observed a main effect for exposure number (p=0.05).
There was not an interaction effect between our independent
variables (p=0.25).

Post-hoc comparisons were performed using contrast tools
developed by [38]. P-values were corrected for multiple tests
using the Holm–Bonferroni method. More pedestrians crossed
the street before the vehicle fully stopped in the expressive
deceleration condition (C4) and the stop short condition (C5)
compared to the baseline vehicles (C1,C2,C3) (p<0.001). The
results support our hypothesis H1. To illustrate, 84.9% and
63.5% of the pedestrians crossed before C4 and C5 came to
a complete stop, respectively.In contrast, 44.7%, 50.9%, and
49.6% of the pedestrians crossed before C1, C2, C3 came to a
complete stop (Table II).

Fig. 7. Boxplots of Likert ratings for safety, confidence, and intention under-
standing. Stopping farther away (C5, highlighted) scored higher than all other
vehicle behaviors for safety and intention understanding (p<0.001). Pedestrian
confidence level was higher when they observed the car stopping farther away
for the first time (C5, E1) compared to several other vehicles conditions and
exposures (p<0.05). Outliers are not included in this plot.

Moreover, post-hoc comparisons indicated that second expo-
sure to a vehicle condition resulted in a higher rate of crossing
before stop compared to the first exposure to a vehicle condition
(p=0.04). Pedestrians seemed to be learning to cross earlier on
the second exposure compared to the first. There were not sig-
nificant differences between any of the other pairs of exposures.
The learning effect was observed in general, and not particular
to any of the vehicle behaviors. In fact, expressive deceleration
(C4) and stop short (C5) behaviors were able to elicit higher rate
of crossing before stop even from the first exposure. Hence, the
results support hypothesis H3.

B. Subjective Experience

Participants’ subjective experiences were recorded using an
ordinal 7-point Likert rating (Fig. 7). Since survey response
options violate assumptions for parametric tests, we conducted
ANOVA analyses using aligned rank transformed data with
Kenward-Roger F tests. For each survey item, we fit a model
with vehicle condition and exposure number as fixed factors
and unique participant ID as a random factor. All reported
p-values for post-hoc comparisons have been adjusted using
the Holm–Bonferroni method. Results for each survey item is
presented in Fig. 7.

1) Sense of Safety: ANOVA analysis for pedestrians’ sense
of safety indicated a main effect of vehicle condition condition
(F(6,1040) = 18.2848, p<0.001). We also observed a main
effect for exposure number on pedestrians’ sense of safety
(F(2,1040)= 3.8433, p=0.02). There was no notable interaction
effect between our fixed factors at the p<0.05 level. Post-hoc
comparisons (Fig. 7) revealed that vehicle stopping short (C5)
resulted in a higher rating of safety compared to all other vehicles
(p<0.001). Expressing yielding intentions by stopping short was
effective at making pedestrians feel safer. This result supports
hypothesis H2.

Post-hoc comparisons of exposure levels indicated a trend of
participants feeling slightly less safe interacting with the vehicle
by the third exposure compared to the first (p=0.052) and second
(p=0.03) exposures. We did not expect this decrease in pedestri-
ans’ sense of safety and speculate on possible explanations for
this effect in Section VI.
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2) Decision Confidence: We observed an interaction effect
between vehicle condition and exposure number on the pedes-
trian’s confidence level (F(12,1040) = 2.0579, p=0.017). Post-
hoc comparisons revealed that a pedestrian’s first exposure to
the vehicle stopping short (C5) resulted in higher ratings of
decision confidence compared to several other vehicle condition
and exposure combinations (p<0.05). The result for decision
confidence partially support hypothesis H2.

3) Intention Understanding: We found a main effect for ve-
hicle condition on pedestrians’ level of vehicle intention under-
standing (F(6,1040)= 21.5418, p<0.001). There was not a clear
main effect for exposure number (p=0.07) nor an interaction
effect between our fixed factors (p=0.4). Post-hoc comparisons
revealed that vehicle stopping short (C5) resulted in a higher
rating of intention understanding compared to other vehicles
(p<0.001). The result partially supports hypothesis H2.

VI. DISCUSSION

In order to determine if expressive behaviors could commu-
nicate easily recognizable stopping intentions, we tested several
novel expressive behaviors against our baselines. Based on the
results we investigate which expressive behaviors are worth
exploring further. We evaluated each expressive behavior on
whether and to what extent it influenced a pedestrian’s decision
to cross early; and to what extent pedestrians felt safe, confident,
and as though they understood the vehicle’s intentions. Note
that the effectiveness of each expressive behavior should be
interpreted with the limitations of our study setup and measures
in mind.

First, expressive deceleration (C4) resulted in an earlier pedes-
trian cross time. We define early crossing behavior in relation to
a vehicle coming to a full stop. Since the vehicle with expressive
deceleration “eases in” to a stop, it took longer to come to a full
stop when travelling the same amount of distance. In order to test
whether the expressive behavior can result in earlier decision in
relation to the initial time of exposure, future work could create
expressive deceleration behavior that controls for the time it
takes for a vehicle to stop as well as the distance it travels. Our
reasoning for not following the above direction is that the high
rate of initial deceleration necessary to control for stopping time
and distance could be uncomfortable to passengers and may look
unnatural to observers.

Furthermore, stopping short (C5) resulted in higher percent-
age of pedestrians crossing before the vehicle stopped. While
pedestrians may not have crossed substantially earlier than the
vehicle’s stop, they did do so narrowly. We think that inves-
tigating stop short behavior (C5) further in future work could
be promising. Pedestrians in this study were exposed to C5 for
less amount of time than vehicles in other conditions as they
only watched the vehicle travel the last 50 meters instead of 55.
One one hand it’s possible that the results are due to pedestrians
responding to the vehicle in C5 having a slightly lower velocity
when it was 55 meters away compared to baseline vehicles at
that same distance. However on the other hand, despite not being
exposed to the vehicle for as long, pedestrians successfully made
crossing decisions prior to the vehicle stopping. It could be that
stopping farther away is a legible enough behavior to facilitate
an efficient and early crossing decision. Further work is needed

to pinpoint which specific aspects of the behavior pedestrians
respond best to.

Another reason to further investigate stopping short behavior
is because it resulted in higher ratings in subjective experience.
More specifically, stopping farther away resulted in a higher
sense of safety and intention understanding. Finally, this behav-
ior might seem unintuitive to trailing drivers; while such interact
are beyond the scope of this research, it’s important to explore
in future work.

Despite the pedestrians’ earlier crossing response to expres-
sive deceleration conditions (C4), expressive deceleration did
not help pedestrians to feel as safe, confident, or clear about
the vehicle’s intentions as C5 did. Perhaps pedestrians report
favorable experiences with the vehicle that stopped short be-
cause they were more accustomed to it. Stopping short is one
of the social norms that human drivers tend to follow when
yielding to pedestrians on crosswalks [24]. In line with this point,
further exploration of driver norms in the presence of pedestrians
would be a useful direction for designing AV behaviors. For
example, another frequently observed behavior is a human driver
decelerating early to allow for the pedestrian to cross the street
without having to completely stop the car [24].

Next, we observed some exposure effects on pedestrians’
crossing before stop behavior and their feelings of safety and
confidence. Pedestrians were learning to cross earlier than a
vehicle’s stop on their second exposure compared to their first.
However, we did not observe the same type of learning trend on
the third exposure. Therefore, we infer that our control condition
was somewhat effective at countering pedestrians’ learning of
our experimental setup.

Conversely, participants reported feeling least safe on their
third exposure to a vehicle condition. This may be due to an over-
correcting effect from our control condition. Observing more
vehicles roll through the intersection may have caused people to
feel less safe. Future experiments perhaps would benefit from a
decreased number of control condition trials.

Moreover, effective expressive behaviors were recognizable
from the first exposure. There was no interaction effect between
exposure and vehicle condition on crossing behavior. No par-
ticular condition was easier to learn to respond to within three
trials. Therefore, future work could focus on testing instantly
recognizable behavior and less on behaviors that pedestrians
might implicitly learn to adapt to.

Additionally, we observed somewhat of a novelty effect for
C5 on a person’s confidence to cross the street. The first exposure
to the stopping short behavior led to higher confidence levels in
decisions to cross. Stopping short was perhaps the most visually
recognizable behavior and thus could have had a stronger novelty
effect for pedestrians.

As an interesting remark, we did not find a significant dif-
ference between pedestrians interacting with the AV baseline
(C2) versus the human driver baseline (C1). This is somewhat
surprising, and may relate to comments made in debriefing
sessions by a few of the participants that they did not even notice
the absence of a driver.

In summary, we contribute to the pedestrian-AV literature by
i) creating expressive movements inspired by animation tech-
niques while balancing feasibility of behaviors and ii) testing
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the effectiveness of such behaviors in a realistic virtual reality
environment. Furthermore, we publicly release the virtual reality
environment to aid future investigations. By collaborating with a
professional animation studio, our VR environment was able to
create immersive experiences and elicit visceral responses from
the participants. We hope open-sourcing these files will inspire
and aid researchers to conduct exciting new research by applying
animation techniques to the domain of designing behaviors for
autonomous vehicles.
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