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ABSTRACT 

 

 

This dissertation focuses on the challenge of pedestrian interaction with 

autonomous vehicles (AVs) at unmarked midblock locations where the right-of-way is 

unspecified. A virtual reality (VR) simulation was developed to replicate an urban 

unmarked midblock environment where pedestrians cross a four-lane arterial roadway 

and interact with AVs. One research goal is to investigate the impact of roadway 

centerline features (undivided, two-way left-turn lane, and median) and AV operational 

schemes portrayed through on-vehicle signals (no signal, yellow negotiating indication, 

and yellow/blue negotiating/no-yield indications) on pedestrian crossing behavior. 

Results demonstrate that both roadway centerline design features and AV operations and 

signaling show significant impacts on pedestrians' unmarked midblock crossing behavior, 

including the waiting time at the curb, waiting time in the middle of the road, and the 

total crossing time. Whereas, only the roadway centerline design features significantly 

impact the walking time, and only the AV operations and signaling significantly impact 

the accepted gap. Participants in the undivided centerline scene spent longer time waiting 

at the curb and walking on the road. Also, pedestrians are more likely to display risky 

behavior and cross in front of AVs indicating blue signals with non-yielding behavior in 

the presence of a median centerline scene. The inclusion of a yellow signal, which 

indicates the detection of pedestrians and signifies that the AVs will negotiate with them, 

resulted in a significant reduction in pedestrian waiting time both at the curb and in the 

middle of the road, when compared to AVs without a signal. Interaction effects between 

roadway centerline design features and AV operations and signaling are significant only 
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for waiting time in the middle of the road. It is also found that older pedestrians tend to 

wait longer at the curb and are less likely to cross in front of AVs showing a blue signal 

with non-yielding behavior. Another research goal is to investigate how this VR 

experience change pedestrians’ perception of AVs. Results demonstrated that both 

pedestrians’ overall attitude toward AVs and trust in the effectiveness of AV systems 

significantly improved after the VR experience. It is also found that the more pedestrians 

trust the yellow signals, the more likely they are to improve their perception of AVs. 

Further, pedestrians who exhibit more aggressive crossing behavior are less likely to 

change their perception towards AVs as compared to those pedestrians who display rule-

conforming crossing behaviors. Also, if the experiment made pedestrians feel motion 

sick, they were less likely to experience increased trust in the AV system's effectiveness.  

 

Keywords: Pedestrian Behavior, Pedestrian Perception Change, Autonomous Vehicles, 

AV behavior and Signaling, Multilane Road, Virtual Reality 
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CHAPTER ONE 

 

INTRODUCTION 

 

 

1.1 Problem Statement 

Between 2011 and 2020, the US witnessed a 46% increase in pedestrian fatalities 

in motor vehicle crashes, resulting in over 55,000 pedestrian deaths (NHTSA, 2020). In 

2020 alone, 6,516 pedestrians were killed in traffic crashes, while approximately 54,769 

were injured (NHTSA, 2022). On average, one pedestrian was killed every 81 minutes, and 

another was injured every 10 minutes in traffic crashes. Pedestrian deaths accounted for 17 

percent of all traffic fatalities in 2020 (NHTSA, 2022). Most of these pedestrian fatal and 

injury crashes occurred in urban areas (82%), with 75% also occurring at midblock 

locations (NHTSA, 2022). Prior research found that crossing-related fatal crashes occurred 

more often on multilane roads in urban/suburban areas at unmarked midblock locations 

and in roadway sections without median refuge islands (Ogle et al., 2020). Other research 

also found that roads with three or more lanes had higher pedestrian crash rates than two-

lane roads (Zegeer et al., 2001, 2005). These multilane urban/suburban roadways are 

primarily intended for high-volume and high-speed vehicular mobility. Distances between 

signalized intersections on these roads are lengthy, leaving pedestrians who need to cross 

little choice other than jaywalking, which violates driver expectations. 

Autonomous vehicles (AVs) utilize multiple sensors like cameras, radar, and 

LiDAR, which are important for accurate measurements of objects and pedestrians around 

the vehicle (Bendigeri et al., 2022). AVs can reduce driver involvement starting from level 
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3 of conditional driving automation, and at level 5 of full driving automation, they can 

eliminate driver involvement altogether, as per (SAE-International, 2021). According to 

the National Highway Traffic Safety Administration (NHTSA), 94% of motor vehicle 

crashes in the United States involve driver error (NHTSA, 2015). By removing drivers 

from the equation, AVs are expected to improve safety in the transportation system and 

society at large (Winkle, 2016). However, there are challenges faced by manufacturers and 

organizations aiming to introduce AVs to the market, one of which is the gap in social 

interaction caused by replacing human drivers. For example, interaction with pedestrians 

presents a challenge. According to some researchers, they are concerned that AVs will be 

programmed to yield to pedestrians in any situation, even when they cross midblock 

locations; consequently, pedestrians may perceive that they can cross the road at any time 

and anywhere, which may force the risk-averse AVs to slow down or stop (Millard-Ball, 

2018). Such a risk-averse operating scheme may impede the primary benefit of AVs, 

namely, transportation system efficiency, while negatively impacting their acceptance. 

Therefore, evaluating pedestrians' behavioral responses under various AV operational 

scenarios can assist the AVs in responding accordingly. Another challenge is the lack of 

public understanding or trust in AVs and their associated technologies (X. Sun et al., 2020). 

Yet, most of the attention on human perception of AVs has focused on the perspective of 

drivers (Choi & Ji, 2015; X. Sun et al., 2020). Meanwhile, pedestrians, as the most 

vulnerable road users, have received less attention in terms of their perception of AVs. As 

most pedestrians have not interacted with AVs and have difficulty envisioning such 
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interactions, it is crucial to provide them with an environment that closely resembles reality 

to better understand AVs. 

Considering the cost of building a real AV and the safety concerns of having 

participants cross in front of test vehicles in the real world, an increasing number of studies 

employ virtual reality (VR) to evaluate pedestrian's crossing behavior interacting with 

AVs. Previous studies using VR to create a safe virtual environment for pedestrians had 

varying degrees of success. Screen-based systems were the dominant system before 2015 

(Schneider & Bengler, 2020). However, pedestrians made their crossing decisions by 

calling out crossing intentions, answering a questionnaire, or using a joystick response, in 

the absence of naturalistic walking (Schneider & Bengler, 2020). Without naturalistic 

walking, pedestrians only indicated their stated preference for crossing, and resulting 

responses could hardly reflect their real crossing behavior, while simultaneously causing 

more motion sickness (Jaeger & Mourant, 2001). Studies showed that participants who 

used static simulators had significantly more sickness than those with similar exposure 

times in treadmill-operated dynamic simulators (Jaeger & Mourant, 2001). Cave 

Automatic Virtual Environment (CAVE) has become popular after 2015 and allows for 

natural walking (Schneider & Bengler, 2020). But the design has limitations since 

pedestrians knew that they were crossing in front of screens, and they were only able to 

move within a limited space within the CAVE area (up to 26 feet in most studies) (Deb, 

Carruth, et al., 2017; Schneider & Bengler, 2020). Starting in 2015, there was an increase 

in observational pedestrian behavior studies, which can likely to be attributed to the 

introduction of new head-mounted display (HMD) technology that enable actual walking 
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(Schneider & Bengler, 2020). HTC Vive and Oculus Rift were the most favored systems 

for researcher teams (Schneider & Bengler, 2020; Tran et al., 2021), but simulator sickness 

remained an issue. Deb et al. (Deb, Carruth, et al., 2017) used an HTC Vive HMD to study 

pedestrian behavior and reported that four out of 26 participants (15%) withdrew from the 

experiment due to simulator sickness. In Deb's study, participants that continued the study 

experienced significant sickness symptoms between 25 and 35 minutes into the experiment 

(Deb, Carruth, et al., 2017). Another challenge of using HMD is the indication of borders 

of the physical room, which reduces the feeling of presence (Feldstein et al., 2016). 

Because of infrared sensor tracking capabilities, most of those studies were still conducted 

within a limited walking distance, and any navigational tasks that required a distance of 

more than 32 feet were conducted with additional devices such as treadmills or joysticks, 

thus reducing immersion (Giannopoulos et al., 2015; Schneider & Bengler, 2020).  

In the realm of AV-pedestrian interaction, research studies examining the factors 

influencing pedestrian crossing behavior in VR are limited. The existing studies mainly 

fall into three categories, including roadway infrastructure, traffic, and vehicle factors. 

Studies related to roadway and traffic factors primarily focus on urban road environments, 

with the majority of studies being conducted on two-lane roads, and multilane roads being 

relatively understudied. Furthermore, most studies take place in midblock locations, with 

some on marked and some on unmarked roads. Additionally, most experiments involve 

one pedestrian-to-one AV interaction in a VR setting. And the majority of the studies were 

conducted with one-way traffic, very few studies examine two-way traffic in VR. Also, 

most studies do not specify the gaps between AVs in the experiment. In terms of AV 
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factors, most studies focus on external Human-machine interface (eHMI), while 

incorporating both yield and non-yield behavior in AV modeling. Furthermore, most 

studies do not specify AV operating characteristics. For those studies that do specify the 

AV operations in the VR experiment design, they generally involve single or multiple fixed 

AV operations without allowing for real-time, back-and-forth interaction with pedestrians. 

Only one study continuously adapts AV operational response to participants' movements. 

 

1.2 Research Objectives 

The objectives of this dissertation are to: 

1. Observe and characterize pedestrians' naturalistic crossing behavior in a VR 

setting portraying an unmarked multilane midblock location. Independent 

variables include different roadway centerline features (i.e., undivided, two-

way left-turn lane (TWLTL), and median) and various AV operational schemes 

portrayed to pedestrians through on-vehicle signals (i.e., no signal, yellow 

negotiation indication, and yellow/blue negotiation/no-yield indications). 

Interactions between the roadway infrastructure and AV operations and 

signaling are expected to impact dependent variables of waiting time at the curb, 

waiting time in the middle, walking time, and total crossing time.  

2. Assess pedestrian response to signal operations with a focus on conforming and 

aggressive pedestrian behavior. A question of interest is, “Which pedestrians 

cross in front of blue, what are their demographic characteristics and prior stated 

experiences as a pedestrian?”. We also aim to evaluate factors like age, gender, 
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simulator sickness, and the progression of trial blocks on pedestrian behavior 

(i.e., accepted gap, walking time, and waiting time at the curb).  

3. Evaluate how pedestrian perception of AVs changes after the VR experience 

and identify factors, such as AV behavior and signaling, pedestrian behavior 

scale, demographics, and VR sickness, which may impact the pedestrians' 

perception changes regarding AVs. 

1.3 Research Contributions 

This dissertation contributes to previous studies with several unique aspects, 

including: 

1) Incorporating pedestrians interacting with AVs on three different multilane 

roadway designs within a VR setting;  

2) providing pedestrians with multiple AV interactions in the same scenario as 

they cross a multilane roadway 

3) designing simulations to allow real-time, back-and-forth interaction between 

pedestrians and AVs; 

4) Designing simulations to incorporate AV negotiation behavior and non-

yielding behavior;  

5) Exploring the interaction effects between the roadway infrastructure and the 

AV operations portrayed through signals; and  

6) Using VR to investigate changes in pedestrians' perceptions of AVs, as well as 

the examination of factors that have impacts on the perception changes.  
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1.4 Dissertation Organization 

In this dissertation, three papers are presented which all relate to pedestrian 

behavior interacting with AVs in VR. All three papers used the data collected from the VR 

experiment conducted at Clemson University from 3/31/2022-4/5/2022. Each paper depicts 

a unique research interest.  

Paper one focuses on the role of infrastructure design, AV operations and signaling, 

and their interaction effects on pedestrian behavior interacting with AVs during midblock 

crossings. Paper one provides a review of factors influencing pedestrian crossing behavior 

in the context of AV, including roadway infrastructure, traffic, and vehicle factors. This 

paper includes a presentation of the details of the VR experimental design, including the 

design of different multilane scenes, AV behavior and signals, AV gaps, pedestrian tasks, 

and the experimental procedure. Further, paper one presents the effects of the main factors, 

Scene and AV signal that were explored using a linear mixed model and ANOVA test, 

followed by the interaction effects between Scene and Signal.  

Paper two studies factors affecting pedestrians’ crossing behavior (i.e., accepted 

gap, walking time, and waiting time at the curb). This paper closely examines pedestrians 

who cross under differing AV operations indicated by signals (i.e., yellow, blue, and None). 

A question of interest, “Who crosses in front of blue and what are their demographics and 

prior stated experiences as a pedestrian?” The research also evaluates impacts of factors 

like demographics, simulator sickness, and the progression of trial blocks on pedestrian 

behavior.  
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Paper three focuses on utilizing VR to study pedestrians’ perception change toward 

AVs. The literature review contained summarizes the importance of and gaps identified in 

studying pedestrian perception of AVs. The paper also covers the administration of the 

perception survey given before and after the VR experiment. The paper concludes by 

presenting how this VR experience, as well as experimental design factors such as AV 

behavior and signaling, pedestrian past behavior scale, and VR motion sickness, change 

pedestrians’ perception of AVs.  

The last chapter of the dissertation presents a summary of conclusions from the 

three papers and points out limitations.  
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CHAPTER TWO 

 

Paper I: Pedestrian Behavior Interacting with Autonomous Vehicles during Unmarked 

Midblock Multilane Crossings: Role of Infrastructure Design, AV Operations and 

Signaling 

 

Co-authors of the paper: Jennifer Ogle, Weimin Jin, Patrick Gerard, Daniel Petty, and 

Andrew Robb 

A shorter version of Paper I was presented on January 10, 2023, at the Transportation 

Research Board (TRB) 102nd Annual Meeting in Washington, D.C., as a poster. Paper I is 

currently under review of the Journal of Transportation Research Part F: Traffic 

Psychology and Behaviour (Zou et al., 2023a). 

2.1 Abstract 

One of the main challenges autonomous vehicles (AVs) will face is interacting with 

pedestrians, especially at unmarked midblock locations where the right-of-way is 

unspecified. This study investigates pedestrians' crossing behavior given different roadway 

centerline features (i.e., undivided, two-way left-turn lane, and median) and various AV 

operational schemes portrayed to pedestrians through on-vehicle signals (i.e., no signal, 

yellow negotiating indication, and yellow/blue negotiating/no-yield indications). This 

study employs virtual reality (VR) to simulate an urban unmarked midblock environment 

where pedestrians interact with AVs as they cross a four-lane arterial roadway. Results 

demonstrate that both roadway centerline design features and AV operations and signaling 

significantly impact pedestrians' unmarked midblock crossing behavior, including the 
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waiting time at the curb, waiting time in the middle of the road, and the total crossing time. 

But only the roadway centerline design features significantly impact the walking time. 

Participants in the undivided scene spent a longer time waiting at the curb and walking on 

the road than in the median and TWLTL scenes; but they spent a shorter time waiting in 

the middle of the road. Compared to the AV without a signal, the design of yellow signal 

significantly reduced pedestrian waiting time at the curb and in the middle. But yellow/blue 

significantly increased the pedestrian waiting time. Interaction effects between roadway 

centerline design features and AV operations and signaling are significant only for waiting 

time in the middle of the road. For middle waiting time, yellow/blue signals had the most 

impact on the median roadway type and the least on the undivided road. Other factors, such 

as demographics, past behaviors, and walking exposure of pedestrians, are also explored. 

Results indicate that older individuals tend to wait longer before making crossing decisions, 

and pedestrians’ past crossing behaviors and past walking exposures do not significantly 

impact pedestrian walking behavior interacting with AV. 

 

Keywords: Pedestrian Behavior, Autonomous Vehicles, Midblock Crossing, Multilane 

Road, Virtual Reality 
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2.2 Introduction  

Between 2011 and 2020, the US witnessed a 46% increase in pedestrian fatalities 

in motor vehicle crashes, resulting in over 55,000 pedestrian deaths (NHTSA, 2020). In 

2020 alone, 6,516 pedestrians were killed in traffic crashes, while approximately 54,769 

were injured (NHTSA, 2022). On average, one pedestrian was killed every 81 minutes and 

injured every 10 minutes in traffic crashes, and pedestrian deaths accounted for 17 percent 

of all traffic fatalities in 2020 (NHTSA, 2022). Most of these pedestrian fatal and injury 

crashes occurred in urban areas (82%) rather than rural areas (18%), with 75% of them at 

midblock locations (NHTSA, 2022). Some researchers found that crossing-related fatal 

crashes occurred more often in urban/suburban areas on multilane roads at unmarked 

midblock locations and in roadway sections without median refuge islands (Ogle et al., 

2020). Others also found that roads with three or more lanes had a higher pedestrian crash 

rate than two-lane roads (Zegeer et al., 2001, 2005). These multilane urban/suburban 

roadways are primarily intended for higher volume and higher speed vehicular mobility, 

and pedestrians crossing at these locations violate driver expectations.  

Recent technological advances like sensor fusion and artificial intelligence have 

brought the prospect of autonomous vehicles (AVs) closer to reality. AVs have the 

potential to eliminate crashes caused by human errors and benefit the transportation system 

(Winkle, 2016). Nevertheless, AVs will face significant challenges, one of which is the gap 

in social interaction caused by replacing human drivers. For example, interaction with 

pedestrians presents a challenge. According to some researchers, they are concerned that 

AVs will be programmed to yield to pedestrians in any situation, even when they cross 
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midblock locations; consequently, pedestrians may perceive that they can cross the road at 

any time and anywhere, which may force the risk-averse AVs to slow down or stop 

(Millard-Ball, 2018). Such a risk-averse operating scheme may impede the primary benefit 

of AVs, namely, transportation system efficiency, while negatively impacting their 

acceptance. Therefore, evaluating pedestrians' behavioral responses under various AV 

operational scenarios can assist the AVs in responding accordingly. 

This study uses virtual reality (VR) to simulate an urban/suburban midblock 

environment where pedestrians interact with AVs as they cross a four-lane arterial 

roadway. This study is designed to evaluate pedestrians' crossing behavior at an unmarked 

midblock location given different roadway centerline features (i.e., undivided, two-way 

left-turn lane (TWLTL), and pedestrian refuge island (median)) and various AV 

operational schemes portrayed to pedestrians through on-vehicle signals (i.e., no signal, 

yellow negotiation indication, and yellow/blue negotiation/no-yield indications). 

Outcomes of interest include whether pedestrian behavior changes with the provision of a 

centerline refuge area or when pedestrians experience different AV operations and 

signaling. Researchers are also interested in determining interactions between the roadway 

infrastructure and AV operations and signaling. Other variables, such as demographics, 

past behaviors, and walking exposure of pedestrians, are also explored. 

2.2.1 Contributions 

This paper contributes to previous studies with several unique aspects, including 1) 

it incorporates pedestrians interacting with AVs on three different multilane roads within 
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a VR setting; 2) pedestrians experience multiple AV interactions in the same scenario as 

they cross a multilane roadway; 3) AVs are modeled to allow real-time, back-and-forth 

interaction with pedestrians; 4) AVs are modeled with some having negotiation behavior, 

and some having non-yield behavior, and 5) it explores the interaction effects between the 

roadway infrastructure and the AV operations portrayed through signals. 

2.3 Literature Review 

The investigation of pedestrian crossing behavior has been the subject of academic 

inquiry since the 1950s, with a primary focus on the interaction between pedestrians and 

human-driven vehicles. Although the analysis of such interactions remains relevant, an 

increasingly pressing concern pertains to the examination of pedestrian behavior in the 

context of AVs. Nonetheless, a significant danger arises from conducting empirical testing 

of pedestrian response to AVs during the development phase. As a result, options for 

assessing pedestrian response to diverse AV operational schemes are limited. The 

development of VR technology has enhanced its flexibility and affordability, leading to an 

increasing number of studies examining pedestrian behavior using VR, particularly in 

relation to pedestrian interactions with AVs (Schneider & Bengler, 2020). VR-based 

experiments circumvent the constraints associated with testing AVs in real-world 

environments, which often necessitate the construction of costly AV prototypes and may 

pose safety risks to participants. Further, VR has emerged as a promising tool for 

investigating pedestrian behavior, with research indicating that pedestrian behavior in VR 

aligns with published real-world norms (Deb, Carruth, et al., 2017). In the context of AV-
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pedestrian interaction, a significant body of literature has examined the factors influencing 

pedestrian crossing behavior, including those related to roadway infrastructure, traffic, and 

vehicle factors. 

2.3.1 Roadway Infrastructure and Traffic Factors 

The majority of studies investigating AV-pedestrian interactions have focused on 

urban road environments, given the greater prevalence of pedestrian crossing activities in 

these areas and concerns regarding related crashes (Zegeer & Bushell, 2012). While one 

study incorporated both rural and urban roads in its design, the impact of these different 

environments on pedestrian behavior was inconclusive due to the limited sample size of 

ten participants (Mahadevan et al., 2019). Although multilane roads are common in cities, 

most studies have employed experimental designs featuring two-lane roads (Deb et al., 

2018; Holländer et al., 2019; Jayaraman et al., 2019), with some utilizing one-lane 

configurations (Camara et al., 2021; Stadler et al., 2019). Additionally, a significant 

number of studies failed to specify the lane configuration (Tran et al., 2021). One of the 

primary reasons for employing one or two lanes of roads in VR studies is the physical 

limitations of the available space (Schneider & Bengler, 2020).  

A few studies have examined AV-pedestrian interaction at intersections with 

crosswalks (Deb et al., 2018; Pillai, 2017; Zhanguzhinova et al., 2023). However, the 

majority of studies have focused on midblock crossings, with some conducted on marked 

roads where pedestrians have the right of way (Jayaraman et al., 2018, 2019) and others on 

unmarked roads where pedestrians do not (Colley et al., 2022; Holländer et al., 2019; 
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Nuñez Velasco et al., 2019). Jayaraman et al. investigated pedestrian crossing behavior at 

marked midblock crossings and concluded that AVs' aggressive driving behavior had a 

greater impact on pedestrian behavior at unsignalized crosswalks than at signalized 

crosswalks, indicating that signalized crossings moderated the negative effects of 

aggressive driving behavior (Jayaraman et al., 2019). Additionally, Nuñez Velasco et al. 

employed recorded 360° video in VR to examine pedestrian crossing intentions and found 

that the presence of a zebra crossing increased pedestrian crossing intention (Nuñez 

Velasco et al., 2019).  

Traffic factors like the number of vehicles, vehicle gaps, and traffic directions also 

affect pedestrian behavior, and these factors are crucial to the experimental design. Tran et 

al. reviewed 31 representative studies that investigated AV and pedestrian interaction in 

VR and found that most studies (94%) only involved one pedestrian interacting with one 

AV, which limited participants to observing only one vehicle at a time. Although some 

studies (48%) included multiple vehicles, the interaction remained one-to-one, where the 

second vehicle appeared only after the first one had been out of the pedestrian's sight (Tran 

et al., 2021). Only a few studies required participants to interact with multiple vehicles, 

such as AVs designed to approach from both directions (Colley, Walch, et al., 2020; 

Mahadevan et al., 2019). Furthermore, most studies (87%) involved traffic moving on one-

way streets, with only a small number (10%) on two-way streets (Tran et al., 2021). For 

vehicle gaps, research suggests designing multiple experimental conditions with different 

vehicle gaps (Dietrich et al., 2019). Research showed that a larger gap increased 

pedestrians' crossing intention (Nuñez Velasco et al., 2019).  
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2.3.2 Vehicle Factors 

Vehicle factors have been widely studied and are critical in pedestrian behavior 

studies within the context of AV driving, as the modeling of AVs in VR directly influences 

pedestrian interactions.  

Numerous studies have investigated communication between pedestrians and AVs, 

with a focus on the impact of the external human-machine interface (eHMI) (Rasouli & 

Tsotsos, 2020; Tran et al., 2021). Böckle et al. conducted a VR-based pedestrian and AV 

interaction study, concluding that pedestrians' perceived safety and comfort levels were 

higher when interacting with AVs featuring eHMI compared to those without (Böckle et 

al., 2017). Other studies reported similar results (Chang et al., 2017; Clercq et al., 2019; 

Mahadevan et al., 2019). Some researchers also found that eHMI could increase 

pedestrians' trust (Colley et al., 2022; Colley, Walch, et al., 2020) and crossing intention 

(Ackermans et al., 2020; Kooijman et al., 2019). Researchers have also investigated the 

effects of different types of eHMI. Deb et al. designed four visual and audible AV 

communication features, with results indicating that these features increased pedestrians' 

receptivity to AVs (Deb et al., 2018). More specifically, the most favorable visual features 

were a walking silhouette and a text of "braking", while the most favorable audible feature 

was a verbal message. Further studies by Deb et al. concluded that children relied entirely 

on eHMI for crossing decisions (Deb, Carruth, Fuad, et al., 2020), and older pedestrians 

found eHMI features more important than younger pedestrians (Deb, Carruth, & Hudson, 

2020). Similarly, some researchers concluded that a textual display is the clearest (Clercq 

et al., 2019), while others proved that participants preferred dynamic eHMI over static ones 
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(Othersen et al., 2018). Stadler et al. have demonstrated that eHMI significantly increases 

pedestrians' reaction times (Stadler et al., 2019).  However, potential biases have been 

noted due to the experimental design that conducts the control group (i.e., without eHMI) 

first, followed by the randomized five eHMI concepts. But overall, eHMI has been shown 

to facilitate faster decision-making and earlier initiation of crossing (Ackermans et al., 

2020; Chang et al., 2017; Holländer et al., 2019). Some researchers considered that mixed 

traffic (with different autonomy levels) would become a challenge in the near future and 

conducted pedestrian interaction with vehicles in mixed traffic conditions in VR, with 

findings indicating that eHMI is critical in such situations and can increase pedestrians' 

confidence levels while helping them make crossing decisions faster (Mahadevan et al., 

2019). Additionally, researchers have suggested that placing the communication interface 

on the vehicles is preferable to place them on road infrastructure (Mahadevan et al., 2019).  

Some researchers also studied the model of AV driving behavior. But most studies 

modeled AV to drive at a certain speed or yield to pedestrians according to the 

predetermined deceleration curve. For instance, in the study conducted by Deb et al., AV 

stopped at the crosswalk for pedestrians in every trial (Deb et al., 2018). The authors also 

mentioned that this always-conservative AV behavior might encourage pedestrians to cross 

the road immediately instead of being cautious. Similarly, Chang et al. modeled AV to start 

looking for pedestrians 20 meters away from the crosswalk, start slowdown 15 meters away 

and stop before the crosswalk (Chang et al., 2017). When no zebra crossing is present, 

some studies modeled AV to never yield to pedestrians (Stadler et al., 2019). Very few 

researchers have investigated pedestrians' behaviors when interacting with different AV 
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behaviors. Pillai tested pedestrians' comfort levels toward AVs with different deceleration 

rates and distances to pedestrians and found that early deceleration could provide 

pedestrians with a higher level of comfort (Pillai, 2017). Other studies also reported similar 

results (Dietrich, Tondera, et al., 2020; Fuest et al., 2020). Additionally, AVs yielding early 

to pedestrians can increase traffic efficiency by allowing AVs to accelerate again without 

coming to a full stop (Dietrich, Maruhn, et al., 2020). Jayaraman et al. modeled AV with 

three different behaviors (defensive, normal, and aggressive) determined by the reaction 

distance to the pedestrian and the maximum acceleration rate. Results show that aggressive 

AV behavior that decelerated late decreased pedestrians' trust in AVs (Jayaraman et al., 

2018, 2019). Despite these findings, most AV behaviors modeled in these studies do not 

allow for real-time, back-and-forth interaction with pedestrians. Only one study (Camara 

et al., 2021) continuously adapted AV behavior to pedestrians’ movement, which is a more 

realistic future AV behavior (Tran et al., 2021).  

 

2.3.3 Research Gap 

To summarize the literature above, pedestrian crossing behavior in the context of 

AV is understudied. It is found that 1) most studies have focused on two-lane roads, with 

no prior research conducted on multilane roads; also, limited research considered different 

roadway infrastructure types in their study; 2) the majority of studies have involved traffic 

moving on a one-way street, and most of the interaction between AVs and pedestrians 

remained one-to-one in previous studies; 3) most studies have modeled simplistic AV 
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behavior without enabling real-time, back-and-forth interaction with pedestrians; 4) very 

limited research has explored how pedestrians behave differently when interacting with 

different AV behaviors. Even less attention has been given to the interaction between 

roadway infrastructures and AV behavior. Therefore, further studies are required to 

investigate pedestrian crossing behavior given different roadway infrastructure types and 

AV operational schemes to inform the development of effective AV-pedestrian interaction 

strategies in diverse urban environments. 

2.4 VR experiment design 

Experiment design in VR includes the design of different roadway infrastructure 

scenes, modeling different AV behaviors and signals, AV gap select, pedestrian task design 

in VR, and the data collection procedure. Unity 3D software was used for VR environment 

development, and Oculus Quest 2, a completely wireless all-in-one VR headset, was used 

for pedestrian data collection. 

 

2.4.1 Scenes 

The literature suggests that multilane roads have a higher crash rate compared to 

two-lane roads (Zegeer et al., 2001). Studies have also demonstrated that the installation of 

raised medians in multilane locations can result in a safety advantage (Parsonson et al., 

2000; Zegeer et al., 2001). In this study, three representative infrastructure scenes of 

multilane roadways were designed, namely, an undivided 4-lane road, a 4-lane road with a 

TWLTL in the center, and a 4-lane road with a raised median serving as a pedestrian refuge. 
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Hereafter, these roadway infrastructure scenes will be referred to as the "undivided scene," 

"TWLTL scene," and "median scene," respectively, as depicted in Figure 1. All roads were 

designed to be 11 ft each wide, with a 4 ft sidewalk on both sides. Buildings, walls, and 

fences were incorporated into the VR design to prevent pedestrians from hitting the 

physical wall.  

 

Figure 1 Roadway Scenes Designed in the VR Experiment 

2.4.2 AV Behavior and Signals Modeling 

At unmarked midblock locations, pedestrians do not have the right of way. Several 

studies have suggested that conservative AV behavior that always stops for pedestrians 

may negatively impact traffic flow and encourage jaywalking; thus, future AVs may need 

to engage in negotiations with pedestrians to determine the right of way (Camara et al., 

2021; Fox et al., 2018; Gupta, Vasardani, & Winter, 2019; Tran et al., 2021). This study 

presents a model for AVs that do not always stop for pedestrians at unmarked midblock 

locations, but instead engage in real-time, back-and-forth interactions with them. AVs were 

modeled to negotiate right-of-way with pedestrians- some may yield, and others will not, 

based on real-time pedestrians’ speed and position. We assumed 100% penetration of AVs 
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and full connectivity between all AVs. In this study, three AV behavior and signal 

scenarios included in the experiments are: 

• No signal scenario (negotiation behavior with no signal) 

• Y signal scenario (negotiation behavior with yellow signal) 

• YB signal scenario (a platoon of non-stopping AVs showing blue signals added to 

the Y signal scenario) 

1. No Signal Scenario 

This study established a control group without any signals. The AV behavior in this group 

is identical to that of the Y signal condition depicted in 2, with the sole exception that all 

signals are deactivated. In the absence of signals, pedestrians are not made aware of 

whether the AVs have detected their presence or not, and do not receive any 

communication messages from the AV. 

2. Y Signal Scenario  

Figure 2 presents the Y signal scenario, in which AV negotiates the right of way with 

pedestrians with a yellow signal. Note that the SSD in Figure 2 represents the stopping 

sight distance (AASHTO, 2018).  
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Figure 2 AV Algorithm with Y Signal  

Figure 2 presents the negotiation process of AV with the Y signal. A trajectory 

conflict arises between an AV and a pedestrian when the pedestrian is detected at the curb 

and facing perpendicularly to the AV's direction of travel. Then the AV displays a yellow 

signal to indicate its intention to negotiate the right of way with the pedestrians. In case the 

pedestrians remain stationary, the AV continues to move at its regular speed, thereby 
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winning the negotiation. Conversely, if the pedestrians begin to cross, the AV employs 

real-time monitoring of their position and speed. To facilitate this monitoring, a conflict 

box, demarcated by a green dashed line in Figure 3 and equal in width to the AV, is 

established along the pedestrian's path. Upon the pedestrian reaching the conflict box, the 

AV decelerates and yields to the pedestrians. However, if the pedestrians have not yet 

reached the conflict box or are hesitating near the curb or edge of the lanes, AVs proceed 

without slowing down. Notably, the AV emits a red signal as a safety warning when the 

SSD is less than the AV's distance to the conflict box. The AV speed limit is designed to 

be 20 mph. This study also did not add turning maneuvers to the AVs.  

 

Figure 3 Conflict Box Design in VR using Unity 

3. YB Signal Scenario  

This study also introduces a YB signal scenario that incorporates a platoon of non-

yielding AVs displaying blue signals in addition to the Y signal scenario. The blue signal 

concept was developed with the aim of improving traffic operation. Specifically, when a 

group of vehicles is in a queue, it is beneficial to the traffic system if they can maintain 
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their speed without stopping at unmarked midblock locations. In this study, we assumed 

the platoon of blue AVs have the priority. So, the group of vehicles will take priority 

ongoing and will not stop for the pedestrian. After the platoon of blue vehicles, there will 

be a few yellow vehicles that will give pedestrians more priority, and behind that would be 

potentially another platoon of blue vehicles coming (Figure 4).  

 

Figure 4 An Example of YB signal scenario  

2.4.3 Gap Select 

The determination of appropriate gap sizes between AVs is a critical aspect of 

experiment design. In the present study, it is imperative to identify a gap that is neither too 

large nor too small and will be deemed acceptable by pedestrians. Prior research examining 

midblock crossings has reported that no one crossed below 3 seconds, and all crossed over 

8 seconds (Schmidt & Färber, 2009). Research also indicated that the near-side gap is 

considered the critical gap when pedestrians cross at midblock locations (Wang, Wu, 

Zheng, & Mcdonald, 2010). The literature review also suggested designing multiple 
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experimental conditions with different gaps (Dietrich, Maruhn, et al., 2020). Based on 

several pilot studies, the researchers determined that a 4.5-second near-side gap and a 3.5-

second near-side gap after the middle of the road in Figure 5 would be appropriate. 

Furthermore, a far-side gap of 15 seconds was implemented to ensure that pedestrians' 

interactions with the AV in the first lane would not be impacted. 

 

Figure 5 Gap Select for the AVs in VR  

2.4.4 Pedestrian Task  

Figure 6 below exhibits one participant in the VR experiment. It is a TWLTL scene 

with an AV showing a red signal warning the pedestrian. The three groups of pictures show 

the participant waiting at the curb, waiting in the middle of the TWLTL, and picking up 

food on the opposite side of the road to complete the task. Pedestrians' task designed in this 

VR experiment is to cross the unmarked midblock road outside their houses to pick up food 

from the restaurant across the road, as the nearest crosswalk is too far away. Figure 6 (right) 
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shows that the designed task incorporates an approximately 20 ft distance of walking on 

the sidewalk before crossing the road to provide a more realistic scenario for the 

pedestrians. The participants were informed of the presence of AVs on the road. Upon 

completing the task (picking up food) and returning to the starting point, a new randomized 

simulation scenario with instructions would automatically generate for the participant, as 

shown in Figure 7. The pedestrian task allowed for multiple crossings without explicit 

instructions from researchers, minimizing interference with participants' immersion. 

Furthermore, participants will focus on their tasks without the realization that their crossing 

behaviors are of primary interest to the research (Jayaraman et al., 2018).    
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Figure 6 Pedestrian in VR (left), Reality (middle), and Pedestrian Walking Track 

(right) 
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Figure 7 Instruction Board in VR for Pedestrians 

2.4.5 Experiment Procedure 

Figure 8 provides an overview of the experiment flow, which involved a two-factor 

within-subject design consisting of roadway scenes and AV signals. The experiment and 

accompanying survey required each participant to devote approximately 45 to 90 minutes 

of their time. Before commencing the experiment, participants provided their consent and 

completed multiple questionnaire surveys on demographics (age and gender), walking 

exposure (utilitarian trips, daily walking time, and infrastructure adequacy), and a 20-item 

pedestrian behavior questionnaire (Deb, Strawderman, et al., 2017) which measures past 

violations, errors, lapses, aggressive behaviors, and positive behaviors. Participants 

experienced a training session with the headset. The training was designed to 1) help 

participants become familiar with completing the task using the VR equipment, thus 

reducing distraction and promoting immersion; 2) to clarify the meaning of AV signals and 
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behaviors to participants. Research has demonstrated that training enhances participants' 

understanding of AV signals conveyed through the interface, increasing their confidence 

in interpreting AV signals and behaviors (Lagström & Victor Malmsten Lundgren, 2015; 

Lee, Madigan, et al., 2019). During the training, participants received instructions on the 

meaning of the AV yellow, red, and blue signals and interacted with AVs exhibiting 

various signals in the first lane. After the training, participants were asked to answer 

questions to confirm their comprehension of different signals. The research team continued 

with the experiment only if participants understood the meaning of each AV signal (yellow 

indicates AV wants to negotiate right-of-way with the pedestrian, red indicates danger and 

AV lacks sufficient time to stop, and blue indicates AV is in a platoon and will not stop for 

the pedestrian). Then participants started the experiment with a combination of randomized 

scenes and AV signals. Each experiment block includes nine randomized scenarios, and 

each participant finished three repeated blocks (27 scenarios total) to complete the 

experiments. The research team also monitored participants' simulator sickness using the 

16-item simulation sickness questionnaire (SSQ) after training and after each experimental 

trial (R. S. Kennedy et al., 1993). Every participant received a $20 gift card in 

compensation for their time.  
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Figure 8 An Overview of the Experimental Procedure 

2.5 Data and Model 

2.5.1 Data Collection and Preparation 

The research team collected both VR simulator-based pedestrian behavior data and 

survey-based responses. A total of 50 participants from Clemson University and the city of 

Clemson community were recruited, representing a larger sample size compared to 
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previous studies on this topic (Böckle et al., 2017; Camara et al., 2021; Chang et al., 2017; 

Clercq et al., 2019; Deb et al., 2018; Holländer et al., 2019; Jayaraman et al., 2019; 

Mahadevan et al., 2019; Pillai, 2017; Stadler et al., 2019). The VR-based pedestrian 

behavior data captured the position, speed, and head rotation of the pedestrian for each 

timestamp. Additionally, the simulation recorded the AV positions, speed, and AV signal 

types for each lane. No participants experienced severe motion sickness or discontinued 

the experiment. The average overall simulator sickness score of 5.78, with participants 

spending nearly one hour in the virtual environment, is considered minimal sickness 

symptoms, as indicated by a previous study (R. , Kennedy et al., 2003). 

2.5.2 Data cleaning 

Each participant completed 27 scenarios, resulting in 27 data files per participant. 

However, one participant completed only 20 scenarios, while another completed only 18 

scenarios as the headsets ran out of battery. Overall, there were 1334 data files collected 

from the 50 participants. Following data cleaning procedures, three files were excluded 

from the analysis: two files captured the return trip after the participant completed the task, 

while the other file recorded the participant staying at the starting point. Ultimately, 1331 

data files remained for further analysis. 

2.5.3 Data Preparation 

This study aims to evaluate pedestrians' diverse crossing behaviors at unmarked 

midblock locations with respect to different roadway scenes and AV signals and behaviors. 

Table 1 shows the variables for data analysis. The analysis includes four dependent 
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variables obtained from the VR experiment: waiting time at the curb, waiting time in the 

middle, total crossing time, and walking time. Taking waiting time at the curb as an 

example, it starts timing as the pedestrian turns from the direction of walking on the 

sidewalk to the direction of crossing the road; it ends timing as the pedestrian leaves the 

curb. It is worth noting that pedestrian hesitation is also considered when calculating the 

waiting time. For example, pedestrian hesitation happens when the pedestrian leaves the 

curb, enters the first lane, but returns to the curb again. This hesitation period is included 

as the time the pedestrian spent waiting at the curb. A similar procedure is applied to 

analyze waiting time in the middle. 

Based on the experiment design, the main independent variables include scenes 

(undivided, TWLTL, and median) and AV signals (No signal, Y signal, and YB signal), as 

shown in Table 1. Other independent variables, including pedestrian demographics, 

walking exposure, and pedestrian past behavior, were also explored in the analysis.  

Table 1 Variables for Modeling  

Dependent Variables 

Variable name Definition 

Waiting time at 

the curb 

Time the pedestrian spends at the curb waiting to cross the road 

Waiting time in 

the middle 

Time pedestrian spends in the middle of the road waiting to cross to the other side of the 

road 

Total crossing 

time 

Total time pedestrian spends crossing the road from the nearest curb to the farthest curb 
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Walking time Time pedestrian spends walking on the road, which equals to total crossing time deducting 

the waiting time at the curb and waiting time in the middle 

Independent Variables  

Variable name Levels Annotation Explanation 

Scene 3 

 

 

Undivided 

TWLTL  

Median 

Undivided four-lane road  

Four-lane road with a TWLTL 

Four-lane road with a median 

Signal 3 No Signal 

Y Signal 

YB Signal 

AV with negotiation behavior showing no signal 

AV with negotiation behavior showing a yellow signal 

AV with non-stopping behavior showing a blue signal 

added to the Y signal scenario 

Demographics 5 

2 

Age 

Gender 

Five groups: 18-29; 30-39; 40-49; 50-59; 60+ 

Male, female 

Walking 

exposure 

5 

4 

5 

Walking time 

Walking trips 

Proper 

infrastructure 

The range for total daily walking time (min) 

From never to frequently, four levels 

From never to always, five levels 

Pedestrian past 

behavior 

NA Violations 

Errors 

Lapses 

Aggressive 

Positive 

Four questions averaged as past violations; 

Four questions averaged as past errors; 

Four questions averaged as past lapses; 

Four questions averaged as past aggressive behavior  

Four questions averaged as past positive behavior 

2.5.4 Model  

A linear mixed model is used to allow for correlation between the response 

variables within the same participant (Jin et al., 2022; Vitorino et al., 2020). Each 
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participant completes multiple crossing scenarios in the VR environment, so the response 

variables are measured repeatedly within the same participant. Therefore, response 

variables are correlated within a participant. The linear mixed model is represented as 

follows, 

𝒚 = 𝑿𝜷 + 𝜡𝒖 + 𝜺       

Where, 𝒚 is a 𝑁 × 1 vector of the dependent variable. 𝑿 represents a 𝑁 × 𝑝 design 

matrix of 𝑝 explanatory variables. 𝑁 is the number of observations in the dataset used in 

the model and defined as 

 𝑁 = ∑ 𝑛𝑖
𝑞
𝑖=1 ; 

𝑛𝑖is the number of observations within the participant 𝑖; 𝑞 is the number of 

participants in the dataset; 𝜷 represents a 𝑝 × 1 vector of the fixed effects regression 

coefficients; 𝜡 is the 𝑁 × 𝑞 matrix of 𝑞 random effects; 𝒖 is a 𝑞 × 1 vector of the random 

effects. 𝒖~𝑁(0, 𝑮); 𝑮 is the variance-covariance matrix of the random effects. 𝜺 is a  𝑁 × 1 

vector of the residuals.  

ANOVA is used to test if an interaction effect between two main factors exists. 

When the interaction effect is significant, least-squares means can be estimated to perform 

multiple comparisons. When interactions are not significant, main effects are investigated.  

R software is utilized to run linear mixed model using "lmr" package and ANOVA test is 

also conducted in R (R Core Team, 2013).  
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2.6 Results  

The results part first presented the descriptive statistics of the four dependent 

variables used in the study: waiting time at the curb, waiting time in the middle, walking 

time, and total crossing time. Then the effects of the main factors, Scene and AV signal, 

were explored using a linear mixed model and ANOVA test. Pairwise differences in Scenes 

and AV signals were also presented for detailed comparisons, followed by the interaction 

effects between Scene and Signal for the waiting time in the middle. Effects for pedestrian 

demographics, walking exposures, and pedestrian past behavior collected from the survey 

were presented at the end of this section. 

2.6.1 Descriptive Statistics 

Data collected from the VR experiment showed that, on average, participants spent 

6.06 seconds waiting at the curb and 4.26 seconds in the middle of the multilane. 

Participants spent 11.50 seconds on average walking four lanes. And the average total 

crossing time, including the time spent walking and waiting, was 21.82 seconds. Figure 9 

(top left) shows that compared to the median and TWLTL scenes, participants spent more 

time waiting at the curb and much less time in the middle of the road at the undivided 

scene. Further, participants spent more time waiting in the middle for the median scene and 

spent more time waiting at the curb for the TWLTL scene. Figure 9 (top right) shows that 

the Y signal had the shortest waiting time at both the curb and middle. Figure 9 (bottom) 

shows the walking time by scene or signal did not differ much. And participants spent the 



 36 

least time in total crossing the road in Y signal scenarios (Figure 9 bottom right). More 

statistical test results are presented in the next section.  

  

 

  

 

Figure 9 Descriptive Statistics of the Dependent Variables (top– waiting time at 

curb and middle of the road, bottom –walking time, and total crossing time) by Scene or 

Signal 

2.6.2 Effects of Main Factors 

Table 2 first presents the significance of the main factors: Scene and AV signal. 

The findings indicate that Scene significantly affects all four dependent variables (note 1), 

and Signal significantly affects all but the walking time (note 2). Table 2 further provides 
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the pairwise differences of scenes, followed by the pairwise differences of different signals. 

Additionally, the analysis reveals that the interaction between Scene and Signal is only 

significant for waiting time in the middle of the road (note 3). The next section will discuss 

the interaction effects between Scene and Signal.   

Table 2 Effects of Main Factors 

Main factors Significance (ANOVA) 

  

Waiting time at the 

curb 

Waiting time in the 

middle 

Walking time Total crossing time 

F value Pr(>F) F value Pr(>F) F value Pr(>F) F value Pr(>F) 

1Scene  6.041 0.002 222.174 <.0001 6.696  0.001  38.336 <.0001 

2Signal 22.179  <0.001 23.624 <.0001 0.505  0.604  33.6770 <.0001 

3Scene*Signal 0.309  0.872 4.563 0.0012 0.403  0.807  1.8753  0.1124 

Pairwise Differences of Scenes 

  

Waiting time at the 

curb 

Waiting time in the 

middle 

Walking time Total crossing time 

mean p-value mean p-value mean p-value mean p-value 

4Undivided  - 

Median 

1.154  0.0006 -5.92 <.0001  0.735  0.0003  -4.034 <.0001 

5Undivided  - 

TWLTL 

 0.759  0.0242 -4.73 <.0001  0.454  0.025  -3.512 <.0001 

6Median - 

TWLTL 

 -0.395  0.2410 1.19 0.0001  -0.281  0.1660  0.522  0.2981 

Pairwise Differences of Signal 

  

Waiting time at the 

curb 

Waiting time in the 

middle 

Walking time Total crossing time 



 38 

mean p-value mean p-value mean p-value mean p-value 

7No signal -  Y 

Signal 

 1.771  <.0001 1.58 <.0001  -0.072  0.7243  3.28 <.0001 

8No signal - YB 

Signal 

 -0.308  0.3599 -0.33 0.2665  0.129  0.5241  -0.51 0.3092 

9Y Signal -  YB 

Signal 

 -2.080  <.0001 -1.91 <.0001  0.201  0.3217  -3.79 <.0001 

Note: Bold results are significant at a 0.05 level 

Note: Numbers 1-9 marked are the numbers that are called out for results explanation  

For the pairwise differences in scenes, taking note 4 as an example, the positive 

mean difference value of 1.154 indicates that participants waited 1.154 seconds longer at 

the curb in the undivided scene than in the median scene. Notes 4-5 show that participants 

in the undivided scene spent a longer time waiting at the curb and walking on the road than 

in the median and TWLTL scenes. However, they spent a shorter time waiting in the middle 

of the road. The longer walking time on the road implies that participants spent more time 

interacting with AVs while walking in the undivided scene compared to the median and 

TWLTL scenes. Note 6 shows that only the waiting time in the middle of the road is longer 

in the median scene compared to the TWLTL scene at a 0.05 significance level. The finding 

of note 6 implies that pedestrians exhibited different waiting behaviors between TWLTL 

and the median while waiting in the middle of the road, but not at the curb or while walking 

on the road. 

Table 2 shows Signal significantly affects all dependent variables except for the 

walking time (note 2). The pairwise difference of signals also shows that there are no 

significant differences between any of the AV signals for walking time, implying that the 
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AV signal has no effect on pedestrian walking behavior after crossing begins. It is also 

found that except for the walking time, there are always significant differences in waiting 

time at the curb, waiting time in the middle, and the total crossing time between the No 

signal and Y signal (note 7). Note 7 shows that compared to the No signal scenario, adding 

the Y signal indication for AVs resulted in a reduction of pedestrian waiting time at the 

curb by 1.771 seconds and waiting time in the middle by 1.58 seconds at a significance 

level of 0.05. Thus, the addition of the Y signal encouraged pedestrians to make crossing 

decisions faster compared to negotiation without a signal indication. Note 8 indicates that 

No signal and YB signal are not significantly different. Note 9 shows that compared to the 

Y signal, in the YB signal scenario, participants waited 2.08 seconds longer at the curb, 

1.91 seconds longer at the middle, and 3.79 seconds longer for the total crossing time, with 

all differences at a 0.05 significance level. The differences imply that when some AVs in 

the traffic show non-stopping behavior, pedestrians yield both at the curb and in the middle 

of the road.  

2.6.3 Interaction Effects Between Scene and Signal  

Table 2 (note 3) shows significant interaction effects between Scene and Signal for 

waiting time in the middle of the road. This section discusses the interaction effects. Figure 

10 compares the effects of the combination of three scenes and three AV signals for waiting 

time in the middle of the road.  
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Figure 10 Results of Pairwise Differences of Scene and Signal 

In Figure 10, the same color represents results in the same scene, and each grey dotted box 

represents results of the same AV signal. In Figure 10, means followed by the capital letter 

are not statistically significant within a scene at a 0.05 level. Means followed by a common 

lowercase letter are not statistically significant within an AV signal. Taking the green line 

(TWLTL scene) as an example, capital letters A and B indicate statistically significant 

differences between No signal and Y signal, Y signal and YB signal. But capital letters A 

and A of the green line imply that No signal and YB signals are not statistically 

significantly different. The blue line in Figure 10 shows that for the undivided scene, the 

differences between the three signals are not statistically significant. The blue line results 

imply that participants' behavior in the middle of the undivided road does not change 
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between all AV signals. The green line in Figure 10 shows that for the TWLTL scene, there 

are significant differences between the No signal and Y signal, Y and YB signal, but not 

between No signal and YB signal. However, the orange line in Figure 10 shows significant 

differences between all three signal types. For both TWLTL and median, pedestrians spent 

less time waiting in the middle when the AV gave a Y signal than No signal; the YB signal 

increased pedestrians waiting time in the middle compared to the Y signal. Although note 

8 in Table 2 shows that No signal and YB signal are not significantly different without 

considering the interaction effect between Scene and Signal, Figure 10 shows that 

compared to No signal, the waiting time in the middle increased for the YB signal in the 

median scene (not TWLTL and undivided scene). The left and middle grey dotted boxes 

in Figure 10 reveal that No signal and Y signal have significantly different effects between 

undivided and median, undivided and TWLTL, but No significant differences between 

median and TWLTL. But for the group of YB signals, the right box in Figure 10 shows 

that pedestrians waited longer at the median than at the TWLTL at a statistical significance 

level. The results also indicate that pedestrians feel more comfortable staying longer at the 

median and yield more to AVs in the YB signal scenario, with some AVs showing non-

stopping behavior. 

2.6.4 Effects of Demographics  

Table 3 below displays the effects of the demographic factors age [age 18-29: 33 

people, 30-39: 6 people, 40-49: 6 people, 50-59: 1 person, 60+: 4 people] and gender [male: 

31 and female: 19] collected from the survey before the VR experiment. Age groups 40-
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49 and 50-59 were combined as one group, 40-59, because there was only one participant 

in the group of 50-59. The tests were done across all signals and scene scenarios and gave 

the overall effects of age and gender on the four dependent variables.  

Table 3 shows that age is significant for waiting time at the curb, waiting time in 

the middle, and the total crossing time, but not for the walking time (note 1 in Table 3). 

Pairwise differences in age groups show that no age groups differ significantly in walking 

time. But some age groups significantly differ in the waiting time at the curb, waiting time 

in the middle, and total crossing time. For example, note 3 shows that compared to age 

group 18-29, group 40-59 waited 3.693 seconds longer at the curb, 1.928 seconds longer 

in the middle, and spent overall 4.193 seconds more crossing the multilane, with all results 

at a 0.05 significance level. Age groups 60+ waited longer in the middle of the road and 

overall spent more time crossing the road compared to age groups 18-29 (note 4) and 30-

39 (note 5). Gender is only significant for waiting time in the middle and the total crossing 

time (note 2). On average, females wait 1.66 seconds longer than males in the middle of 

the road, but their walking time is not significantly different from men (note 6).  

Table 3 Effects of Demographics  

Demographic factors Significance (ANOVA) 

  

Waiting time at the 

curb 

Waiting time in the 

middle 

Walking time Total crossing time 

F value Pr (>F) F value Pr (>F) F value Pr (>F) F value Pr (>F) 

1Age 3.582 0.0207 5.9368 0.0016 0.8664 0.4653  3.610 0.0201 

2Gender 3.191 0.0803 6.3691 0.0149 0.0439 0.8349  5.693 0.0210 

Pairwise Differences of Age 
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Waiting time at the 

curb 

Waiting time in the 

middle 

Walking time Total crossing time 

mean p-value mean p-value mean p-value mean p-value 

(18-29) - (30-39) -1.264 0.3567 -0.323 0.7282 0.6995 0.4864 -0.888 0.6821 

3(18-29) - (40-59) -3.693 0.0057 -1.928 0.0307 1.4298 0.1328 -4.193 0.0434 

4(18-29) - (60+) -3.04 0.0668 -4.219 0.0004 0.0505 0.9663 -7.209 0.0073 

(30-39) - (40-59) -2.43 0.1599 -1.605 0.1716 0.7303 0.5617 -3.305 0.227 

5(30-39) - (60+) -1.776 0.3728 -3.896 0.0057 -0.649 0.6565 -6.321 0.0494 

(40-59) - (60+) 0.653 0.7347 -2.291 0.0853 -1.3793 0.3322 -3.016 0.3265 

Pairwise Differences of Gender 

  

Waiting time at the 

curb 

Waiting time in the 

middle 

Walking time Total crossing time 

mean p-value mean p-value mean p-value mean p-value 

6Female - Male  1.68 0.0804 1.66 0.0150  -0.072  0.7243  3.47 0.021 

Note: Bold results are significant at a 0.05 level 

Note: Numbers 1-6 marked at the beginning of the rows are the numbers that are called out as notes for 

results explanation 

2.6.5 Effects of Past Behaviors and Walking Exposure 

Other variables collected from the survey were also tested in the models. Past 

crossing behaviors (e.g., violations, errors, lapses, and aggressive and positive behavior) 

were not statistically significant in the model. Past walking exposures, such as utilitarian 

walking trips, daily walking time, and walking infrastructure adequacy, were also 

insignificant in the model. This suggests that pedestrians' behavior interacting with AVs is 

primarily influenced by their experience in the VR experiment, as the interaction with AVs 
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is still a new and unfamiliar experience for pedestrians. Specifically, the results suggest 

that pedestrians' past walking exposure or behavior interacting with human-driven vehicles 

do not significantly affect their behavior interacting with AVs. Thus, pedestrians' behavior 

interacting with AVs is more dependent on their experience with AVs than their past 

experience. 

2.7 Conclusion and Discussion 

One of the main challenges AVs will face is interacting with pedestrians, especially 

at unmarked midblock locations on multilane roads where the right-of-way is unspecified. 

Evaluating pedestrians' behavioral responses to AVs and infrastructure design, as well as 

the development of effective AV operational and communication strategies, can help AVs 

respond accordingly. This study used VR to simulate an urban/suburban midblock 

environment where pedestrians interact with AVs as they cross a four-lane arterial 

roadway.  

Three roadway scenes were designed in VR: a 4-lane undivided, a 4-lane with a 

TWLTL, and a 4-lane with a median. Three AV signal scenarios were included in the 

experiment: a No signal scenario, a Y signal scenario, and a YB signal scenario. In the No 

signal scenario, AVs negotiate the right-of-way with pedestrians without any signal 

indication. In the Y signal scenario, AVs negotiate the right-of-way with pedestrians 

through a yellow signal indication portrayed to pedestrians. In the YB signal scenario, a 

platoon of AVs displaying blue signals indicating that they will not stop for pedestrians is 

added to the Y signal scenario. Outcomes of interest included whether pedestrian behavior 
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changes with the provision of a centerline refuge area or when pedestrians experience 

different AV operations portrayed to pedestrians through signaling communications. 

Additionally, researchers were also interested in determining any interaction effects 

between the roadway infrastructure and the AV operations. 

 

Effects of Roadway Scene 

Results show that roadway scenes significantly impact pedestrians' unmarked 

midblock crossing behavior, including the waiting time at the curb, waiting time in the 

middle, walking time, and total crossing time. On average, when pedestrians cross 

multilane roads at unmarked midblock locations while interacting with AV, they spend 

more time waiting at the curb than in the middle of the road. This difference is particularly 

pronounced in the 4-lane undivided scene, where no location of refuge or pause exists in 

the middle of the road. While researchers expected this scenario to have the fastest walking 

time, it had the slowest. Authors presume this is due to decision-making while walking 

slowing the process down overall. Moreover, results also show that curb waiting time for 

TWLTL and median had the same response, but the two scenes had significantly different 

waiting times in the middle of the road, with the median being longer overall. These results 

indicate that infrastructure design will continue to impact pedestrian behavior and should 

be considered in future AV system design. 

 

Effects of AV Behavior and Signal 
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AV behavior and signals significantly impact pedestrians' unmarked midblock 

crossing behavior, including the waiting time at the curb, waiting time in the middle, and 

the total crossing time, but not the walking time. The most notable effect was observed 

with the Y-signal indication, which conveyed that the AV had detected the pedestrian and 

would stop if the pedestrian entered the conflict box on yellow. Pedestrians immediately 

responded to the Y signal by entering the road and assuming right-of-way, demonstrating 

their intent to take advantage of the risk-averse AV detection and response system. 

Compared with the No signal operation, the Y-signal significantly reduced pedestrian 

waiting time and total crossing time. The addition of a blue signal to the yellow scenario 

(YB scenario) enabled more aggressive AV operations with platoons of vehicles, indicating 

that they would not stop for pedestrians to prioritize vehicle mobility. The YB signal 

scenario significantly increased the pedestrian waiting time at the curb and middle. So, 

when some AVs in the traffic show more aggressive behavior, pedestrians tend to yield 

both at the curb and in the middle of the road. These results suggest that a more controlled 

crossing can be achieved with the addition of a platoon of non-yielding AVs. AV 

operational design, training, and enforcement will all be required for efficient and effective 

transportation systems.  

 

Interaction Effects Between Scene and Signal  

Results also show that the interaction of signal and scene is only significant for 

waiting time in the middle of the road. Researchers found that participants' behavior in the 

middle of the 4-lane undivided road remains consistent across all AV signals tested. In 
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terms of middle waiting time, the introduction of non-stopping platoons with blue signals 

had the most substantial impact on the median roadway type, whereas the impact was least 

pronounced on the 4-lane undivided road. This discrepancy may be attributed to 

pedestrians on a multilane road with a median feeling more secure and confident in waiting, 

observing, and yielding to an AV displaying more aggressive behavior. Conversely, the 

absence of a refuge spot may lead to a continuation of the crossing movement. 

 

Effects of other factors 

This study also investigates the impact of demographics on pedestrian behavior. 

The results indicate that older individuals tend to wait longer before making crossing 

decisions, particularly in the middle of the road. Females tend to wait longer than males in 

the middle of the road for decision-making, but no significant difference is observed in 

their walking time. To further advance the research, it would be intriguing to examine the 

compliance of different age and gender groups with the designed signals, such as 

identifying the age or gender group that violated the blue signals the most. In addition, 

other variables, such as past walking exposures and pedestrian past behaviors, were also 

tested in the models. The results reveal that pedestrians' past walking exposure or behavior 

interacting with human-driven vehicles does not significantly impact their behavior when 

interacting with AVs. Thus, pedestrian behavior when interacting with AVs is more reliant 

on their experience with AVs than their past encounters. 

To conclude, this paper studies pedestrian behavior interacting with AVs at 

unmarked midblock locations on a four-lane road. Different types of multilane roads and 
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AV behavior and signals are tested in VR to explore the association between pedestrian 

behavior and roadway infrastructure and AV behavior and communication strategies. 

Notably, pedestrians experienced multiple AV interactions in the same scenario, with AVs 

being programmed to negotiate right-of-way with pedestrians to facilitate real-time, back-

and-forth interaction. Additionally, this paper explores the interaction between the roadway 

infrastructure and AV behavior and signals. As we are modeling new AV algorithms, we 

can test how pedestrians react to different AV behaviors. We also conclude that 

infrastructure design will continue to impact pedestrian behavior and should be considered 

in future AV system design. 
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CHAPTER THREE 

 

Paper II: Factors Affecting Pedestrian’s Decision to Cross in Front of AVs, a Virtual 

Reality Study 

 

Co-authors of the paper: Jennifer Ogle, Weimin Jin, Patrick Gerard, Daniel Petty, Andrew 

Robb 

Paper II was presented on March 25, 2023, at the IEEE Conference on Virtual Reality and 

3D User Interfaces (IEEE VR 2023) as a poster (Zou et al., 2023b). We are submitting 

Paper II to a scholarly journal.  

 

3.1 Abstract 

Autonomous vehicles (AVs) driving in urban areas and interacting with pedestrians 

remain a major challenge, especially at unmarked locations on multilane roads. This study 

aims to study factors affecting pedestrian's crossing behavior interactions with AVs using 

virtual reality (VR). AVs were modeled with different negotiation behaviors and signals to 

communicate with the pedestrians, including no signal, negotiating behavior with a yellow 

signal indication, and yellow/blue negotiating/no-yield indications. Fifty people 

participated in the study. Results show that roadway infrastructure does not affect the 

accepted gap but affects pedestrian walking time and waiting time. The 4-lane undivided 

road had the longest walking time and waiting time. Also, pedestrians at median are more 

likely to take risky behavior-to cross in front of AVs showing blue signals with non-

yielding behavior. AV signaling significantly impacts pedestrians' unmarked midblock 
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crossing behavior, including their accepted gap size, walking time, and waiting time. 

Pedestrians chose the largest gap with no signal, walked the slowest with a yellow signal 

indication, and chose the smallest gap and walked the fasted with blue signals. It is also 

found that older pedestrians tend to wait longer at the curb for decision making, and they 

are less likely to cross in front of AVs showing a blue signal with non-yielding behavior. 

We also found that across the trial blocks, in the order that the pedestrians observed them, 

crossing decisions like gap acceptance and waiting time were not significantly different, 

however the likelihood of participants choosing to cross in front of a blue signal did 

increase. Also, simulator sickness is low in this study and does not impact pedestrian 

crossing behavior. We conclude that this VR method is immersive enough and does not 

induce simulation sickness to the majority, making it a useful research tool for studying 

pedestrian behavior interacting with AVs. 

Keywords: Pedestrian Behavior, Multilane Road, Autonomous Vehicles, Effective Virtual 

Reality Environment, Sickness 
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3.2 Introduction 

Autonomous vehicles (AVs) are growing in prominence and importance. One of 

the concerns regarding replacing human drivers with autonomous control systems is the 

social interaction void with road users, especially the most vulnerable ones-pedestrians. In 

industry, several autonomous vehicle manufacturers have designed communication 

channels with pedestrians and other road users. For example, Mercedes-Benz used a 

projector to project zebra crossings on the ground in their recent concept autonomous 

vehicle, (Mercedes-Benz, 2015). But most studies from industry and academia focus on 

what modality of communication (i.e., visual or audio) is the most effective (Rasouli & 

Tsotsos, 2020). The communication rule between autonomous vehicles and pedestrians is 

rarely studied. Some researchers are concerned that pedestrians' perceived risks in 

autonomous driving will not exist because they know that AVs are programmed to be 

conservative and will stop for them, even at midblock locations when they jaywalk 

(Millard-Ball, 2018). Such AV risk-averse behavior may encourage jaywalking, reduce the 

transportation system efficiency, and ultimately negatively affect AV receptivity. 

Therefore, it is necessary to evaluate how pedestrians behave differently under various AV 

behaviors.  

Recently, virtual reality (VR) has become a reliable and safe tool for studying 

pedestrian's behavior when interacting with AV (Tran et al., 2021). Several successful 

studies have utilized VR to create a safe virtual environment for pedestrians (Deb, Carruth, 

et al., 2017; Nuñez Velasco et al., 2019). This study aims to design a VR environment that 

support naturalistic walking across multilane virtual roads for studying pedestrian's 
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interactions with AVs. Pedestrians wear Oculus Quest 2, with the tracking guardian turned 

off, to enable them to walk up to 63 feet for one crossing. In this application, we explored 

how pedestrians' crossing behavior (i.e., accepted gap, walking time, and waiting time at 

the curb) changes given different AV behaviors and signals (i.e., no signal, negotiating 

behavior with a yellow signal indication, and yellow/blue negotiating/no-yield indications) 

and different roadway infrastructures. We also evaluate how factors like demographics, 

experience of simulator sickness, and designed trial blocks impact the pedestrian behavior. 

Another research interest is to explore characteristics of those pedestrians that crossed in 

front of AVs with blue no-yield indications.  

This research contributes to previous research in several aspects, including 1) it 

models AVs with real-time, back to forth negotiation behavior when interacting with 

pedestrians, and pedestrians can interact with multiple AVs in the experiment; 2) it studies 

the impact of different factors on pedestrian midblock crossing behavior, including AV 

behavior and signaling, roadway infrastructure, pedestrian demographics, simulator 

sickness, as well as the designed experimental trial blocks.  

The rest of the paper is organized in the following sections: section 3.3 presents 

related work for pedestrian behavior interacting with AV; section 3.4 is experimental 

design; section 3.5 is data collection and preparation; section 3.6 presents the statistical 

model used for results; section 3.7 is the result, and the last section is discussions and 

conclusions.  
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3.3 Related work 

In autonomous driving, the most studied factor impacting pedestrian crossing 

behavior is the vehicle factor, especially AV communication and intent display. Deb et al. 

(Deb et al., 2018) explored combinations of different visual and audible messages on AV 

and found that pedestrians' most favored visual interfaces are walking silhouette and 

"braking" in the test, while their most favored audible feature is a verbal message. Other 

researchers also explored different types of intent displays, like mounted green or red 

signals (Nuñez Velasco et al., 2019), installed moving eyes on AV (M. Matthews et al., 

2017), and other audio and visual displays (Mahadevan et al., 2018). Overall, using intent 

display as a communication channel between AV and pedestrians has mostly been proven 

to help pedestrians make faster decisions (Chang et al., 2017; Holländer et al., 2019; 

Mahadevan et al., 2018; Othersen et al., 2018; Stadler et al., 2019), and ultimately increase 

pedestrians' trust and receptiveness toward AVs (Deb et al., 2018). But some studies argue 

that some pedestrians still focus on the vehicle speed and distance for decision-making 

(Clamann et al., 2017). AV driving behavior has also been studied, including acceleration 

behavior (Zimmermann & Wettach, 2017) and deceleration behavior (Beggiato et al., 

2018; Fuest et al., 2020). Some researchers suggest yielding early and slowly to increase 

traffic system efficiency (Dietrich, Maruhn, et al., 2020) instead of late and abrupt braking 

(Jayaraman et al., 2019). Most of those AV behavior are modeled relatively simple; AV 

negotiation behavior was only present in limited research (Camara et al., 2021). Other 

vehicle factors like vehicle size and appearance (Dey et al., 2017; Yang, 2017), etc., are 

also studied.  
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Some researchers explored roadway and traffic factors but much less compared to 

the vehicle factors mentioned above. Velasco et al. (Nuñez Velasco et al., 2019) studied 

pedestrian crossing intention with and without zebra crossing and found that the existence 

of zebra crossing increased pedestrian crossing intention. Jayaraman et al. studied 

pedestrian's crossing behavior at signalized and unsignalized crossings and proved that the 

presence of a signal light influenced pedestrian's trust in AVs (Jayaraman et al., 2019). 

Most research studied AV-pedestrian interaction at mid-block crossings, with some on 

marked roads (Deb et al., 2018; Jayaraman et al., 2019), some on unmarked roads 

(Holländer et al., 2019; Nuñez Velasco et al., 2019), and some on both to compare 

pedestrian crossing behavior differences (Clamann et al., 2017). However, other roadway 

factors, such as road infrastructure (e.g., crossing roadway type) and number of lanes, 

which were proven to impact pedestrian behavior in classical studies (interacting with 

drivers) (Rasouli et al., 2017; Schmidt & Färber, 2009) were rarely studied under 

autonomous driving. Meanwhile, most of the studies were conducted on two-lane roads 

(Ackermans et al., 2020; Deb et al., 2018; Holländer et al., 2019; Jayaraman et al., 2019), 

some on one-lane roads (Camara et al., 2021; Stadler et al., 2019), but rarely on multilane 

roads. 

A few researchers also explored pedestrian factors, including demographics, 

pedestrian characteristics, and knowledge of technology. Deb et al. (Deb, Strawderman, et 

al., 2017) and Hulse et al. (Hulse et al., 2018) used questionnaires and suggested that 

pedestrians' age, gender, law compliance, past crossing experience, and where they live 

can affect their behavior. For example, people with traffic violations history in the past 
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tend to cross in front of AV more comfortably. Reig et al. (Reig et al., 2018) interviewed 

32 pedestrians who have interacted with AVs in the past and found that knowledge about 

AV technology increases pedestrians' trust in AVs.  

3.3.1 Research Gap 

To conclude, pedestrian behavior in the context of autonomous driving is 

understudied. Most studies focus on communication and intent display, while factors like 

roadway infrastructure are rarely addressed. Most studies were conducted on two-lane 

roads but rarely on multilane roads. Further, most AV behavior were modeled simple, and 

did not involve real-time, back-and-forth interaction and negotiation with pedestrians. 

Other factors like age, gender, and VR simulator sickness, were less studied on pedestrian 

midblock crossing behavior.  

3.4 Experiment Design 

3.4.1 Apparatus and Experiment Location 

The research team used Oculus Quest 2, a completely wireless all-in-one VR 

headset that runs on the Android operating system. No PC or extra tracking towers are 

required for full room-scale tracking, as the headset maps out its environment and tracks 

its own position and rotation using the depth-sensing cameras on the headset. The 

experiment was conducted in an open room that was 76 ft long and 48 ft wide (see Figure 

1). The Oculus Quest 2's guardian boundaries were turned off to allow participants to use 

the entire space, enabling them to cross the multilane road in VR. The virtual environment 
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was carefully designed to ensure that participants would not encounter the walls and the 

headset was recalibrated before each participant. All the roads were designed to be 11 ft 

per lane with a 4ft sidewalk on each side. The virtual environment was created using the 

Unity game engine. It was worth noting that the research team used the Oculus Quest in 

early development; however, tracking loss was a major issue during pilot tests in the large 

experiment test room. Updating to the Oculus Quest 2 eliminated these tracking problems. 

 

Figure  1 The dimension of the experiment room and an example of 4-lane road 

with a turning lane walking area in VR 
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3.4.2 Experiment Procedure 

This experiment employed a two-factor within-subject design; factors included 

roadway type and AV signal. Three levels of road type were used: 1) a 4-lane undivided 

road, 2) a 4-lane road with a two-way left-turn lane (abbreviated TWLTL), and 3) a 4-lane 

road with a median. All lanes were 11 feet wide, regardless of road type. Three levels of 

AV signal were also used: 1) no signal provided by the AV, 2) a yellow signal indicating 

the vehicle is aware of the pedestrian and wants to negotiate but will stop at certain 

circumstances, 3) and a combination of yellow and blue signals, where blue means the 

vehicle is aware of the pedestrian but will not stop for them. Details for AV model and 

roadway design are present in sections 4.3 and 4.4. Figure 2 contains a flowchart outlining 

the experiment procedure.  

Participants were asked to sign a consent form upon arrival and some surveys, e.g., 

demographic questions. Then the researchers explained to the participants the background 

of the study and the task. Pedestrian's task was to start from their “home”, walk on the 

sidewalk, then cross the midblock of a multilane road (because no close crosswalk was 

present) to pick up food from the “restaurant”, and then come back home. The task was 

designed to help pedestrians be immersed in the environment without thinking about the 

data the research team is collecting (Jayaraman et al., 2019).  

To help participants understand the task and the different AV signals, four training 

sessions were provided. First, participants had to walk across the street to finish the task 

without AVs on the roads. This is to help participants get familiar with their task so they 

will be more immersed when the experiment starts. Then, they stand and observe the AV 
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travel on the roads. The next was to complete the task with AV present on the road but 

showing no signals. The last training was to understand all the different types of signals, 

including reading the instruction and interacting with AV showing different signals on the 

first lane. The researchers made sure pedestrians understood the meanings of different 

signals by providing a set of quiz. If participants misunderstood the design of the signals, 

researchers helped them review until they were answered correctly.  

After finishing the training, participants completed three blocks, each containing nine 

trials. The nine trials presented all combinations of road types and AV signals. In total, 

participants completed 27 trials. The simulator sickness questionnaire (SSQ) (R. S. 

Kennedy et al., 1993) was administered after training and after each block of trials.  
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Figure  2 Experiment procedure 

3.4.3 AV behavior and Signal Modeling  

This research aims to model AV that could negotiate with pedestrians and will not 

always yield to pedestrians at midblock locations. Literature show researchers had 

concerns that pedestrians would take advantage of conservative AV behaviors, especially 
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at midblock locations (Fox et al., 2018; Millard-Ball, 2018). Some researchers proposed 

that instead of always yielding to pedestrians, AV should be programmed to negotiate with 

pedestrians when they don't have the right of way, e.g., jaywalking (Fox et al., 2018; Gupta, 

Vasardani, & Winter, 2019; Schneider & Bengler, 2020).  

In this study, three different AV signal scenarios were designed in the experiment, 

including AV with negotiation behavior but showing no signal (No Signal scenario), AV 

with negotiation behavior showing yellow signal (Y Signal scenario), and a platoon of non-

stopping AVs showing blue signal added to Y Signal scenario (YB Signal scenario).  

Figure 3 presents the Y Signal scenario AV algorithm. The concept of negotiation 

framework is adopted from (Gupta, Vasardani, & Winter, 2019). Once the AV detects a 

pedestrian with the VR headset and a trajectory conflict exists, AV starts negotiating the 

right of way with pedestrians showing a yellow signal. AV makes decisions 

(accelerate/decelerate) at each timestamp based on pedestrian's decisions (yield/not yield). 

A conflict box with the same width of the AV along the path of pedestrian travel at each 

lane is designed in the algorithm; AV will only receive a reduced advisory speed to yield 

to the pedestrian when the pedestrian reaches the conflict box. Figure 3 also shows that a 

red signal is designed to warn pedestrians not to cross when the detected distance between 

AV and the conflict box is less than the computed stopping sight distance (SSD). The No 

Signal scenario has the same AV behavior shown in Figure 3. The only difference is that 

the yellow and red signals are turned off to compare how communication changes 

pedestrian behavior. A third AV behavior/signal scenario designed is the YB Signal 

scenario. Figure 4 gives an example of how the YB Signal scenario is designed. A platoon 
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of non-stopping AVs showing blue signals is added to the Y Signal scenario. The blue 

signal meaning non-stopping at midblock, is a concept designed for traffic operation 

consideration at midblock locations. A group of vehicles not stopping at the midblock for 

pedestrians will benefit the whole traffic system and increase efficiency. We assumed the 

platoon of blue AVs have the priority. Figure 4 shows that after the platoon of non-stopping 

AVs, there will be vehicles showing yellow signals coming and negotiate with the 

pedestrians. The design of YB signal is to study how pedestrians will react differently 

compared to the No Signal and Y Signal scenarios. We assumed 100% penetration of AVs 

and full connectivity between all AVs. 

Vehicle speed is also crucial for pedestrian crossing behavior. Some research found 

that higher vehicle speeds induced a lower safety margin, and pedestrians crossed less often 

(Lee, Uttley, et al., 2019; Othersen et al., 2018). Others found that slower speed may also 

reduce pedestrian's intention to cross because with the same time gap, lower speed also 

means a lower distance gap (Lee, Uttley, et al., 2019; Nuñez Velasco et al., 2019). After 

several pilot testing of different AV speeds, the researchers chose the vehicle's speed limit 

of 20mph. This is a decision made after considering the visibility of the signals from the 

VR headset and the comfort level of pedestrians crossing.  
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Figure  3 AV algorithm for Y Signal scenario  
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Figure  4 Example for YB Signal scenario  

3.4.4 Roadway Scene 

Roadway infrastructures/scenes impact pedestrian crossing behavior (Rasouli & 

Tsotsos, 2020). Traffic crash data shows that multilane road has been a challenge for 

drivers where pedestrians appear unexpectedly and causes crashes (NHTSA. National 

Highway Traffic Safety Administration, 2018). This paper designs three multilane road 

scenes, as shown in Figure 5, to study how pedestrians interact with AVs, including an 

undivided scene, a TWLTL scene, and a median scene.  
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Figure  5 Designed three different roadway scenes 

3.4.5 Traffic and Gap  

One of the fundamental dynamic factors that affect pedestrian crossing decisions at 

a midblock location is gap acceptance. Gap is "the time lag between two vehicles in any 

lane encroaching on the pedestrian's crossing path" (Roess et al., 2010). Every pedestrian 

has an acceptable gap of the approaching vehicle that they consider safe to cross. Gap 

acceptance depends on the velocity and the distance of the vehicle to the point of the 

possible collision. Researchers found that when the available gap near the pedestrian is 

greater than the near-side critical gap, pedestrians are more willing to cross (D. Sun et al., 

2003). And the far-side gap was not significant to the pedestrians' gap acceptance behavior 

(Wang, Wu, Zheng, & McDonald, 2010). These findings reveal that when jaywalking, 

pedestrians hardly consider the far-side coming vehicle when crossing the first lane. 

Further, some researchers found that the minimum gap acceptance at a midblock unmarked 

crossing is 3 seconds or 75 ft (DiPietro et al., 1970); some found out that almost all 

pedestrians are willing to cross the midblock locations when a gap is larger than 6 seconds 
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(Yannis et al., 2013); others concluded that nobody crosses below 3 seconds, all cross over 

8 seconds no matter what the vehicle speed is (Schmidt & Färber, 2009). The different 

conclusions are due to where the study was conducted and how the roadway was designed. 

This research aims to select gaps that not everyone will cross but also not no one can cross. 

Based on the literature, the research team conducted pilot tests for gaps between 3-8 

seconds; based on the feedback from participants, 4.5 seconds was adopted as the first near-

side gap and 3.5 seconds as the second near-side gap after the middle of the road. The 

research mainly focuses on the near-side gap according to literatures and made the far-side 

gap 15 seconds not to affect or pressure pedestrians. Figure 6 shows the gap selected in the 

experiment.  

 

Figure  6 Selected gap in the experiment 
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3.5 Data Collection and Preparation 

3.5.1 Data Collection 

The data collection was approved by Clemson's Institutional Review Boards 

(IRBs). A total of 50 people participated in this study. The sample size is larger than the 

median number of participants for 87 pedestrian behavior studies under VR summarized 

in a recent literature review (Schneider & Bengler, 2020). The data was collected from 

3/30/2022 to 4/6/2022 at Clemson University. Most participants were from Clemson 

University and the Clemson Community, including students, staff, and faculty members. 

Each participant spent 45 to 90 minutes completing the study, including surveys and 

training, and VR experiment. Participants were compensated for their time with a $20 

Amazon gift card. Data collected from the experiment include survey-based responses 

(e.g., age, gender, and motion sickness measured by 16 sickness questions (R. S. Kennedy 

et al., 1993)), and VR-based responses. At each timestamp (every 0.02 seconds), the VR 

system recorded each lane's AV speed, position, vehicle number, AV signal, AV time gap 

to the pedestrian, pedestrian position, pedestrian speed, and pedestrian head rotation.  

Age was originally collected in 5 groups: 33 participants in age group 18-29, six in 

age group 30-39, six in age group 40-49, one in group 50-59, and 4 in group 60 and older. 

As only one participant was in the group of 40-49, we combined 40-49 and 50-59 in our 

analysis, creating a new group of 40-59. For gender, 31 were male and 19 were female 

participants.  
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3.5.2 Data Preparation 

All but two participants completed each of the 27 trials; the remaining two had 

some missing trials due the dead headset battery. A total of 1332 completed trials were 

used in this analysis. To understand the effect of AV signals and road type on pedestrians' 

behavior, we examined accepted gap size, walking time, and waiting time (Table 1). This 

paper focuses on participants' decisions and behaviors when crossing the first of the four 

lanes. Thus, the accepted gap is the gap pedestrian accepted to cross the first lane, which 

is obtained from the timestamp that pedestrians reached the road edge line after leaving the 

curb. The walking time and waiting time for the first lane are also defined in Table 1.  

Table  1 Variables for modeling 

Response Variables 

Variable name Definition 

Accepted gap The gap pedestrian accepted to cross the road 

Walking time Time pedestrian spent to cross the first lane 

Waiting time Time pedestrian spent waiting at the curb 

Explanatory variables 

Variable name Annotation Explanation 

Signal No 

Y_Y 

Y_YB  

B_YB 

No signal  

Y signal in Y signal scenario 

Y signal in YB signal scenario 

B signal in YB signal scenario 
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Scene 

Undivided 

Median 

TWLTL 

Four-lane road 

Four-lane with a median 

Four-lane with a TWLTL 

Age 

18-29 

30-39 

40-59 

60+ 

Age falls between 18-29 

Age falls between 18-29 

Combined group 40-49 and 50-59 

Age is 60 and over 

Gender 

Male 

Female 

Self-identified as male  

Self-identified as female 

Block Block Block belongs to 1, 2, or 3 

Sickness Sickness SSQ score collected after each trial  

The first explanatory variable is the AV signal. Section 3.2 defines the No Signal, 

Y Signal and YB Signal scenarios. To distinguish between the yellow signal in Y and YB 

scenario, four signal types are used in modeling as shown in Table 1: No Signal from the 

No Signal Scenario, Y_Y Signal from the Y Signal Scenario, Y_YB Signal from the YB 

Signal Scenario, and B_YB Signal from the YB Signal Scenario. Some main research 

questions include how the AV signals affect the size of gap pedestrian choose to cross; how 

the AV signals affect how quickly pedestrians cross the road; and how AV signals affect 

how long pedestrians wait at the curb for decision-making. Table 2 shows the descriptive 

statistics for response variables.  

Table  2 Descriptive statistics for response variables by signals 
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Accepted Gap 

Mean (SD) 

Walking time 

Mean (SD) 

Waiting time Mean 

(SD) 

Signal (No) 4.507 (0.704) 2.328 (0.711) 6.346 (6.356) 

Signal (Y_Y) 4.181 (0.901) 2.592 (0.853) 4.526 (4.125) 

Signal (Y_YB) 4.345 (0.593) 2.47 (0.629) 8.115 (5.455) 

Signal (B_YB) 4.131 (0.95) 2.235 (0.54) 3.864 (4.324) 

Block was included in the model to explore how experiment time affects 

pedestrian's crossing behavior. Sickness was also included in the model to study whether 

simulator sickness affects pedestrian's crossing behavior. Simulator sickness has been an 

issue with previous VR-based pedestrian research (Deb, Carruth, et al., 2017; Schneider & 

Bengler, 2020). As sickness can potentially affect pedestrian behavior, this has introduced 

significant limitations in prior work. In this study, although they stayed near an hour in the 

VR experiment, no participants had significant sicknesses that prevented them from 

continuing the study. We evaluated sickness in this experiment using the SSQ (R. S. 

Kennedy et al., 1993). Four sickness scores were collected, once after training and again 

after each of the three blocks. Participants reported 0, 1, 2, or 3 to each of the 16 sickness 

symptoms. Based on the method proposed by Kennedy et al., (R. S. Kennedy et al., 1993), 

the symptoms can be grouped into nausea, oculomotor disturbance, and disorientation. 

Each group has its weight factor. The total SSQ score was obtained by adding the reported 

symptom values in each group and multiple the total by 3.74. Total SSQ scores less than 5 

indicate negligible symptoms; between 5 and 10 indicate minimal symptoms; over 10 

means significant symptoms; over 15 means symptoms are a concern; and over 20 implies 
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that the simulator is problematic (R. , Kennedy et al., 2003). Table 3 reports descriptive 

statistics for SSQ scores after the training session and after each block. The mean score 

remained under five until the final block, which indicates that, on average, participants 

experienced very little sickness in our experiment. This can likely be attributed to our use 

of a large tracked volume which allowed participants to walk naturally, rather than an 

artificial form of locomotion as has commonly been used in prior research when long-

distance walking was needed (Schneider & Bengler, 2020). Literature shows that sickness 

scores could also evaluate the troublesomeness of the VR simulator (R. , Kennedy et al., 

2003). When compared to other similar studies, this study also has much lower SSQ scores 

(Deb, Carruth, et al., 2017).  

Table  3 SSQ score 

 

After 

training 

After block 

1 

After block 

2 

After block 3 Overall  

Mean SSQ 

(SD) 

2.117 

(4.521) 

3.251 

(7.097) 

4.731 

(7.657) 

9.356 

(14.193) 

5.778 

(4.521) 

 

3.6 Statistical Model 

3.6.1 Linear Mixed Model 

In the VR settings, each participant conducts multiple crossing tasks in different 

time series, so the response variables are measured repeatedly within the same participant. 

To account for the correlation between the response variables within the same participant, 
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a linear mixed model (Vitorino et al., 2020) is considered in this paper and R software is 

utilized to run the model using "lmr" package (R Core Team, 2013). The linear mixed 

model is represented as follows,  

𝒚 = 𝑿𝜷 + 𝜡𝒖 + 𝜺     

Where, 𝒚 is a 𝑁 × 1 vector of the response variable. 𝑿 represents a 𝑁 × 𝑝 design 

matrix of 𝑝 explanatory variables. 𝑁 is the number of observations used in the model and 

defined as 

 𝑁 = ∑ 𝑛𝑖
𝑞
𝑖=1 ; 

𝑛𝑖is the number of observations within the participant 𝑖; 𝑞 is the number of 

participants; 𝜷 represents a 𝑝 × 1 vector of the fixed effects regression coefficients; 𝜡 is 

the 𝑁 × 𝑞 matrix of 𝑞 random effects; 𝒖 is a 𝑞 × 1 vector of the random effects. 

𝒖~𝑁(0, 𝑮); 𝑮 is the variance-covariance matrix of the random effects. 𝜺 is a  𝑁 × 1 vector 

of the residuals.   

3.6.2 Mixed Effects Logistic Regression Model 

A mixed-effects logistic regression model is used to allow for correlation between 

the response variables within the same participant (Jin et al., 2022; Jin, 2021; Vitorino et 

al., 2020). Each participant completes multiple crossing scenarios in the VR environment, 

so the response variables are measured repeatedly within the same participant. Therefore, 

response variables are correlated within a participant. The mixed-effects logistic model is 

represented as follows, 
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𝐥𝐧(
𝑷(𝒚=𝟏|𝑿)

𝟏−𝑷(𝒚=𝟏|𝑿)
) = 𝑿𝜷 + 𝜡𝒖 + 𝜺       

where, 𝑦 = 𝟏 indicates that a pedestrian crosses in front of a blue signal sent by an 

AV. 𝑃(𝑦 = 𝟏|𝑿) is the probability of there being a pedestrian who crosses in front of a 

blue signal. 𝑿 represents a 𝑁 × 𝑝 design matrix of 𝑝 explanatory variables. 𝑁 is the number 

of observations in the dataset used in the model and defined as 

 𝑁 = ∑ 𝑛𝑖
𝑞
𝑖=1 ; 

𝑛𝑖is the number of observations within the participant 𝑖; 𝑞 is the number of 

participants in the dataset; 𝜷 represents a 𝑝 × 1 vector of the fixed effects regression 

coefficients; 𝜡 is the 𝑁 × 𝑞 matrix of 𝑞 random effects; 𝑢 is a 𝑞 × 1 vector of the random 

effects. 𝒖~𝑁(0, 𝑮); 𝑮 is the variance-covariance matrix of the random effects. 𝜺 is a  𝑁 × 1 

vector of the residuals.  

The effect of the k-th explanatory variable on the occurrence of a pedestrian who 

crosses in front of a blue signal can be evaluated by the odds ratio (OR) given by (Salek et 

al., 2021), 

𝑂𝑅 = 𝑒𝛽𝑘 

where, 𝛽𝑘 is the coefficient of the k-th explanatory variable in the model. 

3.7 Results 

3.7.1 General Pedestrian Behavior 

Table 4 shows model estimates of the linear mixed model exploring the association 

between the accepted gap, walking time, and waiting time and their corresponding 
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explanatory variables. Overall, AV behavior and signals significantly affect pedestrians' 

behavior, including the accepted gap, walking time, and waiting time. Gender and 

simulator sickness did not affect any pedestrian crossing behavior in this study. Other 

explanatory variables like roadway scene, age, and block affect some of the pedestrian 

behavior which will be discussed later. 

 

Table  4 Model estimates of the linear mixed models 

Variable 

Accepted Gap Walking time Waiting time 

Est. p. value Est. p. value Est. p. value 

Intercept 4.002 <.001* 2.240 <.001* 5.357 <.001* 

Signal (No) 0.413 <.001* 0.069 0.166 1.715 <.001* 

Signal (Y_Y) 0.092 0.170 0.331 <.001* -0.094 0.811 

Signal (Y_YB) 0.286 <.001* 0.192 <.001* 2.923 <.001* 

Scene (Median) 0.077 0.130 -0.129 <.001* -1.052 <.001* 

Scene (TWLTL) 0.068 0.178 -0.109 0.004* -0.653 0.029* 

Age (30-39) 0.047 0.749 -0.166 0.437 1.131 0.342 

Age (40-59) 0.062 0.657 -0.268 0.185 3.058 0.008* 

Age (60+) -0.053 0.760 -0.114 0.651 3.023 0.035* 

Gender (Male) 0.003 0.976 -0.031 0.827 -1.346 0.092 

Block 0.014 0.612 0.081 <.001* -0.118 0.468 

Sickness -1.9e-5 0.995 0.004 0.117 0.017 0.406 

* Significant at 0.05 level 
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1. Accepted Gap Size 

The significant explanatory variables associated with the accepted gap are Signal 

(No) and Signal (Y_YB). As shown in Table 4, the estimate for Signal (No) is 0.413, 

indicating that the gap in Signal (No) scenario is 0.413 seconds larger than the baseline 

Signal (B_YB) at a 0.05 significance level. The estimate for Signal (Y_YB) is 0.286, 

indicating that the gap of Signal (Y_YB) variable is 0.286 seconds larger than the baseline 

Signal (B_YB) at a 0.05 significance level. Other explanatory variables such as roadway 

scenes, age, gender, trial block and simulator sickness are not statistically significant.  

2. Walking Time 

For walking time, the significant explanatory variables are Signal (Y_Y), Signal 

(Y_YB), Scene (Median), Scene (TWLTL), and the block. As shown in Table 4, the 

estimates for Signal (Y_Y) and Signal (Y_YB) are 0.331 and 0.192, indicating that 

compared to the baseline Signal (B_YB), participants walked 0.331 seconds slower in 

Signal (Y_Y) and 0.192 seconds slower in Signal (Y_YB) at a 0.05 significance level. 

Table 4 also shows that for roadway scenes, the estimates for Scene (Median) and Scene 

(TWLTL) are -0.129 and -0.109, implying that compared to the baseline Scene (4-lane), 

participants walked 0.129 seconds faster in Scene (Median) and 0.109 seconds faster in 

Scene (TWLTL) at a 0.05 significance level. Block in Table 4 is also significant. The 

estimate of 0.081 illustrates that with trial block increases one unit, walking time increases 

0.081 seconds at a 0.05 significance level. Other explanatory variables such as age, gender, 

and simulation sickness are not statistically significant.   

3. Waiting Time 
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For waiting time, the significant explanatory variables are Signal (No), Signal 

(Y_YB), Scene (Median), Scene (TWLTL), Age (40-59), and Age (60+). Table 4 shows 

the estimates for Signal (No) and Signal (Y_YB) are 1.715 and 2.923, indicating that 

compared to the baseline Signal (B_YB), participants waited 1.715 seconds longer in 

Signal (No) and 2.923 seconds longer in Signal (Y_YB) at a 0.05 significance level. Table 

4 also shows that for roadway scenes, the estimates for Scene (Median) and Scene 

(TWLTL) are -1.052 and -0.653, implying that compared to the baseline Scene (4-lane), 

participants waited 1.052 seconds less in Scene (Median) and 0.653 seconds less in Scene 

(TWLTL) at a 0.05 significance level. The results indicate that 4-lane undivided roadway 

scene had the longest walking time and waiting time. The estimates of Age (40-59) and 

Age (60+) for waiting time are 3.058 and 3.023, indicating that compared to the baseline 

Age (18-29), participants in the group of Age (40-59) waited 3.058 seconds more, and 

participants in the group of Age (60+) waited 3.023 seconds more, at a 0.05 significance 

level. Other explanatory variables, such as gender, block, and simulation sickness are not 

statistically significant.   

Since Signals are shown to affect accepted gap, walking time, and waiting time 

significantly in Table 4. The authors conducted pairwise differences for all the four signal 

types: No Signal, Y_Y Signal, Y_YB Signal, and B_YB Signal shown in Table 5. Note 1-

3 in Table 5 are also present in Table 4 model results and discussed above. Note 4-6 will 

be discussed in the following section and compare with note 1-3.  

Table  5 Pairwise Differences of Signals 

 Accepted Gap Walking time Waiting time 
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Yellow_YB mean p. value mean p. value mean p. value 

1No - B_YB 0.413 <.001* 0.069 0.166 1.715 <.001* 

2Y_Y - B_YB 0.092 0.170 0.331 <.001* -0.094 0.811 

3Y_YB - B_YB 0.286 <.001* 0.192 0.001* 2.923 <.001* 

4No - Y_Y 0.321 <.001* -0.262 <.001* 1.809 <.001* 

5No - Y_YB 0.127 0.036* -0.123 0.007* -1.209 0.001* 

6Y_Y - Y_YB -0.194 0.001* 0.139 0.002* -3.017 <.001* 

* Significant at 0.05 level 

Note 4 in Table 5 shows that compared to Y_Y Signal, participants in No Signal 

accepted 0.321 seconds larger gap, had 0.262 seconds shorter walking time, and waited 

1.809 seconds longer at the curb, all at 0.05 significance levels. The comparison of No 

Signal and Y_Y Signal reveals that with the same AV behavior (both are modeled with a 

negotiation algorithm), when AV communicates with pedestrians with a yellow signal 

indication, pedestrians crossed the road with a smaller gap, walked slower, and waited less. 

Note 6 shows that compared to Y_YB, participants in Y_Y accepted 0.194 seconds smaller 

gap, walked 0.139 seconds slower, and waited 3.017 seconds longer, all at 0.05 significance 

levels. The results mean that after introducing blue signal in the Y scenario, the accepted 

gap, walking time and waiting time are all affected.  

For accepted gap, note 1-6 shows that the largest accepted gap is in No Signal, 

which is 0.413 seconds larger than B_YB (note 1), 0.321 seconds larger than Y_Y (note 
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4), and 0.127 seconds larger than Y_YB (note 5). Note 1-6 shows that the smallest accepted 

gaps are in Y_Y and B_YB, which are not significantly different from each other (note 2). 

However, note 2 also shows that the walking time in Y_Y is 0.331 seconds higher than in 

B_YB at a 0.05 significance level, meaning that pedestrians walk much faster in the B_YB 

than in Y_Y. For walking time, the longest walking time is in Y_Y, which is 0.331 seconds 

more than B_YB (note 2), 0.262 seconds more than No Signal (note 4), and 0.139 seconds 

more than Y_YB (note 6). The shortest walking time are B_YB and No Signal, which are 

not significantly different from each other (note 1). For waiting time, note 1-6 shows that 

the longest waiting time is Y_YB, which is 2.923 seconds longer than B_YB (note 3), 

1.209 seconds longer than No (note 5), and 3.017 seconds longer than Y_Y (note 6). The 

shortest waiting time are Y_Y and B_YB, which are not significantly different from each 

other (note 2).  

3.7.2 Who Crossed in Front of Blue? 

During the training session, participants were informed that blue signals, indicating 

the approach of a platoon of non-stopping AVs, were designed to improve traffic system 

operation and increase efficiency. However, in the experiment, a significant number of 

participants did cross in front of these blue signals. Figure 7 below shows the number of 

trials that the fifty participants crossed in front of blue signals. Figure 7 shows that six 

participants had never crossed in front of blue signals, and two crossed all the time. Others 

crossed in front of blue signals ranges between one to eight times. Therefore, this section 

aims to identify the characteristics of the individuals who crossed in front of the AVs 
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displaying blue signals, as well as identifying on which roadway scene types that 

pedestrians are more likely to cross in front of blues. In this section, only those significant 

factors were listed and discussed.  

 

Figure  7 Participant ID and Number of Crossing Blue 

1. Roadway Scene 

First, we explored participants crossing in front of yellow or blue signals by Scene. 

Figure 8 shows that at Median scene, the proportion of participants crossing in front of blue 

signals is higher than those in the undivided scene and TWLTL scene.  
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Figure  8 Crossing in front of yellow or blue by Scene 

Table 6 shows the pairwise estimates of crossing in front of blue signals by roadway 

scenes. Note 1 in Table 6 shows that the estimate: 𝛽 = −0.68 is at a 0.05 significance level. 

So, the 𝑜𝑑𝑑𝑠 𝑟𝑎𝑡𝑖𝑜 = 𝑒−0.68 = 0.507, meaning that participants at the undivided scene 

have odds of them choosing to cross in front of blue is less than in the median scene. This 

result reveal that participants at median of multilane are more likely to take risky behavior-

to cross in front of blue signals compared to when no pedestrian refuge island exists.   

Table  6 Pairwise Estimates of Crossing in Front of Blue by Scene  

Scene Groups estimate SE z.ratio p.value 

1Undivided - Median -0.68 0.276 -2.467 0.0136* 

Undivided - TWLTL -0.234 0.275 -0.851 0.3947 

Median - TWLTL 0.446 0.272 1.637 0.1017 

* Significant at 0.05 level 

2. Age 
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We also explored participants crossing in front of yellow or blue signals by age. 

Figure 9 shows that with age increasing, the proportion of participants crossing in front of 

blue signals decreased.  

 

 

Figure  9 Crossing in front of yellow or blue by Age 

Table 7 shows the pairwise estimates of crossing in front of blue signals by age. 

Taking note 1 as an example, note 1 in Table 7 shows that the estimate: 𝛽 = 1.9669, is at 

a 0.05 significance level. So, the 𝑜𝑑𝑑𝑠 𝑟𝑎𝑡𝑖𝑜 = 𝑒1.9669 = 7.148, meaning that age group 

of 18-29 has odds of them choosing to cross in front of blue is 7 times more than age group 

of 60+. This result reveal that with age increasing, the likelihood of participants choosing 

to cross in front of a blue vehicle decreased.  

Table  7 Pairwise Estimates of Crossing in Front of Blue by Age  

Age groups Estimate (𝜷) SE z.ratio p.value 
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(18-29) - (30-39) 0.3202 0.002026 158.051 <.0001* 

(18-29) - (40-59) 0.4896 0.002026 241.627 <.0001* 

1(18-29) - (60+) 1.9669 0.002027 970.5 <.0001* 

(30-39) - (40-59) 0.1693 0.002865 59.101 <.0001* 

(30-39) - (60+) 1.6467 0.002866 574.626 <.0001* 

(40-59) - (60+) 1.4774 0.002866 515.534 <.0001 

* Significant at 0.05 level 

3. Trial Block 

Table 8 shows the pairwise estimates of crossing in front of blue signals by trial 

block. The estimate: 𝛽 = 0.649 is at a 0.05 significance level. So, the 𝑜𝑑𝑑𝑠 𝑟𝑎𝑡𝑖𝑜 =

0.649 = 1.914, meaning that with trial block increasing one, participants have odds of 

them choosing to cross in front of blue signals increase 1.9 times. This result reveal that 

pedestrians develop learned responses based on their interactions within the environment, 

and in the absence of consequences, these responses can become more aggressive.  

Table  8 Pairwise Estimates of Crossing in Front of Blue by Trial Block 

Age groups Estimate (𝜷) SE z.ratio p.value 

(Intercept)  -1.710  0.385 -4.440 9.01e-06* 
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Block 0.649 0.145  4.465 7.99e-06* 

* Significant at 0.05 level 

3.8 Discussion and Conclusion 

Some scenarios could be a challenge for AVs in the future, like the urban area 

unmarked midblock locations on multilane roads where pedestrians may jaywalk. AVs 

need to interact with those pedestrians, understand their behavioral response to AV 

operational and communication strategies and communicate with them. This study 

designed an effective VR environment that allows pedestrians to have naturalistic walking 

of free movement. It studied pedestrian's unmarked midblock crossing behavior on 4-lane 

roads (undivided, with a median, or with a TWLTL). Different AV behavior and signals 

are modeled in the VR simulation. No Signal representing AV with negotiation behavior 

but not giving a signal indicator for communication. Y_Y Signal represents AV with the 

same negotiation behavior as No Signal but gives a yellow signal indicator. The research 

team also designed a more aggressive behavior to benefit traffic operation: a platoon of 

non-stopping AVs showing a blue signal added to the Y Signal scenario and named YB 

Signal Scenario. If participants crossed in front of the blue signal, it is marked as B_YB, 

and if crossed in front of yellow in the YB scenario, then marked as Y_YB. So, Y_Y and 

Y_YB are both crossing in front of yellow signals but in different scenarios.  

Results show that the roadway scene does not affect the accepted gap, but AV 

signals do, meaning that the pedestrians' observation of the impending interaction with the 

AV drives the gap acceptance, not the type of road that pedestrians are negotiating on. 
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However, the scene does affect the walking time and the waiting time. 4-lane undivided 

had the longest walking time and waiting time, and median had the shortest. As pedestrians 

look for gaps across all four lanes, their waiting time increases because there is no 

intermediate stopping point. The walking time also increases on 4-lane undivided because 

pedestrians are continuously scanning the environment and engaging decision making, 

which likely slows them down. It was also found that pedestrians at median, which is a 

safer roadway scene, are more likely to take risky behavior-to cross in front of AVs 

showing blue signals with non-yielding behavior.  

AV behavior and signals significantly affect pedestrians' unmarked midblock 

crossing behavior, including the accepted gap, walking time, and waiting time at the curb. 

The significant pedestrian behavior differences between No Signal and Y_Y Signal 

indicates that even AVs have the same behavior (both has negotiation algorithm); when 

AV has a communication channel with pedestrians with a yellow signal indication, 

pedestrians crossed the road with a smaller gap, walked slower, and waited less. These 

differences in pedestrian behavior between No Signal and Y_Y Signal prove that 

pedestrians become more confident crossing the road when AVs can communicate their 

intention and decision. The significant differences between Y_Y Signal and Y_YB Signal 

means that after introducing a platoon of non-stopping AVs with blue signal in the Y 

scenario, pedestrian's behaviors were affected, including the accepted gap, walking time, 

and waiting time. This means that even if AVs behave the same (with a negotiation 

behavior with a yellow indicator in this case), pedestrians behave differently in those two 

scenarios depending on the platoon factor or traffic factor. Pedestrians accepted a smaller 
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gap in Y_Y Signal compared to Y_YB Signal. They also waited more with the inclusion 

of blue because most pedestrians will wait until the aggressive blue vehicles pass. Y_Y 

Signal has a higher walking time than Y_YB Signal, indicating that pedestrians know there 

will be blue vehicles coming in YB, so they move faster. However, in Y_Y Signal, 

pedestrians know those are all conservative AVs that will always yield to them as far as 

they are detected and enter the conflict box, so they walk slowly. Overall, the largest 

accepted gap is in No Signal, meaning that when there is no communication between AV 

and pedestrians, pedestrians tend to accept a larger gap because of uncertain AV behavior. 

The smallest accepted gaps are in Y_Y and B_YB, which are not significantly different 

from each other. However, pedestrians do walk much faster in the B_YB compared to Y_Y, 

meaning that even those aggressive pedestrians who choose to cross in front of blue AV 

signals with smaller gaps, tend to walk faster. In contrast, those who cross in front of yellow 

signals walk slowly because they know AV can stop for them. Further, Y_Y has the longest 

walking time, indicating that pedestrians take their time walking in front of conservative 

AVs. The shortest walking time is B_YB and No Signal, the two scenarios where 

pedestrians feel the most unsafe and uncertain. For B_YB, pedestrians know that AV won't 

stop for them, so they walk faster; for No Signal, pedestrians are uncertain about the AV 

behavior, so they walk faster as well. Y_YB has the longest waiting time; most individuals 

who did not accept the non-stopping AV platoon with a blue signal are waiting for the first 

AV with a yellow signal to come. They also cross immediately when the last vehicle with 

blue signal in the non-stopping platoon passes. B_YB and Y_Y have the lowest waiting 

time, which are not significantly different. Those who cross in front of AV with blue signals 
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without waiting present aggressive pedestrians' behavior. And the shortest Y_Y waiting 

time implies pedestrians step out in front of yellow immediately when they see them 

because of their trust to AV.  

Demographic factors like age and gender were also tested in the model. Gender was 

not significant for all the pedestrian behavior in this study. But age did show a significant 

impact to some pedestrian behavior, i.e., the waiting time at the curb. Older pedestrians 

tend to wait longer at the curb for decision making when interacting with AVs. We also 

explored the compliance of modeled signals from different demographic groups. And it 

was found that with age increasing, the likelihood of participants choosing to cross in front 

AVs with non-yielding behavior showing blue signals decreased. This result reveal that 

older pedestrians are more likely to follow rules and less likely to take risky behavior.  

Across the trial blocks, in the order that the pedestrians observed them, the walking 

time increased significantly, which could be caused by fatigue along with the experiment 

since the study was around one hour and participants walked nearly 1 mile. Also, with time 

going on, participants' excitement about VR study decreased, so they tended to move less 

compared to when they had just started the experiment. However, from a time-dependent 

standpoint, crossing decisions like gap acceptance and waiting time were not significantly 

different. So, pedestrians still make similar decisions at different blocks. It is also found 

that with trial block increasing, the likelihood of participants choosing to cross in front of 

a blue signal increased. So, pedestrians develop learned responses based on their 

interactions within the environment, and in the absence of consequences, these responses 

can become more aggressive.  
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This study also evaluated participants' experience of simulator sickness in this 

environment. In this study, although they stayed near an hour in the VR experiment, no 

participants had significant sicknesses that prevented them from continuing the study. 

Results show that before the last block, participants experienced negligible sickness 

symptoms. Even though sickness did increase on the last block, it remained within the 

minimal symptom level based on sickness categories proposed by (R. , Kennedy et al., 

2003). Compared to other similar studies, this study also has much lower SSQ scores (Deb, 

Carruth, et al., 2017). The low sickness score can likely be attributed to our use of a large 

tracked volume which allowed participants to walk naturally rather than an artificial form 

of locomotion. Also, results showed that sickness does not affect pedestrian's behavior 

choices.   

We conclude that this VR method is immersive enough and does not induce 

simulation sickness to the majority, making it a useful research tool for studying pedestrian 

behavior interacting with AVs. As we are modeling new AV algorithms, we can use VR 

as a reliable and safe tool to test how pedestrians react to different AV behaviors. 
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CHAPTER FOUR 

 

Paper III: Do Pedestrians’ Perception Change Toward Autonomous Vehicles Operation 

and Signal Indication: A Virtual Reality Experiment 

 

Co-authors of the paper: Jennifer Ogle, Patrick Gerard, Weimin Jin 

Paper III is in the process of being submitted to a scholarly journal. 

4.1 Abstract 

One of the main challenges to the popularity of autonomous vehicles (AVs) related 

to pedestrians is their lack of trust and understanding of AVs and related technologies. This 

study uses virtual reality (VR) to provide an immersive environment for pedestrians to 

interact with and understand AVs. AVs were modeled to exhibit negotiation behavior with 

a yellow signal indication or non-yielding behavior if operating in a platoon with a blue 

signal indication. We aim to investigate how this VR experience, as well as factors like the 

AV behavior and signaling change pedestrians’ perception of AVs. An eight-item 

perception survey was administered to pedestrians both before and after the VR 

experiment, which was aggregated into two factors: Attitude and System Effectiveness. 

The Wilcoxon Signed-rank Test results demonstrated that both pedestrians’ overall attitude 

toward AVs and trust in the effectiveness of AV systems significantly improved after the 

VR experience. It is also found that the more pedestrians trust the yellow signals, the more 

likely they are to improve their general attitude toward AVs and to increase their trust in 

the AV system effectiveness after the VR experiment. This implies that the design of the 

yellow signal gives pedestrians more confidence in interacting with AVs. Further, 
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pedestrians who exhibit more aggressive crossing behavior are less likely to change their 

perception towards AVs as compared to those pedestrians who display more positive 

crossing behaviors. This indicates that rule followers comprehend the design of AV signals 

and comply with the signal design rules, resulting in a better perception of AVs. It is also 

found that if the experiment made pedestrians feel motion sick, they were less likely to 

have more trust in the AV system's effectiveness. This study confirms that our VR 

experiment design, which provided pedestrians with an immersive environment to interact 

with AVs, increased pedestrians' confidence in AVs. 

 

Keywords: Pedestrian Perception Change, Autonomous Vehicles, AV behavior and 

Signaling, Virtual Reality 
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4.2 Introduction 

Autonomous vehicles (AVs) can reduce driver involvement starting from level 3 of 

conditional driving automation, and at level 5 of full driving automation, they can eliminate 

driver involvement altogether, as per (SAE-International, 2021). According to the National 

Highway Traffic Safety Administration (NHTSA), 94% of motor vehicle crashes in the 

United States involved driver error (NHTSA, 2015). By removing drivers from the 

equation, AVs are expected to improve safety in the transportation system and society at 

large (Winkle, 2016).  

However, a major challenge faced by manufacturers and organizations aiming to 

introduce AVs to the market, is the lack of public understanding or trust in AVs and their 

associated technologies (X. Sun et al., 2020). As yet, most of the attention on human 

perception of AVs has focused on the perspective of drivers (Choi & Ji, 2015; X. Sun et 

al., 2020). Meanwhile, pedestrians, as the most vulnerable road users, have received less 

attention in terms of their perception of AVs. Statistics indicate that pedestrian fatalities 

increased by 46% in the United States between 2011 and 2020 (NHTSA, 2020). As most 

pedestrians have not interacted with AVs and have difficulty envisioning such interactions, 

it is crucial to provide them with an environment that closely resembles reality in order to 

better understand AVs. 

Virtual reality (VR) has recently emerged as a valuable tool for studying pedestrian 

behavior, as demonstrated by several studies (Deb, Carruth, et al., 2017; Nuñez Velasco et 

al., 2019; Schneider & Bengler, 2020; Stadler et al., 2019; Tran et al., 2021; Zou et al., 

2023 a, b). The goal of this research is to utilize VR technology to create an immersive 
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environment that enables pedestrians to interact with and better understand AVs. We have 

selected a challenging roadway type and location for our experiment - an unmarked 

midblock area on a multilane road, where pedestrian crash rates have been shown to be 

higher (Zegeer et al., 2001, 2005). At the midblock unmarked road, there is concern that if 

AVs are programmed to always be conservative, pedestrians may take advantage of them, 

potentially influencing traffic systems and ultimately impacting public perception of AVs 

(Camara et al., 2021; Millard-Ball, 2018). Therefore, in our study, we modeled AVs with 

some exhibiting negotiation behavior and others with non-yielding behavior when 

operating in a platoon at unmarked midblock locations. Before and after the VR 

experiment, we administered an eight-item perception survey to the pedestrians to evaluate 

how their perception of AVs changes after the VR experience. Additionally, we aim to 

examine how factors such as AV behavior and signaling, pedestrian behavior scale, 

demographics, and VR sickness impact the pedestrians' perception changes regarding AVs. 

4.2.1 Contributions 

This study has unique aspects that add to the existing research. These include: 1) 

the use of VR to investigate changes in pedestrians' perceptions of AVs, 2) the examination 

of the impact of AV behavior and signaling on these perception changes, 3) the inclusion 

of AVs with both negotiation and non-yielding behaviors when operating in a platoon, 4) 

the involvement of pedestrians interacting with multiple AVs in one situation, and 5) the 

model of AVs that allow for real-time, interactive engagement with pedestrians. 
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4.3 Literature Review 

Despite the existence of several studies on the perception of AVs or automation, 

most of them did not focus on pedestrians' perspective. Nonetheless, these studies provided 

valuable insights into the factors that influence the perception of AVs. According to 

Schaefer et al., individual characteristics are the most significant factor in building trust 

towards automation, which implies that even a well-designed automated system may not 

necessarily gain humans' trust (Schaefer et al., 2016). Some studies have focused on the 

perception of AVs from the driver's perspective. Khastgir et al., for instance, conducted a 

study using a driving simulator with 56 participants and found that drivers increased their 

trust in the automated system after learning about its actual strengths and limitations 

(Khastgir et al., 2018). However, as the most vulnerable road users, pedestrians' perception 

of AVs has not been studied as extensively. 

4.3.1 Pedestrian Perception to AV 

Only a few studies have examined the perception of AVs from the perspective of 

pedestrians. Deb et al., developed a questionnaire to measure pedestrian receptivity to AVs 

based on attitude, social norms, trust, compatibility, and system effectiveness (Deb, 

Strawderman, et al., 2017). Two scenario-based questions were designed to collect 

pedestrian’s crossing intention in front of AVs. It was found that male and younger 

respondents, those from urban areas, and those with more positive pedestrian behavior had 

higher receptivity to AVs. Although some researchers were concerned that pedestrians 

could find it difficult to imagine the specific traffic condition and interact with AVs 
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(Rasouli & Tsotsos, 2020), the surveys Deb et al. designed are still a vital source of 

inspiration for pedestrian perception of AV studies. Another study conducted by Reig et 

al. was one of the first to observe pedestrians interaction with AVs operating in the real-

world (Reig et al., 2018). The authors interviewed 32 pedestrians in the US who had 

interacted with AVs. They found that most of those participants had heard little about AVs 

before; and the less knowledge participants had of AVs, the lower scores they rated for 

perceived importance, interest, and trust of AVs. Also, it was discovered that a positive 

interpretation of the company’s brand affected pedestrian’s perceptions of AVs. However, 

opportunities for pedestrians to interact with real-world AV testing are limited, and it is 

challenging to test different AV behaviors and collect pedestrian perceptions. 

Recently, VR has gained popularity in human behavior studies (Schneider & 

Bengler, 2020), and some researchers have used it to study pedestrian perception of AVs 

(Rasouli & Tsotsos, 2020; Tran et al., 2021). Many studies have compared the effects of 

external human-machine interface (eHMI) versus no interface. Böckle et al. and 

Mahadevan et al. found that using eHMI significantly led to a more comfortable interaction 

between pedestrians and AVs (Böckle et al., 2017; Mahadevan et al., 2019). Other 

researchers came to the conclusion that pedestrians view AVs with eHMI to be safer 

compared to those without it (Böckle et al., 2017; Chang et al., 2017; Clercq et al., 2019; 

Nuñez Velasco et al., 2019). eHMI also has the potential to increase pedestrians' trust and 

perception of AVs, according (Colley, Mytilineos, et al., 2020). While some studies did 

not directly investigate pedestrians' perception of AVs, they explored pedestrian behavior 

when interacting with AVs, which also reflected their perception, e.g., waiting time and 
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crossing time. It was found that eHMI significantly decreased pedestrian’s waiting times 

and allowed for quicker crossing decisions (Chang et al., 2017; Dietrich, Tondera, et al., 

2020; Holländer et al., 2019; Othersen et al., 2018; Stadler et al., 2019; Zou et al., 2023 a, 

b). Some studies examined perdestrian perception of AVs with different driving behavior 

(Jayaraman et al., 2018, 2019) and found that aggressive driving behavior of AVs 

negatively impacted pedestrians' trust, particularly at unsignaled crosswalks.  

4.3.2 AV Operation and Signal Modeling  

In order to study pedestrian perception of AV in VR, it is essential to have a well-

modeled AV operation system. Previous studies have mainly focused on different types of 

eHMI or signals, such as text messages, smiley faces, traffic lights, or a walking man 

(Clercq et al., 2019; Holländer et al., 2019; Othersen et al., 2018), but few have taken AV 

behavior into account. Some experiments have only programmed AVs to operate at a 

specific velocity or to slow down for pedestrians at crosswalks based on a pre-established 

rate of deceleration (Chang et al., 2017; Deb et al., 2018), while others have programmed 

AVs to never give way to pedestrians (Stadler et al., 2019). Only a small number of 

researchers have investigated how pedestrians behave in response to various AV 

operations. Some demonstrated how an early deceleration could enhance the comfort level 

of pedestrians (Dietrich, Tondera, et al., 2020; Fuest et al., 2020; Pillai, 2017), increase 

pedestrian trust to AV system (Jayaraman et al., 2018, 2019), and improve traffic efficiency 

because AVs would be able to accelerate again without having to make a complete stop 

(Dietrich, Tondera, et al., 2020). However, those studies did not permit AV to have real-
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time and reciprocal communication with pedestrians. Only one study, conducted by 

(Camara et al., 2021), continuously adjusted the AV behavior to align with the movements 

of the participants, which is considered a more realistic approach to AV behavior in the 

future, according to (Tran et al., 2021). Camara et al.'s used VR to evaluate the preferences 

of pedestrians for AV driving styles, specifically game theoretic driving (Camara et al., 

2021). 

4.3.3 Research Gap 

In brief, the literature suggests that there has been limited research on pedestrians' 

perception of AVs. Some studies have compared the effects of eHMI versus no interface, 

but few have examined how pedestrians perceive AVs under different operational 

conditions. Additionally, while some studies have explored changes in drivers' perceptions 

of AVs, few have looked at pedestrians' perceptions changes. Most studies have not 

allowed AVs to communicate with pedestrians in real-time, and only one study has 

continuously adapted AV behavior based on pedestrians' movements. 

4.4 Methodology 

The methodology includes the VR experiment design, survey design, data 

collection procedure, and statistical model.  
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4.4.1 VR Experiment Design 

The design of the VR experiment involved creating AV behavior and signaling, as 

well as designing the pedestrian task. However, some aspects of the experiment, such as 

designing various roadway scenes and determining AV gaps, were not included in this 

study due to its research scope. These details can be found in another study (Zou et al., 

2023a). The VR environment was developed using Unity 3D software, and participants 

used Oculus Quest 2 headsets during the experiment. 

AV Behavior and Signals Modeling 

As mentioned in the introduction, pedestrians are not always given priority when 

crossing the road, particularly at midblock locations without marked crosswalks. Some 

researchers have suggested that future AVs need to negotiate the right of way with 

pedestrians (Camara et al., 2021; Fox et al., 2018; Gupta, Vasardani, & Winter, 2019; 

Gupta, Vasardani, Lohani, et al., 2019). In this study, we modeled AVs that do not always 

yield to pedestrians at unmarked midblock locations. Figure 1 illustrates the flowchart of 

AV behavior and signal modeling. We modeled two different AV behavior and signals: 

yellow signals indicating real-time negotiation behavior that will yield under certain 

circumstances, and blue signals indicating a platoon of AVs that will not yield to 

pedestrians. As shown in Figure 1, we also included a baseline scenario in which AVs 

operate the same as those with yellow signals, however, they won’t show any signal 

indications. In the absence of communication cues, pedestrians must rely on implicit AV 

behavior, such as vehicle speed and distance, to make crossing decisions. The AVs were 
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designed with a speed limit of 20 mph, and no turning maneuvers were included. 

Furthermore, all AV behavior and signal scenarios were randomized with different types 

of roadways during the experiment (Zou et al., 2023a). 

 

 

Figure 1 AV behavior and signal modeling flowchart  

1. Yellow Signal  

In this study, we developed AVs with negotiation behavior that displays a yellow 

signal. Negotiation is defined as “a dialogue between two or more people or parties to reach 

the desired outcome regarding one or more issues of conflict” (Wikipedia, 2023). In our 

study, negotiation is the process that the two parties- AV and pedestrian- to reach an 

agreement on who has the right of way to pass the road first. During the negotiation process, 

each party seeks to make the outcome beneficial to them considering their waiting time 

and risk. Both parties make decisions in real-time based on each other's actions, whether 

to yield or not. When a pedestrian is detected at the curb and facing perpendicularly to the 

AV's direction of travel, we consider it a conflict, and the AV displays a yellow signal. 
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During the training session, participants were informed that the yellow signal indicates that 

the AV has detected them and wants to negotiate. If the pedestrian reaches the conflict box 

(a rectangular box with the same width as the AV along the pedestrian's travel path), the 

AV will reduce its speed and yield to the pedestrian, and the pedestrian wins the 

negotiation. However, if the pedestrian has not reached the conflict box or hesitates and 

remains stationary, the AV wins the right of way and continues at its current speed. As 

shown in Figure 3, the yellow signal was placed in front of the AV to clearly communicate 

its intention to pedestrians. More details of the yellow signal and AV behavior algorithm 

can be found in another study (Zou et al., 2023a). 

2. Blue Signal  

As described in Figure 1, we also designed a platoon of AVs with blue signals that 

do not yield to pedestrians to optimize traffic system operations at unmarked midblock 

locations. A closely operating platoon of AVs with the same speed can benefit the traffic 

system at unmarked midblock locations. So, at such locations, the platoon of AVs will take 

priority ongoing and will not yield to the pedestrian. An example of the platoon of AVs 

with blue signals mixed with AVs with yellow signals is shown in Figure 2. Following the 

platoon of blue AVs, there will be a few AVs with yellow signals coming that negotiate 

with pedestrians, and another platoon of AVs with blue signals follows behind.   
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Figure 2 An Example of platoon of AVs with blue signal mixed with AVs with 

yellow signal 

Pedestrian Task  

The image in FigureError! Reference source not found. displays an instance of a 

participant waiting to cross a four-lane road with a central turning lane, in both the virtual 

reality environment and real life. Further details regarding the design of the road can be 

found in (Zou et al., 2023a). In this example, the participant is facing an AV displaying a 

yellow signal, indicating a negotiation between the AV and pedestrian. The participants 

were instructed to simulate picking up food from a restaurant located across the multilane 

road and then returning home. The closest crosswalk was far away so they decided to 

jaywalk the multilane road. Participants were told that all vehicles operating on the road 

that they need to interact with are AVs. To enable participants to stay in the VR 

environment for longer without being interrupted by researchers, we created new 

randomized scenarios that would be generated automatically for the participants after each 

task completion. 
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Figure 3 Pedestrian in VR (a), and reality (b) 

4.4.2 Surveys Design 

During the experiment, participants were asked to complete several surveys to 

study factors affecting their perception of AVs.  

Perception of AVs 

We developed a set of eight questions (listed in Table 1) to assess pedestrians’ 

perceptions of autonomous vehicles (AVs). Questions 1-7 were adapted from a previous 

study (Deb, Strawderman, et al., 2017), and we added question 8 to address concerns raised 

by other researchers about pedestrian occlusion issues (el Hamdani et al., 2020; Shetty et 

al., 2021; Zou, Deng, Iunn, Ogle, & Jin, 2023). Participants were asked to rate their 

responses on a five-point scale ranging from 1 (strongly disagree) to 5 (strongly agree). 

Questions 1-4 aimed to assess pedestrians’ overall feelings when interacting with AVs 

while crossing the road, while questions 5-8 assessed the effectiveness of AVs in detecting 

and interacting with pedestrians. The survey questions were administered to participants 
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both before and after they completed the VR experiment, to gauge any changes in their 

perceptions. 

Table 1 Perception of AVs Survey Item 

Perception of AVs Survey Item 

1. AVs will make the roads safer. 

2. I would feel safe to cross roads in front of AVs. 

3. It would take less effort from me to observe the surroundings and cross roads if there 

are AVs involved. 

4. I would find it pleasant to cross the road in front of AVs. 

5. Interacting with the AV system would not require a lot of mental effort. 

6. AV can correctly detect pedestrians on streets. 

7. AVs will be able to effectively interact with other vehicles and pedestrians. 

8. AVs will be able to detect me as a pedestrian even I am occluded by other obstacles. 

 

AV Behavior and Signaling 

The behavior and signaling of AVs are crucial factors affecting pedestrians' 

perception of AVs in this study. As outlined in the VR experiment design, two main types 

of AV behavior and signaling were modeled: a yellow signal indicating an AV with 

negotiation behavior, and a blue signal indicating a platoon of non-stopping AVs at the 

midblock location. Table 2 presents the questions related to AV behavior and signaling that 

were posed to participants after they completed the VR experiment. Question 1 inquires 

whether participants trust the yellow signal, with responses rated on a scale from 1 
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(definitely not) to 5 (definitely yes). Question 2 asks whether participants would feel 

inclined to cross the road in front of blue AVs, indicating a more aggressive behavior, with 

responses rated on a scale from 1 (extremely unlikely) to 5 (extremely likely). Questions 3 

and 4 inquire whether participants believe that the yellow and blue signals provided them 

with the correct information during the experiment, with responses rated on a scale from 1 

(definitely not) to 5 (definitely yes)." 

Table 2 AV Behavior and Signaling Questions 

Trust the signal 

1 Do you trust the yellow signal? 

Cross in front of a blue signal 

2 Would you enter the midblock location of the road when an autonomous 

vehicle gives a blue signal?  

Signals provide the correct information 

3 Do you think the yellow signal provides the correct information for you?  

4 Do you think the blue signal provides the correct information for you?  

 

Pedestrian Behavior Scale 

The 20-item general pedestrian behavior scale (Deb, Strawderman, et al., 2017) was 

utilized to categorize participants' behaviors as pedestrians. The pedestrian behavior scale 

comprises five subscales, which represent five categories of pedestrian behavior: violation, 

error, lapse, aggressive behavior, and positive behavior. Each category's definition is 

elaborated upon in (Deb, Strawderman, et al., 2017). The pedestrian behavior scale was 
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designed to determine if pedestrian behavior affects their perception of AVs. The 

questionnaire includes items such as "I cross outside the pedestrian crossing even if there 

is one (crosswalk) less than 50 meters away", "I cross between vehicles stopped on the 

roadway in traffic jams." Participants rated their responses on a five-point scale, ranging 

from 1 (never) to 5 (always)." 

Pedestrian Past Walking Exposure 

The four-item pedestrian past walking exposure questionnaire was developed to 

assess participants' daily utilitarian walking trips, weekly recreational walking trips, daily 

walking time, and whether they have access to appropriate pedestrian infrastructure (such 

as curb ramps, sidewalks, crosswalks, pedestrian crossing signals, etc.) in the areas where 

they walk. The purpose of the pedestrian past walking exposure questionnaire was to 

investigate whether pedestrians' perception of AVs was related to their walking frequency 

and location in the past.  

VR Sickness  

The simulator sickness questionnaire (SSQ), developed by (R. S. Kennedy et al., 

1993), was employed to monitor participants' motion sickness throughout the study. The 

SSQ comprises sixteen symptoms, including general discomfort, fatigue, headache, eye 

strain, difficulty focusing, increased salivation, sweating, nausea, difficulty concentrating, 

fullness of head, blurred vision, dizziness (eyes open), dizziness (eyes closed), vertigo, 

stomach awareness, and burping. After completing the training and each experimental 

block, participants were asked to rate the severity of their symptoms on a scale from none 

(represented by 0) to severe (represented by 3) 
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VR presence  

At the end of the experiment, a 15-item version of the Presence Questionnaire 

(version 2.0) was used to evaluate the level of immersion experienced by the participants 

in the VR environment (Witmer & Singer, 1998). The 15 questions include 12 items (3, 5, 

8, 9, 12-13, 18, and 23-27) directly adapted from (Witmer & Singer, 1998). We modified 

item 14 from (Witmer & Singer, 1998) to how completely you were able to obtain 

information about traffic in the environment using vision. Additionally, item 28 was 

modified to how well the visual display quality assisted you in performing assigned tasks. 

Finally, we included one new item that focused on the clarity and legibility of images and 

text during the experiment. These 15 questions were used to evaluate four contributing 

factors that contribute to the sense of presence in VR: distract factor, control factor, sensory 

factor, and realism factor (Witmer & Singer, 1998) (Witmer & Singer, 1998).  

4.4.3 Data Collection Procedure 

Figure 4 below shows the process of the data collection procedure, where the parts 

related to the survey are highlighted in bold. The participants first signed the consent form 

and then filled out surveys related to their demographics, pedestrian behavior scale, 

pedestrian past walking exposure, and perception of AVs. Next, the participants received 

a training session in VR to understand the tasks, get familiar with the equipment, and 

comprehend the meaning of yellow and blue signals and interact with AVs displaying 

different behavior and signaling. The data collection only began after the participants fully 

understood the AV signals. The participants then completed three repeated blocks, each 
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consisting of nine randomized trials with different AV signals and roadway scenes. Each 

participant completed a total of 27 trials. After the training and after each block, 

participants completed the 16-item SSQ to monitor their well-being. At the end, 

participants completed the perception of AVs questions one more time, as well as the AV 

behavior and signaling, and VR presence questions.  

 

Figure 4 An overview of the data collection procedure 

Fifty participants were recruited from Clemson University and the surrounding 

community, including 31 males and 19 females. The age range of the participants varied 

from 18 to over 60 years old, with 33 participants falling within the 18-29 age range, six 

participants within the 30-39 age range, six participants within the 40-49 age range, one 

participant within the 50-59 age range (ultimately combined with 40-49 age range), and 

four participants over the age of 60. No one dropped the experiment due to motion sickness. 
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The overall average sickness score of 5.788 was considered minimal sickness symptoms 

based on (R. , Kennedy et al., 2003). The average VR presence score of 4.33 out of 5 

represents that participants were very involved in the VR environment during the data 

collection process. At the end, each participant received a $20 gift card for their time. More 

details of the data collection procedure can be found in (Zou et al., 2023a).  

4.4.4 Statistical Model  

Wilcoxon Signed-rank Test  

This paper applies the Wilcoxon Signed-rank Test, a non-parametric test, for the 

before and after perception changes analysis. Wilcoxon Signed-rank Test is usually used 

for the analysis of matched-pair data and the data is not normal (Woolson, 2008). In this 

study, the dependent variables (perception to AVs) were rated from 1 to 5 both before and 

after, so the data is not normally distributed. The Null Hypothesis is that in the population, 

the central tendency between the paired data is zero (Woolson, 2008).   

Linear regression model 

A linear regression model is used to explore the relationship between dependent 

variable perception changes and independent variables like demographics, pedestrian 

behavior scale, pedestrian past walking exposure, AV behavior and signaling, and VR 

experience. The linear regression model is represented as follows, 

𝒚 = 𝑿𝜷 + 𝜺       
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Where, 𝑦 is a 𝑁 × 1 vector of the dependent variable. 𝑋 represents a 𝑁 × 𝑝 design 

matrix of 𝑝 explanatory variables. 𝑁 is the number of observations in the dataset used in 

the model.  

𝛽 represents a 𝑝 × 1 vector of the regression coefficients; 𝜀 is a  𝑁 × 1 vector of 

the residuals.  

R software is utilized to run linear regression model using "lm" package (Team & 

others, 2013).  

4.5 Results 

Our analysis begins by presenting descriptive statistics for all eight survey 

questions, both before and after the VR experiment. We then categorized these questions 

into two distinct factors: attitude and system effectiveness. Wilcoxon signed-rank tests 

were employed to determine whether there was a significant difference between the means 

of attitude and system effectiveness before and after the experiment. Finally, we delved 

into various factors that could impact pedestrian perception changes regarding AVs, such 

as AV behavior and signaling, demographics, pedestrian past behavior scale, pedestrian 

walking exposures, and the participant's VR experience. 

4.5.1 Descriptive Statistics 

Table 3 illustrates the percentage of responses for each of the eight survey items 

before and after the VR experiment. Participants provided answers on a scale of 1-5, 

ranging from strongly disagree to strongly agree. For example, consider question 1: "AVs 

will make the roads safer." Before the VR experiment, 4% of participants chose strongly 
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disagree, 6% chose somewhat disagree, 42% chose neither agree nor disagree, 34% chose 

somewhat agree, and 14% chose strongly agree. After interacting with AVs displaying 

different signals during our VR experiment, the percentage of participants who strongly 

disagreed remained the same, but only 2% selected somewhat disagree, and only 16% 

selected neither agree nor disagree. In contrast, 52% selected somewhat agree, and 26% 

selected strongly agree. Thus, 78% of participants agreed that AVs would make the roads 

safer, representing a 30% increase in agreement. 

Table 3 Frequency Distribution of Individual Scores 

Survey Item 

Frequency Distribution of Individual Scores (1-5)  

Before Percent After Percent 

1 2 3 4 5 1 2 3 4 5 

1. AVs will make the roads safer. 4 6 42 34 14 4 2 16 52 26 

2. I would feel safe to cross roads in 

front of AVs. 

6 26 32 26 10 0 0 14 58 28 

3. It would take less effort from me to 

observe the surroundings and cross roads 

if there are AVs involved. 

22 40 24 12 2 6 16 20 42 16 

4. I would find it pleasant to cross the 

road in front of AVS. 

4 28 56 8 4 0 10 24 44 22 

5. Interacting with the AV system would 

not require a lot of mental effort. 

6 26 38 22 8 8 20 16 38 18 

6. AV can correctly detect pedestrians on 

streets. 

4 16 36 40 4 0 2 16 52 30 
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7. AVs will be able to effectively interact 

with other vehicles and pedestrians. 

2 12 32 50 4 0 12 16 44 28 

8. AVs will be able to detect me as a 

pedestrian even I am occluded by other 

obstacles. 

10 30 40 20 0 10 12 40 26 12 

 

Figure 5 below depicts the changes in participant perception of AVs before and 

after the VR experiment. The figure demonstrates that, overall, there was a positive change 

in perception after participants completed the VR experiment. For example, participants 

were more likely to believe that AVs would make the roads safer, and they also felt safer 

and more comfortable crossing in front of AVs. However, it should be noted that there 

were only slight increases in responses for questions 5, 7, and 8. 
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Figure 5 Perception of AVs before and after the VR experiment 

This study aimed to investigate changes in participant perception. To achieve this, 

we combined the eight questions into two factors, representing different aspects of 

perception. Following the survey design of (Deb, Strawderman, et al., 2017), questions 1 

to 4 were grouped together as "attitude toward AVs," which reflects participants' positive 

or negative feelings towards AVs in general. Questions 5 to 8 were combined as "system 

effectiveness," which measures the extent to which participants trust that AVs can 

accurately detect and interact with pedestrians. 

Table 4 presents the changes in perception for each survey item and the two factors, 

Attitude and System Effectiveness. Similar to Figure 5, all eight survey questions in Table 

4 demonstrate positive changes in perception after the VR experiment. For example, the 

mean score of question 1 increased by 0.46, indicating that after participants interacted 
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with AVs in VR, the average response to the question “AVs will make the roads safer” 

increased by 0.46. The two survey items with the greatest increase in mean perception 

scores were questions 2 and 3, with values of 1.06 and 1.14, respectively. Conversely, 

question 5 had the least increase in mean perception score, with a value of 0.38. Overall, 

the aggregated results indicate that the Attitude factor had a mean perception change of 

0.91, while the System Effectiveness factor had a mean perception change of 0.55 after 

participants interacted with AVs in VR. 

Table 4 Perception Changes Before and After the VR Experiment 

Survey Item 

Perception Change 

(mean) 

Attitude 

Change 

(0.91) 

System 

Effectiveness 

Change 

(0.55) 

1. AVs will make the roads safer. 0.46  

2. I would feel safe to cross roads in front of AVs. 1.06  

3. It would take less effort from me to observe the surroundings and 

cross roads if there are AVs involved. 

1.14  

4. I would find it pleasant to cross the road in front of AVS. 0.98  

5. Interacting with the AV system would not require a lot of mental 

effort. 

 0.38 

6. AV can correctly detect pedestrians on streets.  0.86 
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7. AVs will be able to effectively interact with other vehicles and 

pedestrians. 

 0.46 

8. AVs will be able to detect me as a pedestrian even I am occluded 

by other obstacles. 

 0.48 

Note: 1 to 5 represent from strongly disagree to strongly agree 

4.5.2 Perception of AVs (before-after) 

To test the perception changes before and after the VR experiment, the Wilcoxon 

Signed-rank Test was applied since the before and after survey data were not normally 

distributed. The Null Hypothesis was that the central tendencies of the two dependent 

samples were the same in the population. The results, as shown in Table 5, reveal that the 

p-values for both Attitude and System Effectiveness were less than 0.05, indicating that 

the null hypothesis was rejected and the before and after mean differences were not the 

same. Table 5 further indicates that for both Attitude and System Effectiveness, the means 

after the VR experiment were greater than the means before the experiment. This implies 

that the overall attitude toward AVs and trust in the effectiveness of the AV system are 

significantly enhanced after the VR experiment. Therefore, the results confirm that our VR 

experiment design, which provided pedestrians with an immersive environment to interact 

with AVs, increased pedestrians' confidence in AVs. 

Table 5 Perception of AVs (before-after)  

  

Mean Wilcoxon signed-rank test 

Before After V value p-value 
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Attitude Change 2.92 3.8 883 < 2.2e-16 

System effectiveness Change 3.09  3.635 2288.5 1.17e-08 

 

Although Table 5 indicates that overall, pedestrians' perception of AVs improved, 

including their general attitude and trust in the effectiveness of AV systems. However, it 

is important to note that some participants gave lower scores on the survey questions after 

the VR experiment. 

For example, six out of fifty participants rated question 1, "AVs will make the roads 

safer," lower after the experiment. For questions 2, 3, 4, and 6, fewer than five participants 

rated their scores lower. For questions 7 and 9, around ten participants rated their scores 

lower. Notably, for question 5, fifteen participants rated their scores lower after the 

experiment. To investigate the factors that may have influenced these differing perceptions, 

the analysis utilized linear regression models. 

4.5.3 Factors Affecting the Perception Changes Toward AVs 

AV Behavior and Signaling 

Table 6 presents the findings of the impact of AV behavior and signaling on 

pedestrians' perception of AVs. The survey design for each question is outlined in the 

methodology section. The results reveal that trust in the yellow signal has a significant 

effect on pedestrians' perception of AVs, including their overall attitude and trust in the 

system's effectiveness. For instance, regarding attitude, the estimate of 1.438 indicate that 

the more pedestrians trust the yellow signal, the more likely they are to increase their 
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general attitude score towards AVs following the VR experiment. Similarly, for system 

effectiveness, pedestrians who trust the yellow signals are more likely to increase their trust 

in the AV system's effectiveness after the VR experiment. Additionally, the results of 

question 2 indicate that entering the midblock location of the road when an AV gives a 

blue signal significantly affects pedestrians' attitude towards AVs at a 0.1 significance 

level. The estimate of -0.773 suggest that the more pedestrians intend to enter the midblock 

location when AV gives a blue signal meaning non-stopping behavior, the less likely they 

are to change their attitude towards AVs after the VR experiment. Question 3 produced 

similar results to question 1, with the yellow signal providing the correct information being 

significant in the model at a 0.01 significance level. Those who believed that the yellow 

signal provided the correct information during the VR experiment were also more likely to 

have a positive attitude towards AVs and trust the AV system's effectiveness more. 

Table 6 Effects of AV Behavior and Signaling 

  

Attitude Change 

System Effectiveness 

Change 

Mean/ 

estimates 

p-value 

Mean/ 

estimates 

p-value 

1. Trust yellow signal 1.438 0.011* 1.612 0.005** 

2. Enter midblock with blue signal -0.773 0.073. -0.197 0.657 

3. Yellow signal provides the correct 

information 

1.596 0.005** 1.485 0.010** 
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4. Blue signal provides the correct 

information 

0.676 0.157 0.702 0.146 

Results with . are significant at a 0.1 level 

Results with * are significant at a 0.05 level 

Results with * *are significant at a 0.01 level 

Demographics 

Table 7 presents the ANOVA test results for demographic factors (age and gender) 

affecting the perception changes toward AVs. ANOVA test result shows that both age and 

gender are not significant in the model.  

Table 7: Effects of Demographics (ANOVA) 

  

Attitude Change System Effectiveness Change 

F-value p-value Mean/estimates p-value 

Age 1.923 0.139 0.519 0.671 

Gender 1.254 0.268 2.353 0.132 

 

Pedestrian Behavior Scale 

Table 8 shows the effects of pedestrian behavior scale, including violation, error, 

lapse, aggressive behavior and positive behavior. Results show that for both Attitude and 

System Effectiveness, the only significant variable is positive behavior at a 0.05 

significance level. Pedestrian violation, error, lapse, and aggressive behavior were not 

significant in the model. Taking Attitude as an example, the estimates of 1.911 for positive 

behavior mean that for one unit change in the positive behavior variable, the attitude change 

will be increased by 1.99.  



 116 

This suggests that pedestrians who show positive behavior are those who are more 

likely to increase their general attitude score toward AVs after the VR experiment. 

Similarly, for System effectiveness, pedestrians who show positive behavior are more 

likely to increase their trust to the AV system effectiveness after the VR experiment.  

Table 8 Effects of Pedestrian Behavior Scale 

  

Attitude Change System Effectiveness Change 

Mean/estimates p-value Mean/estimates p-value 

Violation -0.600 0.292 -0.076 0.896 

Error -0.940 0.305 -0.761 0.413 

Lapse -0.990 0.381 -0.313 0.785 

Aggressive behavior -0.209 0.859 0.299 0.802 

Positive behavior 1.911 0.013* 1.646   0.035 * 

Results with * are significant at a 0.05 level 

Pedestrian Past Walking Exposure 

Table 9 shows the effects of pedestrian past walking exposure, including the 

number of utilitarian walking trips per day, recreation walking trips per week, daily 

walking time, and if pedestrians have the proper pedestrian infrastructures for where they 

walk. Results show that none of the past walking exposure factors are significant in the 

models, meaning that pedestrians walking exposure do not affect how they change their 

perception of AVs, including their general attitude and their trust to the AV system 

effectiveness. The results imply that no matter how much pedestrians walk in the past and 

where they walk, the interaction with AV is still a new concept and experience to them. 
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So, pedestrians’ overall perception toward AVs is more dependent on their experience with 

AVs than their past walking exposure.  

Table 9 Effects of Pedestrian Past Walking Exposure 

  

Attitude Change 

System Effectiveness 

Change 

Mean/estimates p-value Mean/estimates p-value 

Utilitarian walking trips -0.712 0.182 -0.331 0.541 

Recreation walking trips 0.241 0.573 0.195 0.651 

Daily walking time -0.221 0.572 -0.366 0.353 

Proper pedestrian 

infrastructures 

0.634 0.263 0.091 0.874 

 

VR experience  

In order to understand how participants' experiences with VR impact their 

perception of AVs, we collected data on both VR motion sickness and VR presence scores. 

For VR motion sickness, we used the SSQ after the final experiment block to measure 

participants' overall sickness in the VR experiment. We calculated a total score based on 

all the symptoms reported, which represented the severity of sickness the participant 

experienced in the VR system. 

Table 10 below shows the effects of VR experience on pedestrians’ overall 

perception of AVs. Results show that motion sickness does not affect pedestrians’ overall 

attitude change toward AV. However, the degree of motion sickness experienced by 
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participants did significantly affect their trust in the AV system's effectiveness. The mean 

of -0.067 indicates that the more motion sickness the participants got in the VR experiment, 

the less change of trust they had in the AV system's effectiveness. Overall, our results 

suggest that experiencing motion sickness during a VR experiment did not necessarily 

result in a negative attitude toward AVs among pedestrians. However, it did impact their 

trust in the AV system's effectiveness. This finding highlights the importance of carefully 

designing VR experiments to avoid biased results due to participants' motion sickness. 

Additionally, our results show that participants' sense of presence in the VR experiment 

did not significantly impact their perception of AVs. 

Table 10 Effects of VR Experience 

  

Attitude Change 

System Effectiveness 

Change 

Mean/ 

estimates 

p-value 

Mean/ 

estimates 

p-value 

VR motion sickness -0.046 0.174 -0.067 0.049* 

VR presence -0.071 0.946 -0.566 0.590 

 

4.6 Conclusion and Discussion 

This paper aims to address one of the main challenges to the popularity of AVs, 

which is pedestrians' lack of trust and understanding of AVs and related technologies. To 

achieve this, the study used VR to provide pedestrians with an immersive environment to 

interact with and understand AVs. Specifically, an unmarked midblock location on a 
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multilane road was designed in the VR environment, with AVs modeled to exhibit 

negotiation behavior or non-yielding behavior if operating in a platoon. An eight-item 

perception survey was administered to pedestrians both before and after the VR 

experiment. We aim to investigate how this VR experience, as well as factors like the AV 

behavior and signaling change pedestrians’ perception of AVs.  

To investigate the impact of the VR experiment on pedestrian perceptions of AVs, 

the study aggregated the eight survey questions into two factors: Attitude and System 

Effectiveness. The Wilcoxon Signed-rank Test was then used to compare the pre-and post-

experiment perceptions. The results demonstrated that both overall attitude towards AVs 

and trust in the effectiveness of AV systems significantly improved after the VR 

experience. These findings suggest that the designed immersive VR environment allowed 

pedestrians to interact with AVs, which in turn increased their confidence in AV 

technology. 

Linear regression models were employed to examine the factors that impact the 

changes in pedestrians' perception. The study first investigated AV behavior and signaling-

related questions. The results revealed that the more pedestrians trust the yellow signals or 

perceive that the yellow signal provides correct information, the more likely they are to 

improve their general attitude towards AVs and to increase their trust in the AV system 

effectiveness after the VR experiment. This implies that the design of the yellow signal, 

which indicates that AVs detect the pedestrians and will negotiate and stop for them under 

certain circumstances, gives pedestrians more confidence and makes them feel more 

comfortable while interacting with AVs. Additionally, it was observed that pedestrians who 
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are more likely to cross the road aggressively when an autonomous vehicle displays a blue 

signal (non-yielding) are less likely to change their general attitude towards AVs after the 

VR experiment. This finding suggests that pedestrians who exhibit more aggressive 

crossing behavior are less likely to change their perception towards AVs as compared to 

those pedestrians who display more positive crossing behaviors. 

This paper also explored other factors that affect pedestrian perception changes 

toward AVs. Results show that age and gender do not affect how pedestrians change their 

perception toward AVs. Pedestrian behavior scale was also explored, including violation, 

error, lapse, aggressive behavior, and positive behavior. It is found that pedestrians who 

adhere to traffic regulations and display positive behavior towards other road users are 

more likely to exhibit a positive attitude change towards AVs and increase their trust in the 

AV system's effectiveness after the VR experiment. This indicates that rule followers 

comprehend the design of AV signals and comply with the signal design rules, resulting in 

a better perception of AVs after the VR experiment. 

Ultimately, we investigated the effects of VR experience on pedestrians’ perception 

changes toward AVs. Interestingly, it was discovered that even if participants experienced 

motion sickness during the experiment, they still had a more positive attitude towards AVs 

in general. However, if the experiment made them feel sick, they were less likely to have 

more trust in the AV system's effectiveness in detecting and interacting with pedestrians. 

This finding highlights the importance of carefully designing VR experiments to study 

pedestrians' trust, as motion sickness may lead to biased results. 
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CHAPTER FIVE 

 

CONCLUSIONS  

 

 

AVs are becoming increasingly important and prominent in transportation. The 

potential benefits of AVs include the elimination of crashes caused by human error, which 

could greatly improve the safety of the transportation system. However, there are concerns 

regarding the replacement of human drivers with autonomous control systems, particularly 

in terms of social interaction with road users, especially pedestrians who are the most 

vulnerable. AVs may face challenges in situations such as unmarked midblock locations 

on multilane roads in urban areas where right-of-way is not specified and pedestrians may 

enter the road at unexpected locations. To address this challenge, AVs need to interact with 

pedestrians, understand their behavioral response to AV operational and communication 

strategies, and communicate effectively with them. In addition, there is a lack of public 

understanding of AVs and their associated technologies, which is especially problematic 

for pedestrians. Therefore, it is important to provide pedestrians with a training 

environment that closely resembles reality to improve their understanding of AVs. 

This study used VR to simulate an urban/suburban midblock environment where 

pedestrians interact with AVs as they cross a four-lane arterial roadway. Three roadway 

scenes were designed in VR: a 4-lane undivided, a 4-lane with a TWLTL, and a 4-lane 

with a median. Three AV signal scenarios were included in the experiment: a No signal 

scenario, a Y signal scenario, and a YB signal scenario. In the No signal scenario, AVs 

negotiate the right-of-way with pedestrians without any signal indication. In the Y signal 

scenario, AVs negotiate the right-of-way with pedestrians through a yellow signal 
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indication portrayed to pedestrians, In the Y signal scenario, a red light is displayed when 

the vehicle can no longer negotiate and safely stop for the pedestrian. In the YB signal 

scenario, a platoon of AVs displaying blue signals indicating that they will not stop for 

pedestrians is added to the Y signal scenario.  

As alluded to in Chapter One, this research has three main research objectives. 

Objective one is to evaluate pedestrians' crossing behavior at an unmarked midblock 

location given different roadway centerline features (i.e., undivided, two-way left-turn lane 

(TWLTL), and median) and various AV operational schemes portrayed to pedestrians 

through on-vehicle signals (i.e., no signal, yellow negotiation indication, and yellow/blue 

negotiation/no-yield indications). Objective two is to assess pedestrian response to signal 

operations with a focus on conforming and aggressive pedestrian behavior. A question of 

interest is, “Which pedestrians cross in front of blue, what are their demographic 

characteristics and prior stated experiences as a pedestrian?”. We also aim to evaluate 

factors like age, gender, simulator sickness, and the progression of trial blocks on 

pedestrian behavior (i.e., accepted gap, walking time, and waiting time at the curb). 

Objective three is to evaluate how pedestrian perception of AVs changes after the VR 

experience and identify factors, such as AV behavior and signaling, pedestrian behavior 

scales, demographics, and VR sickness, which may impact the pedestrians' perception 

changes regarding AVs. 

Several key conclusions from this dissertation are listed below: 

1): Infrastructure design 
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This study concludes that roadway infrastructure design will continue to impact 

pedestrian behavior even after full penetration of AVs, including the waiting time at the 

curb, waiting time in the middle, walking time, and total crossing time. Participants in the 

undivided scene spent a longer time waiting at the curb and walking in the road. This was 

counter to expectations that the undivided scene would have the fastest walking time, with 

pedestrians hurrying across the road due to the lack of any center refuge. Observations 

indicate the slowdown may be due to consistent lane-by-lane decision-making while 

walking - slowing the process down overall. Another interesting result shows that the curb 

waiting time for TWLTL and median had the same response, but the two scenes had 

significantly different waiting times in the middle of the road, with the median being longer 

overall. Thus, the presence of the median allowed pedestrians to remain for extended time, 

while the presence of the TWLTL presented a threat of potential conflict with vehicles and 

decreased waiting time. Additionally, pedestrian behavior in the middle of the undivided 

road does not change regardless of the AV signal displayed. Finally, pedestrians leaving 

from the median are more likely to engage in risky behavior and cross in front of AVs 

showing blue signals with non-yielding behavior. This behavior may be described by the 

risk compensation theory which “suggests that people typically adjust their behavior in 

response to perceived levels of risk, becoming more careful where they sense greater risk 

and less careful if they feel more protected.” (Hasanzadeh et al., 2020; Masson et al., 2020)  

This research concludes that AV operations and signaling significantly impact 

pedestrians' behavior, including the accepted gap, waiting time at the curb, waiting time in 

the middle of the road, and the total crossing time. Compared to the AV without a signal, 
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the inclusion of the yellow signal significantly reduced the pedestrian’s accepted gap, their 

waiting time at the curb and in the middle of the road. Overall, pedestrians chose the largest 

gap between AVs with no signal present, meaning that when there is no communication 

between AV and pedestrians, pedestrians tend to accept a larger gap because of uncertain 

AV behavior. Pedestrians also walked the slowest when presented with a yellow signal 

indication because they knew the AVs would stop and wait for them. The addition of a 

platoon of non-yielding AVs at midblock can discourage jaywalking, though more 

aggressive pedestrians will still attempt crossings.  

3): Interaction between infrastructure design and AV operations and signaling  

Interaction effects between roadway centerline design features and AV operations 

and signaling are significant only for waiting time in the middle of the road. In terms of 

waiting time in the middle of the road, the introduction of non-stopping platoons with 

blue signals had the most substantial impact on the median roadway type, whereas the 

impact was least pronounced on the 4-lane undivided road. This discrepancy may be 

attributed to pedestrians on a multilane road with a median feeling more secure and 

confident in waiting, observing, and yielding to an AV displaying more aggressive 

behavior. Conversely, the absence of a refuge area may lead to a continuation of the 

crossing movement despite hazards that may exist. 

4) Other factors 

Other factors, such as demographics, past behaviors, and walking exposure of 

pedestrians, were also explored. Results indicate that older individuals tend to wait longer 

before making crossing decisions, and are less likely to cross in front of AVs showing a 
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blue signal with non-yielding behavior. Pedestrians’ stated past crossing behaviors and 

past walking exposures did not significantly impact pedestrian walking behavior 

interacting with AV. 

5): Pedestrians’ perception of AV  

Pedestrians’ perception of AV, including the overall attitude toward AVs and trust 

in the effectiveness of AV systems, was significantly improved after the VR experience. It 

is also found that the more pedestrians trust the yellow signals, the more likely they are to 

improve their perception of AVs. Further, pedestrians who exhibit more aggressive 

crossing behavior are less likely to change their perception towards AVs as compared to 

those pedestrians who display rule-conforming crossing behaviors. Also, pedestrians who 

experienced motion sickness in the VR experiment were less likely to have increased trust 

in the AV system's effectiveness.  

Some limitations of the VR simulation include:  

1) Only one pedestrian was interacting with AVs within the simulation.  Thus, 

there was no question of whether the AVs were signaling to a different 

pedestrian. However, given the multilane midblock crossing location, this 

scenario would be common – pedestrian crossings would be relatively random 

and likely singular or small group crossings.  

2) The gaps between AVs were not randomized and followed a repeating pattern. 

The gaps were also set at a moderately aggressive accepted gap which may be 

uncomfortable for some pedestrians. However, if large gaps had been provided, 

it would have reduced the need for interaction and negotiation with the AVs.  
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3) The Yellow-Blue signal included platoon operations (indicated by the blue 

signal) which gave priority to the AVs mobility. Further, the platoon operations 

were assumed to operate at steady state (i.e., no other vehicles were disturbing 

their speed or pattern).  This experimental design is counter to some fully risk-

averse operational scenarios for AVs. 

This dissertation affirms the utility of our VR experimental design, which provided 

an immersive environment for pedestrians to interact with AVs, as an effective research 

instrument to study pedestrian behavior in AV interaction. The VR environment enables 

the testing of various AV behaviors and their effect on pedestrian response, aiding the 

development of novel AV algorithms. Moreover, VR technology offers potential as a 

training tool in the near future for pedestrians to better interact with AVs. 
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Appendix A: Survey Design 

Pedestrian and Autonomous Vehicle 
Interaction in a Virtual Reality 
Environment 
 

 

Start of Block: ID 

 

Q1  

Welcome to our study of "Pedestrian and Autonomous Vehicle Interaction in a Virtual 

Reality Environment".  

 

 

First, please write down your participant number before you start. This number should be 

the same you input in your VR environment.  

o Your participant ID is:  

__________________________________________________ 

 

End of Block: ID 
 

Start of Block: Part 1: Pedestrian Demographics 

 

Part 1: Pedestrian Demographics 
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Q1  

What’s your age? 

o 18-29   

o 30-39   

o 40-49   

o 50-59   

o 60+   

 

 

 

Q2 What’s your gender? 

o Male   

o Female   

o Other   

 

End of Block: Part 1: Pedestrian Demographics 
 

Start of Block: Part 2: Pedestrian Walking Exposure 

 

 Part 2: Pedestrian Walking Exposure 
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Q1 How many utilitarian walking trips (walk to grocery and return home are two trips) 

do you make for a day (not recreation)? 

o Never  

o Rarely (1-2 times a day)   

o Often (3-4 times a day)   

o Frequently (5+ times a day)   

 

 

 

Q2 Do you walk for recreation? 

o Never   

o Once per month   

o Once per week   

o 2-3 times a week   

o Daily   

 

 

Q3 What range best describes your total daily walking time? 

o 0–14 min   

o 15–29 min  

o 30–44 min   

o 45–59 min   

o 60 min and above  
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Q4 To what destination(s) are you walking? (multiple selection)? 

▢ I only walk from my car to my work/school location   

▢ I walk from my home to my work/school location   

▢ I walk from home to restaurants, shops, etc   

▢ I walk from my work/school to restaurants, shops, etc   

▢ Other, please specify  

__________________________________________________ 

 

 

 

Q5 Do you have the proper pedestrian infrastructures for the place you walk (e.g. curb 

ramp, sidewalks, crosswalks, pedestrian crossing signals, etc) 

o Never   

o Rarely   

o Sometimes   

o Very often   

o Always   

 

End of Block: Part 2: Pedestrian Walking Exposure 
 

Start of Block: Part 3: Pedestrian Characteristics 

 

Part 3: Pedestrian Characteristics  
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Q1 As a pedestrian, how often do you have the following behaviors? Answers should be 

given on a 5-point scale: 
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 Never  Rarely  Occasionally  Frequently  Always  

1. I cross 
the street even 

though the 
pedestrian light 

is red.  

o  o  o  o  o  

2. I cross 
diagonally to 

save time.  
o  o  o  o  o  

3. I cross 
outside the 
pedestrian 

crossing even if 
there is one 

(crosswalk) less 
than 50 meters 

away.  

o  o  o  o  o  

4. I take 
passageways 
forbidden to 

pedestrians to 
save time.   

o  o  o  o  o  

5. I cross 
between 
vehicles 

stopped on the 
roadway in 
traffic jams.   

o  o  o  o  o  

6. I cross 
even if vehicles 

are coming 
because I think 
they will stop 

for me.  

o  o  o  o  o  
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7. I walk on 
roadway/cycling 

paths when I 
could walk on 
the sidewalk.  

o  o  o  o  o  

8. I run 
across the 

street without 
looking because 
I am in a hurry.  

o  o  o  o  o  

9. I realize 
that I have 

crossed several 
streets and 

intersections 
without paying 

attention to 
traffic.   

o  o  o  o  o  

10. I forget 
to look before 

crossing 
because I am 

thinking about 
something else.  

o  o  o  o  o  

11. I cross 
without looking 

because I am 
talking with 
someone.   

o  o  o  o  o  

12. I forget 
to look before 

crossing 
because I want 

to join someone 
on the sidewalk 

on the other 
side.  

o  o  o  o  o  
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13. I get 
angry with 

another road 
user 

(pedestrian, 
driver, cyclist, 
etc.), and I yell 

at him.  

o  o  o  o  o  

14. I cross 
very slowly to 

annoy a driver.  
o  o  o  o  o  

15. I get 
angry with 

another road 
user 

(pedestrian, 
driver, cyclist, 

etc.), and I 
make a hand 

gesture.  

o  o  o  o  o  

16. I have 
gotten angry 
with a driver 
and hit their 

vehicle.   

o  o  o  o  o  

17. I thank a 
driver who 

stops to let me 
cross.  

o  o  o  o  o  
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18. When I 
am 

accompanied by 
other 

pedestrians, I 
walk in single 
file on narrow 
sidewalks so as 
not to bother 

the pedestrians 
I meet.  

o  o  o  o  o  

19. I walk on 
the right-hand 

side of the 
sidewalk so as 
not to bother 

the pedestrians 
I meet.  

o  o  o  o  o  

20. I let a car go 
by, even if I 

have the right-
of-way, if there 

is no other 
vehicle behind 

it.  

o  o  o  o  o  

 

End of Block: Part 3: Pedestrian Characteristics 
 

Start of Block: Part 4: Pedestrian Trust to AV and Technology 

 

Part 4: Pedestrian Trust to AV and Technology 

 

 This section will ask questions about your feelings for autonomous vehicles (AVs). AVs 

are vehicles that do not require a human driver. How much would you agree or disagree 
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with the following statements. All items will be measured on the following 5- point 

Likert scale: 
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Strongly 
disagree  

Somewhat 
disagree  

Neither 
agree nor 
disagree  

Somewhat 
agree  

Strongly 
agree  

1. AVs will make 
the roads safer.  o  o  o  o  o  
2. I would feel 
safe to cross 

roads in front of 
AVs.  

o  o  o  o  o  

3. It would 
take less effort 

from me to 
observe the 

surroundings 
and cross roads 
if there are AVs 

involved.  

o  o  o  o  o  

4. I would 
find it pleasant 

to cross the 
road in front of 

AVS.  

o  o  o  o  o  

5.
 Interacti
ng with the AV 
system would 

not require a lot 
of mental 

effort.   

o  o  o  o  o  

6. AV can 
correctly detect 
pedestrians on 

streets.   
o  o  o  o  o  
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7. I would 
feel more 

comfortable 
doing other 
things (e.g., 

checking emails 
on my 

smartphone, 
talking to my 
companions) 

while crossing 
the road in 
front of AVs  

o  o  o  o  o  

8. AVs will 
be able to 
effectively 

interact with 
other vehicles 

and 
pedestrians.  

o  o  o  o  o  

9. AVs will be 
able to detect 

me as a 
pedestrian even 
I am occluded 

by other 
obstacles.   

o  o  o  o  o  

 

 

End of Block: Part 4: Pedestrian Trust to AV and Technology 
 

Start of Block: Part 5:Infrastructure 

 

 Part 5:Roadway Infrastructure 

How safe would you feel to cross the following roadways, from 1(not safe at all) to 5 

(very safe) 
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Q1 

(1) Cross a multi-lane road with a two-way left turn lane. 

 
Not safe at 

all  
Not very 

safe  
Neutral  

Somewhat 
safe  

Very safe  

How safe 
would you 

feel to cross 
the this 

roadway   

o  o  o  o  o  

 

 

 

 

Q2 

(2) Cross a multi-lane road with a median. 

  

 
Not safe at 

all  
Not very 

safe  
Neutral  

Somewhat 
safe  

Very safe  

How safe 
would you 

feel to cross 
the this 

roadway  

o  o  o  o  o  

 

 

 

 

Q3  

(3) Cross a multi-lane road.  

 
Not safe at 

all  
Not very 

safe  
Neutral  

Somewhat 
safe  

Very safe  

How safe 
would you 

feel to cross 
the this 

roadway   

o  o  o  o  o  
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Page Break  

  



 159 

 

Q4 Cross a multi-lane road with a median. 

  

 
Not safe at 

all  
Not very 

safe  
Neutral  

Somewhat 
safe  

Very safe  

How safe 
would you 

feel to cross 
the this 

roadway   

o  o  o  o  o  

 

 

 

 

Q5  

 Cross a multi-lane road with a two-way left turn lane. 

  

 
Not safe at 

all  
Not very 

safe  
Neutral  

Somewhat 
safe  

Very safe  

How safe 
would you 

feel to cross 
the this 

roadway   

o  o  o  o  o  

 

 

 

 

Q6 Cross a multi-lane road with a median. 

  

 
Not safe at 

all  
Not very 

safe  
Neutral  

Somewhat 
safe  

Very safe  

How safe 
would you 

feel to cross 
the this 

roadway   

o  o  o  o  o  
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Page Break  
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Q7 Cross a multi-lane road with a two-way left turn lane. 

  

 
Not safe at 

all  
Not very 

safe  
Neutral  

Somewhat 
safe  

Very safe  

How safe 
would you 

feel to cross 
the this 

roadway   

o  o  o  o  o  

 

 

 

 

Q8 Cross a multi-lane road with a median. 

  

 
Not safe at 

all 
Not very 

safe  
Neutral  

Somewhat 
safe  

Very safe  

How safe 
would you 

feel to cross 
the this 

roadway  

o  o  o  o  o  

 

 

 

 

Q9 Cross a multi-lane road. 

  

 
Not safe at 

all  
Not very 

safe  
Neutral  

Somewhat 
safe  

Very safe  

How safe 
would you 

feel to cross 
the this 

roadway  

o  o  o  o  o  
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End of Block: Part 5:Infrastructure 
 

Start of Block: Break 

 

Now please wear the VR headset to start the training. 

 

End of Block: Break 
 

Start of Block: VR Sickness Questionnaire (after training) 

 

VR Sickness Questionnaire (after training) 

 

 

 

  

Note: the following definitions may be useful for this question 

*Vertigo is experienced as loss of orientation with respect to vertical upright 

 

*Stomach awareness is usually used to indicate a feeling of discomfort that is just short 

of nausea. 

 

Please move the slider to indicate how much each symptom is affecting you. 

 Scale: 0 = “not at all” to 3 = “severe" 

 Not at all Mild Moderate Severe 
 

 0 1 2 3 
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1. General discomfort () 
 

2. Fatigue () 
 

3. Headache () 
 

4. Eyestrain () 
 

5. Difficulty focusing () 
 

6. Increased salivation () 
 

7. Sweating () 
 

8. Nausea () 
 

9. Difficulty concentrating () 
 

10. Fullness of head () 
 

11. Blurred vision () 
 

12. Dizziness (eyes open) () 
 

13. Dizziness (eyes closed) () 
 

14. Vertigo () 
 

15. Stomach awareness () 
 

16. Burping () 
 

 

 

End of Block: VR Sickness Questionnaire (after training) 
 

Start of Block: Understanding AV signals after training 

 

Understanding AV signals after training 
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Q1 What does autonomous vehicle (AV) yellow signal mean? 

o The vehicle sees me and wants to negotiate with me  (1)  

o The vehicle sees me but cannot stop for me because there is not enough time  (2)  

o The vehicle sees me but will not stop for me to allow the traffic stream to keep 

moving  (3)  

o I am not sure  (4)  

 

 

 
 

Q2 What does autonomous vehicle (AV) red signal mean? 

o The vehicle sees me and wants to negotiate with me  (1)  

o The vehicle sees me but cannot stop for me because there is not enough time  (2)  

o The vehicle sees me but will not stop for me to allow the traffic stream to keep 

moving  (3)  

o I am not sure  (4)  
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Q3 What does autonomous vehicle (AV) blue signal mean? 

o The vehicle sees me and wants to negotiate with me  (1)  

o The vehicle sees me but cannot stop for me  (2)  

o The vehicle sees me but will not stop for me to allow the traffic stream to keep 

moving  (3)  

o I am not sure  (4)  

 

End of Block: Understanding AV signals after training 
 

Start of Block: Block 18 

 

Now please wear the VR headset to start the experiment. 

 

End of Block: Block 18 
 

Start of Block: VR Sickness Questionnaire (after first sets) 

 

VR Sickness Questionnaire (after first sets) 

 

 

 

 

Note: the following definitions may be useful for this question 

*Vertigo is experienced as loss of orientation with respect to vertical upright 

 

*Stomach awareness is usually used to indicate a feeling of discomfort that is just short 

of nausea. 

 

Please move the slider to indicate how much each symptom is affecting you. 

 Scale: 0 = “not at all” to 3 = “severe" 

 Not at all Mild Moderate Severe 
 

 0 1 2 3 
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1. General discomfort () 
 

2. Fatigue () 
 

3. Headache () 
 

4. Eyestrain () 
 

5. Difficulty focusing () 
 

6. Increased salivation () 
 

7. Sweating () 
 

8. Nausea () 
 

9. Difficulty concentrating () 
 

10. Fullness of head () 
 

11. Blurred vision () 
 

12. Dizziness (eyes open) () 
 

13. Dizziness (eyes closed) () 
 

14. Vertigo () 
 

15. Stomach awareness () 
 

16. Burping () 
 

 

 

End of Block: VR Sickness Questionnaire (after first sets) 
 

Start of Block: Block 19 

 

Now please wear the VR headset to continue the experiment. 

 

End of Block: Block 19 
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Start of Block: VR Sickness Questionnaire (after second sets) 

 

VR Sickness Questionnaire (after second sets) 

 

 

 

 

Note: the following definitions may be useful for this question 

*Vertigo is experienced as loss of orientation with respect to vertical upright 

 

*Stomach awareness is usually used to indicate a feeling of discomfort that is just short 

of nausea. 

 

Please move the slider to indicate how much each symptom is affecting you. 

 Scale: 0 = “not at all” to 3 = “severe" 

 Not at all Mild Moderate Severe 
 

 0 1 2 3 
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1. General discomfort () 
 

2. Fatigue () 
 

3. Headache () 
 

4. Eyestrain () 
 

5. Difficulty focusing () 
 

6. Increased salivation () 
 

7. Sweating () 
 

8. Nausea () 
 

9. Difficulty concentrating () 
 

10. Fullness of head () 
 

11. Blurred vision () 
 

12. Dizziness (eyes open) () 
 

13. Dizziness (eyes closed) () 
 

14. Vertigo () 
 

15. Stomach awareness () 
 

16. Burping () 
 

 

 

End of Block: VR Sickness Questionnaire (after second sets) 
 

Start of Block: Block 20 

 

Now please wear the VR headset to continue the experiment. 

 

End of Block: Block 20 
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Start of Block: VR Sickness Questionnaire (end of experiment) 

 

VR Sickness Questionnaire (end of experiment) 

 

 

 

 

Note: the following definitions may be useful for this question 

*Vertigo is experienced as loss of orientation with respect to vertical upright 

 

*Stomach awareness is usually used to indicate a feeling of discomfort that is just short 

of nausea. 

 

Please move the slider to indicate how much each symptom is affecting you. 

 Scale: 0 = “not at all” to 3 = “severe" 

 Not at all Mild Moderate Severe 
 

 0 1 2 3 
 



 170 

1. General discomfort () 
 

2. Fatigue () 
 

3. Headache () 
 

4. Eyestrain () 
 

5. Difficulty focusing () 
 

6. Increased salivation () 
 

7. Sweating () 
 

8. Nausea () 
 

9. Difficulty concentrating () 
 

10. Fullness of head () 
 

11. Blurred vision () 
 

12. Dizziness (eyes open) () 
 

13. Dizziness (eyes closed) () 
 

14. Vertigo () 
 

15. Stomach awareness () 
 

16. Burping () 
 

 

 

End of Block: VR Sickness Questionnaire (end of experiment) 
 

Start of Block: Part 4:Pedestrian Trust to AV and Technology (post experiment) 

 

Part 4: Pedestrian Trust to AV and Technology (post experiment) 
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Q1 This section will ask questions about your feelings for autonomous vehicles (AV) 

after you went through this experiment. How much would you agree or disagree with the 

following statements. All items will be measured on the following 5- point Likert scale: 
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Strongly 
disagree  

Somewhat 
disagree  

Neither 
agree nor 
disagree 

Somewhat 
agree 

Strongly 
agree  

1. AVs will 
make the roads 

safer.  
o  o  o  o  o  

2. I would 
feel safe to 

cross roads in 
front of AVs.  

o  o  o  o  o  

3. It would 
take less effort 

from me to 
observe the 

surroundings 
and cross roads 
if there are AVs 

involved.  

o  o  o  o  o  

4. I would 
find it pleasant 

to cross the 
road in front of 

AVS.   

o  o  o  o  o  

5.
 Interacti
ng with the AV 
system would 

not require a lot 
of mental 

effort.  

o  o  o  o  o  

6. AV can 
correctly detect 
pedestrians on 

streets.  
o  o  o  o  o  
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7. I would 
feel more 

comfortable 
doing other 
things (e.g., 

checking emails 
on my 

smartphone, 
talking to my 
companions) 

while crossing 
the road in 
front of AVs   

o  o  o  o  o  

8. AVs will 
be able to 
effectively 

interact with 
other vehicles 

and 
pedestrians.  

o  o  o  o  o  

9. AVs will be 
able to detect 

me as a 
pedestrian even 
I am occluded 

by other 
obstacles.  

o  o  o  o  o  

 

 

End of Block: Part 4:Pedestrian Trust to AV and Technology (post experiment) 
 

Start of Block: Infrastructure(post experiment) 

 

 

Part 5:Roadway Infrastructure(post experiment) 

After you went though this experiment, how safe would you feel to cross the following 

roadways , from 1(not safe at all) to 5 (very safe) 
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Q1 

(1) Cross a multi-lane road with a two-way left turn lane. 

 
Not safe at 

all (1) 
Not very 
safe (2) 

Neutral (3) 
Somewhat 

safe (4) 
Very safe 

(5) 

How safe 
would you 

feel to cross 
the this 

roadway  

o  o  o  o  o  

 

 

 

 

Q2 

(2) Cross a multi-lane road with a median. 

  

 
Not safe at 

all (1) 
Not very 
safe (2) 

Neutral (3) 
Somewhat 

safe (4) 
Very safe 

(5) 

How safe 
would you 

feel to cross 
the this 

roadway  

o  o  o  o  o  

 

 

 

 

Q3 

(3) Cross a multi-lane road.  

 
Not safe at 

all (1) 
Not very 
safe (2) 

Neutral (3) 
Somewhat 

safe (4) 
Very safe 

(5) 

How safe 
would you 

feel to cross 
the this 

roadway   

o  o  o  o  o  
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Page Break  
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Q4 Cross a multi-lane road with a median. 

  

 
Not safe at 

all (1) 
Not very 
safe (2) 

Neutral (3) 
Somewhat 

safe (4) 
Very safe 

(5) 

How safe 
would you 

feel to cross 
the this 

roadway  

o  o  o  o  o  

 

 

 

 

Q5 Cross a multi-lane road with a two-way left turn lane. 

  

 
Not safe at 

all (1) 
Not very 
safe (2) 

Neutral (3) 
Somewhat 

safe (4) 
Very safe 

(5) 

How safe 
would you 

feel to cross 
the this 

roadway   

o  o  o  o  o  

 

 

 

 

Q6 Cross a multi-lane road with a median. 

  

 
Not safe at 

all (1) 
Not very 
safe (2) 

Neutral (3) 
Somewhat 

safe (4) 
Very safe 

(5) 

How safe 
would you 

feel to cross 
the this 

roadway  

o  o  o  o  o  
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Page Break  
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Q7 Cross a multi-lane road with a two-way left turn lane. 

  

 
Not safe at 

all (1) 
Not very 
safe (2) 

Neutral (3) 
Somewhat 

safe (4) 
Very safe 

(5) 

How safe 
would you 

feel to cross 
the this 

roadway   

o  o  o  o  o  

 

 

 

 

Q8 Cross a multi-lane road with a median. 

  

 
Not safe at 

all (1) 
Not very 
safe (2) 

Neutral (3) 
Somewhat 

safe (4) 
Very safe 

(5) 

How safe 
would you 

feel to cross 
the this 

roadway 8  

o  o  o  o  o  

 

 

 

 

Q9 Cross a multi-lane road. 

  

 
Not safe at 

all (1) 
Not very 
safe (2) 

Neutral (3) 
Somewhat 

safe (4) 
Very safe 

(5) 

How safe 
would you 

feel to cross 
the this 

roadway   

o  o  o  o  o  
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End of Block: Infrastructure(post experiment) 
 

Start of Block: Part 6 HMI 

 

 Part 6: HMI (Human machine interface) 

 

 

 

Q1 Which of the following autonomous vehicle signal means that the vehicle sees you 

but will not stop for you to allow the traffic stream to keep moving 

o Yellow signal  (1)  

o Blue signal  (2)  

o Red signal  (3)  

o Not sure  (4)  

 

 

 

Q2 Which of the following autonomous vehicle signal means that the vehicle sees you 

but cannot stop for you because there is not enough time? 

o Yellow signal  (1)  

o Blue signal  (2)  

o Red signal  (3)  

o Not sure  (4)  
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Q3 Which of the following autonomous vehicle signal means that the vehicle sees you 

and wants to negotiate with you? 

o Yellow signal  (1)  

o Blue signal  (2)  

o Red signal  (3)  

o Not sure  (4)  

 

 

 

Q4 Do you trust the signals? 

 
Definitely 

not  
Probably 

not  
Might or 

might not  
Probably 

yes  
Definitely 

yes  

Yellow 
signal (1)  o  o  o  o  o  

Red signal 
(2)  o  o  o  o  o  

Blue signal 
(3)  o  o  o  o  o  
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Q5 How safe would you feel entering the midblock location of the road with the addition 

of yellow signal feature added to an autonomous vehicle? 

o Not safe at all  

o Not very safe   

o Neutral   

o Somewhat safe   

o Very safe   

 

 

 

Q6 Would you enter the midblock location of the road when an autonomous vehicle gives 

a red signal? 

o Extremely unlikely   

o Somewhat unlikely   

o Neither likely nor unlikely  

o Somewhat likely   

o Extremely likely   
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Q7 Would you enter the midblock location of the road when an autonomous vehicle gives 

a blue signal? 

o Extremely unlikely   

o Somewhat unlikely   

o Neither likely nor unlikely   

o Somewhat likely   

o Extremely likely    

 

 

 

Q8 Do you think the following signals provide the correct information for you? 

 
Definitely 

not  
Probably 

not  
Might or 

might not  
Probably 

yes  
Definitely 

yes  

Yellow 
signal (1)  o  o  o  o  o  

Red signal 
(2)  o  o  o  o  o  

Blue signal 
(3)  o  o  o  o  o  

 

 

End of Block: Part 6 HMI 
 

Start of Block: VR Presence survey 

 

Part 8: Presence Questionnaire 
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Please rate the following presence questions based on a 5-point scale (from low to high, 1 

to 5) 
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 1  2  3  4  5  

1. How 
natural did 

your 
interactions 

with the 
environment 

seem?  

o  o  o  o  o  

2. How much 
did the visual 
aspects of the 
environment 
involve you?  

o  o  o  o  o  

3. How aware 
were you of 

events 
occurring in 

the real world 
around you?  

o  o  o  o  o  

4. How aware 
were you of 
your display 
and control 

devices?   

o  o  o  o  o  

5. How much 
did your 

experiences 
in the virtual 
environment 

seem 
consistent 

with your real 
world 

experiences?  

o  o  o  o  o  
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6. Were you 
able to 

anticipate 
what would 
happen next 
in response 

to the actions 
that you 

performed?  

o  o  o  o  o  

7. How 
completely 
were you 

able to obtain 
information 
about traffic 

in the 
environment 
using vision?  

o  o  o  o  o  

8. How 
compelling 
was your 
sense of 
moving 

around inside 
the virtual 

environment?  

o  o  o  o  o  

9. How 
involved were 

you in the 
virtual 

environment 
experience?  

o  o  o  o  o  

10. How 
distracting 

was the 
control 

mechanism?  

o  o  o  o  o  
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11. How 
much delay 

did you 
experience 

between your 
actions and 

expected 
outcomes?  

o  o  o  o  o  

12. How 
quickly did 

you adjust to 
the virtual 

environment 
experience?  

o  o  o  o  o  

13. How 
proficient in 
moving and 
interacting 

with the 
virtual 

environment 
did you feel 

at the end of 
the 

experience?  

o  o  o  o  o  

14. How well 
did the visual 

display 
quality assist 

you from 
performing 

assigned 
tasks?  

o  o  o  o  o  

15. Were the 
images and 

text clear and 
legible during 

the 
experiment?  

o  o  o  o  o  
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End of Block: VR Presence survey 
 

Start of Block: Last part: glasses 

 

 Last part, about glasses 

 

 

 

Q1 Do you normally wear glasses or contact lens for reading?  

o No  (1)  

o Yes, up close  (2)  

o Yes, distance far away  (3)  

o Yes, both up close and distance far away  (4)  

 

 

 

Q2 Did you wear your glasses or contact lens while wearing the headset? 

o Yes  (1)  

o No  (2)  

 

End of Block: Last part: glasses 
 

Start of Block: Submit 

 

 You are almost there, please click submit! 

 

End of Block: Submit 
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