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Abstract 
The focus placed on pedestrian safety is based on the alarming increase in fatalities 

in the U.S. in recent years. The 6,283 pedestrian fatalities observed in 2018 was the 

largest number on record from the previous 28 years. The study of pedestrian behavior 

and the evaluation of new and innovative pedestrian safety countermeasures are 

needed to reduce road-related fatalities. The objective of this study was to carry out a 

roadway crossing experiment using virtual reality (VR) simulation equipment. The study 

analyzed the behavior of pedestrians when making the decision to cross at an 

uncontrolled location on a one-lane and a two-lane urban street. The experiment 

included eight scenarios showing different vehicle speeds and vehicle gap values. The 

goal was to measure the ability of the subjects to detect safe vehicle gap times in traffic 

to cross the road and their walking speeds when crossing. Comparisons between 

gender and age groups were made based on the factors measured in the experiment. 

The average time of the gaps taken by the pedestrians varied from 4.5 to 4.7 s for males 

and from 4.4 to 4.8 s for females in the one-lane crossing setting. For the two-lane 

crossing setting, the average time of the gaps taken increased from 6.6 to 7 seconds for 

males and from 6.4 to 6.7 s for females. The average walking speed varied from 4.11 to 

4.75 ft/s depending on the vehicle gap and speed combinations. Although no major 

differences were observed between the male/female speed distributions, it was found 

that 7% of the female population needed to address the crossing at a faster pace than 

the male group. The age group with the lowest crossing success rate of 89.6% was 

found for the 66-85 age group when crossing the one-lane road. This result indicates 

that older pedestrians are most exposed to traffic accidents when crossing at an 

uncontrolled location, especially when facing high vehicle speeds. The results from this 

initial experiment using the VR headset demonstrate the potential benefits and promise 

of the use of this new technology to study human behavior in a controlled scenario. The 
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results show that the recent advances in VR have improved the fidelity of the technology 

allowing measurement of human factors that reflect real-life values. 



 

 
 

1 Study of Gap Acceptance and Walking Speeds of Pedestrians Using Virtual Reality Simulation 

1.Introduction  

1.1 Pedestrian Fatalities and Fatality Rates in the United States 

Nationwide forums have been established in recent years to discuss the increasing 

numbers of pedestrian fatalities in the United States (U.S.), to better understand 

pedestrian gap acceptance for different vehicle approach speeds in urban settings, and to 

promote the identification and implementation of effective countermeasures. The focus of 

these dialogues has been on the study of the roadway circumstances and the related 

behavioral factors that cause these fatalities with the intention to evaluate the potential of 

road geometric design modifications, new or improved safety treatments, and education 

strategies that can effectively modify road user behavior or performance. 

The higher focus placed on pedestrian safety is based on the alarming increasing 

numbers of fatalities in the U.S. in recent years. The following pedestrian fatality crash 

data are from the years 2009 to 2019. Pedestrian fatalities increased from 4,109 in 2009 

to 6,283 in 2018, a 53% increase. Meanwhile, the overall road-related fatalities in the 

country increased by just 2% during the same period (GHSA, 2020). This is accentuated 

by the fact that the number of pedestrian fatalities in 2018 was the highest recorded since 

1990, according to the National Highway Traffic Safety Administration (NHTSA, 2020). A 

recent report from the National Center for Statistics and Analysis (NCSA, 2020) reported 

a 2.7% decrease in pedestrian fatalities for the year 2019 compared to 2018, providing a 

pause in the aforementioned disturbing trend. Notwithstanding this positive change in the 

national trend, 24 states still experienced in 2019 an increase or remained at the same 

number of pedestrian fatalities. Figure 1 shows the pedestrian fatalities observed for 2019 

in the U.S., including Puerto Rico. California (972), Florida (713), Texas (649), New York 

(268), and Georgia (236) were the five states with the highest numbers of pedestrian 

deaths in 2019, accounting for 45% of the total in the U.S. while having about 36% of the 

total population. The top five states that recorded the highest reduction in pedestrian 



 

 
 

2 Study of Gap Acceptance and Walking Speeds of Pedestrians Using Virtual Reality Simulation 

fatalities from 2018 to 2019 were Pennsylvania (50), Louisiana (46), Indiana (41), Georgia 

(26), and Arizona (24), an equivalent of 187 fewer fatalities in those states alone. The total 

reduction observed in the U.S. for that period was 185 deaths, so the net effect of the 

2018-2019 change in pedestrian fatalities for the other 47 U.S. locations was +2.    

 

 

Figure 1 - Pedestrian Fatalities in the U.S. for the Year 2019 

 

It is expected that the states with the highest population figures will also have the 

highest number of fatalities (the actual correlation between the two values is 0.94). 

Therefore, the fatality rate is a preferred statistic for making comparisons between 

locations because it accounts for the exposure level. For example, Puerto Rico had 100 

pedestrian fatalities and Washington state had 97 pedestrian fatalities in 2019, which will 

position the two locations in the 20th and 21st highest positions in the U.S., respectively. 

However, Washington state had a population of 7.6 million in 2019, while Puerto Rico had 
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a population of 3.19 million. Therefore, Puerto Rico’s population is 2.4 times lower than 

that of Washington and 3.3 to 12.4 times lower than those of the top five states in 

pedestrian fatalities in the U.S. The analysis of traffic fatalities must account for the 

exposure effect. In this comparison, the impact of pedestrian fatalities is higher for Puerto 

Rico than for Washington state, even though their frequencies are similar.  

For the safety analysis of motor vehicle crashes, the number of fatalities is divided by 

the exposure, as represented by the number of vehicles passing an intersection or the 

vehicle-miles traveled along a road segment. The miles traveled by pedestrians are not 

typically recorded, therefore the exposure effect is indirectly measured by the population. 

The pedestrian fatality rate might present a different story than the frequency, which merits 

analysis as well. Figure 2 shows the pedestrian fatality rate per 100k inhabitants for 2019 

in the U.S., including Puerto Rico.  

 

 

Figure 2 - Pedestrian Fatality Rates in the U.S. for the Year 2019  
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The five states with the highest pedestrian fatality rates per 100k inhabitants in 2019 

are New Mexico (3.96), Florida (3.32), Delaware (3.29), South Carolina (3.11), and 

Arizona (2.91). The overall pedestrian fatality rate for the U.S., including Puerto Rico, is 

1.90, showing a 3.3% reduction from the 2018 rate of 1.97. If Puerto Rico is included in 

the ranking, the territory will occupy the fourth overall position with a fatality rate of 3.13 

(even though the 2019 rate for the territory was 13.8% lower than for 2018). It is 

noteworthy that out of the top 10 positions in terms of fatality rate, eight locations show 

reductions up to 27.9% (highest value for Louisiana) compared with 2018. The overall 

picture based on the fatality rate is more promising than for the frequencies, in the sense 

that only 19 states show an increased rate compared with 2018. On the other hand, 31 

states have pedestrian fatality rates higher than the 2019 U.S. fatality rate.     

The U.S. locations with a disproportionate increase in the number of pedestrian deaths 

and those with high fatality rates should increase their efforts to raise the level of concern 

and attention to pedestrian safety. The focus must be directed to the study of the main 

factors and circumstances associated with the deaths of vulnerable road users in those 

locations to identify patterns in the behavior and performance of pedestrians and evaluate 

the potential benefits of innovative safety countermeasures for the highway system. The 

Every Day Counts (EDC) initiative of the Federal Highway Administration (FHWA) is a 

state-based model to identify and rapidly deploy proven, yet underutilized innovations to 

shorten the project delivery process, enhance roadway safety, reduce traffic congestion, 

and integrate automation (FHWA, 2020). The innovations promoted by the EDC program 

can assist in saving resources, money, time, and, most importantly, the lives of road users. 

The Safe Transportation for Every Pedestrian (STEP) is one of the EDC initiatives, 

focusing on the systemic application of cost-effective countermeasures with known safety 

benefits to reduce pedestrian fatalities at both uncontrolled and signalized crossing 

locations (FWHA, 2020). To improve pedestrian safety, the STEP program promotes 

seven countermeasures, named “the spectacular seven”, which include road diets, 
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pedestrian hybrid beacons, pedestrian refuge islands, raised crosswalks, crosswalk 

visibility enhancements, Rectangular Rapid Flashing Beacons (RRFB), and leading 

pedestrian intervals (FHWA, 2020).   

1.2 Research Problem Statement 

Road crashes are random and rare events. An effective safety analysis must be 

comprehensive and consider the impact of many factors related to the road, the vehicle, 

and the road user. These factors, alone or in combination, have a significant impact on 

both the frequency and severity of crashes. Some of the major factors related to crashes 

are the roadway type and its geometry, the traffic conditions and the road context under 

which it operates, the climate, the distribution of vehicle types and their condition, and the 

characteristics, experience, behavior, and performance of road users. The numbers of 

pedestrian deaths and injuries occurring around the world are already at tragic 

proportions, and the projections are that the situation will be worse in the future if no 

immediate actions are taken.  

The United Nations Road Safety Collaboration (UNRSC, 2020) indicates that 46% of 

the 1.3 million annual road fatalities happening worldwide are from pedestrians, cyclists, 

and motorcyclists. Their study about the roadway conditions in 54 countries found that 

92% of roads do not provide pedestrian crossing facilities at locations where pedestrians 

cross the road in the presence of traffic traveling at 25 mph (40 km/h) and at 22% of the 

poorly signed or maintained. In the case of pedestrian fatalities in the U.S., NCSA 

identified that around three out of each four of these events occurred in urban areas, 

during dark conditions, and at locations outside of intersections (NCSA, 2018). About one-

third of the road fatalities in Puerto Rico are pedestrians, with 90% of these events 

occurring outside of intersections, and 88% are related to an improper action or traffic law 

violation made by the pedestrian (PRHTA, 2018). Zegeer et al. (2001) studied crash data 

from the years 1994-1998 from 28 U.S. cities and established that drivers failing to yield 
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represented 41.5% of pedestrian crashes in marked crosswalks and 31.7% in unmarked 

crosswalks.  

Also, improper pedestrian behavior was found to contribute to crashes. Other 

contributing factors include road environment characteristics, facility and lighting 

conditions (FHWA, 2017). Retting found that 59% of the pedestrian-related fatalities in 

2018 in the U.S. occurred on a non-freeway arterial, 22% happened on local and collector 

streets, and 16% on freeways).  In terms of pedestrian characteristics, the fatalities for 

men increased by 3.0%, and the fatalities for women increased by 4.8% in 2018 compared 

to 2017 (Retting, 2019). The 45-54 age group had the highest number of pedestrian 

fatalities and the 55-64 age group had the second highest number. The Puerto Rico 

Strategic Highway Safety Plan 2019-2023 (PRHTA, 2018) identified that the profile of 

pedestrian deaths on Puerto Rico roads was a 55-year-old male walking along the 

roadway. Puerto Rico’s Safety Plan includes as a priority the implementation of planning 

and engineering countermeasures to reduce pedestrian fatalities and injuries. It is 

essential to study the human factors that are related to the pedestrian fatalities on our 

roads and specific maneuvers and decisions that users (both drivers and pedestrians) 

make frequently in order to develop and identify potential safety treatments that improve 

pedestrian safety.      

 The focus of this project is the study of pedestrian behavior during roadway crossing 

events on uncontrolled crossings. An uncontrolled crossing (at midblock or at an 

unsignalized intersection) is one of the most dangerous scenarios for a pedestrian. Each 

pedestrian must be able to evaluate the gaps available in the moving traffic in order to 

start and complete the roadway crossing maneuver in a safe manner without the 

assistance of traffic signals or stop signs. The vehicle gap is defined as the time difference 

between the leader and follower vehicles with reference to the pedestrian path. Conflicts 

and crashes at an uncontrolled crossing can be influenced by excessive vehicle speeds, 

inadequate conspicuity/visibility, drivers not yielding to pedestrians, and insufficient 
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separation from traffic. The visibility of the pedestrian (or the drivers) can be affected by 

the road geometrics before and at the crossing location, vehicle gaps and speeds, lighting 

conditions, glare effect on drivers, presence of on-street parking, and vehicles with tinted 

glass. Males showed less waiting time and caused more motor vehicle conflicts than 

females (Ferenchak, 2016). Older pedestrians have reduced risk perception, more 

prolonged waiting times when crossing, and shorter gap distances lead to deciding not to 

cross. (Hamed, 2001; Holland and Hill, 2007; Shi, 2020). A video study of pedestrian 

crossing behavior found that the vehicle size also influences the accepted gap and that 

males and middle-aged pedestrians tend to accept the smallest gap in traffic (Ravishankar 

and Nair, 2018).  

 Much of the existing literature related to the evaluation and analysis of pedestrian 

behavior depended on the capability of carrying out observational studies in the field using 

manual data collection or video recording efforts. The benefit of observational studies is 

the direct collection of the user behavior as it occurs in real life, but the main drawbacks 

are the need for setting up the equipment at every location, obtaining the necessary 

combination of factors during the study, the cost associated with the data collection effort, 

and the safety of the collectors, the equipment, and the users. The development and 

recent availability of new simulation technologies, like virtual reality (VR) headsets and 

environments, has increased the opportunities for researchers to develop new 

experiments that will allow the collection of behavioral data for pedestrians and other road 

users in controlled and safe environments, while accounting for the many factors that 

affect road user performance. The capability and fidelity of these new technologies to 

simulate real roadway situations and obtain comparable and adequate data need to be 

carefully tested and evaluated. 

1.3 Research Objectives 

The study of pedestrian behavior and performance and the development and 

evaluation of new and innovative pedestrian safety countermeasures are needed to 
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reduce road fatalities. The general objective of this study was to develop a roadway 

crossing experiment using VR simulation equipment to analyze how pedestrians make the 

decision to cross at an uncontrolled location on an urban street. Because there was no 

traffic control device to assist them in this decision, each subject had to analyze the 

existing roadway and traffic operating conditions to decide when an acceptable gap in the 

vehicle stream was available to safely cross the road. The study analyzed the ability of the 

subjects in the experiment to detect safe vehicle gap times to cross the road at the 

uncontrolled crossing and their capacity to respond to hazardous roadway situations. 

Pedestrian behavior and performance, in terms of the gap acceptance decision and 

walking speeds, were recorded and analyzed for each subject in the VR study. The 

specific objective was to identify differences between subject groups about the crossing 

times, the mean walking speeds, and the time and speed variance. The experiment 

included the capacity of detecting when a subject was hit by a moving vehicle when 

crossing. A variable named crossing success rate was calculated with the objective of 

comparing the crossing performance between subjects under varying conditions (one-lane 

street vs. two-lane street), traffic speed (15 mph and 25 mph), and constant vs. variable 

vehicle gaps.  

The experimental design for the study included males and females divided into four 

age groups with the objective of making comparisons and being able to identify at-risk 

pedestrian groups from the sample. Although the initial objectives for the experimental 

design also included identifying sub-samples composed exclusively of elderly subjects 

and persons with diverse mobility (e.g., people using canes, people in wheelchairs, etc.), 

the impact of COVID-19 due to the declaration of the pandemic in March 2020 affected 

the research plan. Contacts were made with a local club of mostly retired persons and the 

Office of the Defender of the People with Disabilities of the government of Puerto Rico 

before the declaration of the pandemic, but these activities were postponed for a later time 

due to the strict health restrictions imposed by the Government of Puerto Rico and the 
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university administration. The VR simulation experiment was conducted by the research 

team following strict equipment cleaning procedures and physical separation between the 

research team and the subjects possible. The handling of the two aforementioned special 

interest subject groups requires special care and attention and the need to move the VR 

equipment outside of the university facilities to carry out the simulation experiments. In 

order to preserve the health of the subjects and the members of the research team, it was 

decided to conduct the experiment using a balanced design with mostly voluntary subjects 

from the university community.  

1.4 Report Organization 

The organizational structure of this report consists of five chapters. Chapter 2 contains 

a review of published literature related to crash statistics, gap acceptance, walking 

speeds, and VR experiments. Chapter 3 explains the methodological procedure used in 

this investigation. Chapter 4 includes the results of the statistical analysis of the VR 

simulator data. Lastly, Chapter 5 provides conclusions and research recommendations. 

References, acknowledgments, and appendixes are included at the end of the report. 
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2. Literature Review 

This chapter provides a summary of pertinent literature related to pedestrian safety, 

crash statistics, and human factors that were reviewed for this study. The review included 

the use of crash databases and reports with statistical information related to pedestrian 

fatalities in the U.S. and Puerto Rico.  

2.1 Crash Statistics  

During 2018, 74% of the pedestrian fatalities in the U.S. occurred at non-intersections, 

implying that most of the safety issues are related to pedestrians preferring direct routes 

across segments and/or mid-block crossings. Utilizing mid-block locations to cross a road 

results in a higher potential risk, considering the pedestrian time needed to safely cross 

the street weighed against their perception of the approaching vehicles’ speed. It is 

essential to research pedestrians’ crossing behavior and their interaction with vehicles so 

that feasible safety countermeasures can be identified. Contributing factors that affect the 

pedestrian gap acceptance and motorist yield decisions include the vehicle speed, the 

pedestrian walking speed, the distance between the vehicle and the crossing, the vehicle 

type, the waiting time for a safe gap in traffic, and the pedestrian age and gender.  

Cardona (2020) reviewed U.S. pedestrian crash data, including Puerto Rico, for the 

years 2007-2016. The review found that a significant amount of crashes occurs in the dark 

with and without lighting. The times between 6:00 PM and 6:00 AM were the hours with 

the highest numbers of pedestrian fatalities in the data. The increase in each hour was 

more significant until 10:00 PM, when it began to decrease; however, until 11:59 PM, the 

amount of deaths continued to be higher. On the other hand, at dawn, the number of 

deaths started to decrease. During the hours of 7:00 AM to 4:00 PM, the crashes with 

pedestrians were lower. Also, it was observed that 75% of the pedestrian fatalities 

occurred in urban areas. Atmospheric conditions associated with crashes show that 

pedestrians tend to have more collisions under normal weather conditions. During severe 

weather conditions, there are usually no pedestrians on the roads; therefore, fewer 
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crashes occur during those events (Cardona, 2020). The thesis “Analysis and Evaluation 

of Crashes Involving Pedestrians in Puerto Rico” by Lynnette Alicea (was used as a 

framework to perform the analysis of the crash data mentioned earlier).  

2.2 Effect of Age and Gender Factors 

The pedestrians' age and gender directly influence their walking behavior and 

performance. When analyzing road-related fatalities, one of the main factors to consider 

typically is the person's age. Children under 15 years old and adults over the age of 65 

are considered most vulnerable in pedestrian crashes. Out of the total pedestrian fatalities, 

4% of victims were under 15 years old and 30% were adults over 65 years old (NCSA, 

2016). It can be inferred that, as an age-related factor, many crashes involving children 

occur because they fail to perceive the actual risk when crossing a road. Most children 

receive some form of training either at school or at home before beginning to cross a 

roadway without adult supervision. On the other hand, age affects adults over 65 years 

old directly, as their capacity for mobility is more limited than for younger pedestrians and 

their walking speed is typically slower than average. Additionally, most of these adults 

develop health conditions that also affect their mobility. Older pedestrians have decreased 

risk perception, longer waiting times, and larger minimum gap acceptance when crossing 

a street (Hamed, 2001; Holland and Hill, 2007). Studies have found that pedestrians 

between 21 and 30 years old are the fastest-walking age group (Tarawneh, 2001). Older 

pedestrians make more unsafe decisions, whereas younger pedestrians are more willing 

to violate regulations (Ferenchak, 2016).  

Gender is another important factor when analyzing pedestrian behavior and 

performance, such as the time waiting for a gap and the tendency towards accepting risk 

(Hamed, 2001; Ferenchak,2016). Males are associated with 68.9% of the total pedestrian 

fatalities (NCSA, 2016). Studies have also found that male pedestrians have a low 

perception of risk when crossing a roadway in the presence of motor vehicles; thus, they 

are more willing to make riskier crossing decisions and violate regulations than their 
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female counterparts (Holland and Hill, 2007). Males also tend to wait shorter amounts of 

time than female pedestrians before crossing a roadway (Ferenchak, 2016). They also 

exhibit faster walking speeds than their female counterparts, possibly related to their 

shorter waiting times (Tarawneh, 2001). 

2.3 Walking and Crossing Speeds 

The needs and abilities of pedestrians when walking along a roadway or when making 

the decision to cross a roadway vary significantly with age and is dependent also on the 

health and physical conditions of the person. The average walking speed is 4.0 ft/s and 

may be used to evaluate the sufficiency of the pedestrian clearance time approximately 

(MUTCD, 2009). Nevertheless, these average values cannot be assumed to correctly 

represent the performance for all the population groups, nor should they be used 

indiscriminately in road design for all conditions. Sixteen percent of the population of the 

United States was 65 or older in 2018 (Roberts, 2018). The walking speed for elderly 

people is well below the average value at approximately 2.8 ft/s, putting these road users 

in a riskier situation when crossing road facilities (FHWA, 2006). People with limited 

mobility capacity (e.g., persons with disabilities and persons who use assistive devices 

such as canes, walkers, or wheelchairs) represent 12.7% of the population of the United 

States and most probably exhibit a slower performance when crossing a road.  

Chandra and Bharti (2013) observed seven roadway locations in India using video and 

concluded that the speeds used by pedestrians to cross a road were higher than the 

speeds used when walking along the roadway, irrespective of gender. One interesting 

conclusion from the Chandra and Bharti study was that walking speeds in India were found 

to be different from results from other countries. This could present the need for 

considering the local conditions and pedestrian behavior and culture when using national 

or typical values for designing roadway facilities. Another study observed crossing 

maneuvers of 1,191 subjects (60.1% females); however,97.5 % of the elderly pedestrians 

could not cross the street safely (Duim et al., 2017). The reduced walking speed of older 
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people has been associated with slow decision making, as well as visual and hearing 

impairments (Asher et al., 2012; Holland and Hill, 2010). Knoblauch et. al (1996) observed 

sixteen crosswalks in four urban areas to estimate the walking speeds and start-up times 

of pedestrians. Their study found that the 15th percentile speed for pedestrians between 

14 and 64 years old was 4.09 ft/s, and that it was 3.19 ft/s for older pedestrians. The 

walking speeds were found to be affected by the number of pedestrians in a crossing 

platoon, the weather conditions, and roadway-related factors such as the functional 

classification, vehicle volumes, road width, signal cycle length, ped signal timings, and the 

presence of medians, curb cuts, on-street parking, and right-turn-on-red maneuvers. 

Current national guidelines in the Manual on Uniform Traffic Control Devices (MUTCD) for 

timing pedestrian signals at an intersection recommends the use of a walking speed of 3.5 

ft/s under typical conditions (FHWA, 2012). The MUTCD also recommends the use of a 

lower walking speed for the calculation of the pedestrian clearance time in intersections 

with the presence of slower pedestrians or people using wheelchairs. A value of 3 ft/s is 

recommended by the MUTCD to verify if the total of the walk interval and the pedestrian 

clearance time is sufficient to allow the pedestrian to perform the crossing maneuver.  

2.4 Gap Acceptance Behavior 

The study of the various aspects of pedestrian movements is a significant criterion in 

safety analysis, traffic flow modeling, and assessment (Tanariboon and Guyano, 2010). 

Pedestrians must be able to make crucial decisions when crossing a road. These 

decisions focus on accepting or rejecting a gap, known as the distance between two 

consecutive cars allowing pedestrians to pass a crosswalk. Dividing the crossing distance 

by the walking speed and then adding the outcome to the start-up time determines the 

proper gap for a crosswalk (Várhelyi, 1996). The safety related to a specific gap value in 

traffic has been linked to the time to arrival (TTA) of the approaching vehicles, and the 

vehicle approach speed is a significant factor in the selection of the size of the chosen gap 

(Petzoldt, 2014). At higher vehicle speeds, pedestrians tend to make riskier crossing 
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decisions and accept smaller gaps. In cases when a pedestrian wants to cross more than 

one lane on a road, there might not be a proper gap. The pedestrians' behavioral pattern 

in this situation approaches the use of a rolling gap (Boroujerdian and Nemati, 2016). This 

behavior means that a pedestrian when crossing a multi-lane street does it in a pattern 

using a distinctive gap for every lane (Zhao, 2012). Yannis (2010) found that the 

pedestrian gap acceptance depends more on the longitudinal distance from the vehicle to 

the pedestrian, pedestrian gender, the vehicle length and the presence of illegally parked 

cars. Kadali and Vedagiri (2013) conducted a gap acceptance study in Hyderabad, India, 

and concluded that the pedestrian gap acceptance depends on the pedestrian speed, the 

vehicle speed, the pedestrian direction, the rolling gap, and the pedestrian’s age. 

2.5 Virtual Reality Simulation 

Virtual reality has the capability to provide the user with a role-playing situation with 

almost complete sensory immersion in a controlled environment. The system 

characteristics include immersion, allowing the user to experience activities from an 

internal perspective, and reactiveness, respective to observable variations based on the 

user’s actions (Schwebel et al., 2008). Simulation technologies have become a useful tool 

in transportation research to study human factors and behavior; the most remarkable 

examples are driving simulators. Simulators allow the reproduction of standardized 

scenarios and manage the parameters under investigation (de Winter et al., 2012). 

Pedestrian simulators that help to envision virtual roadway scenarios from the perspective 

of the pedestrians are currently being used as a powerful transportation safety research 

tool. Recent advances in VR technology now present opportunities for researchers to 

develop and carry out new realistic and engaging pedestrian studies that in the real world 

have significant safety, costs, or complexity implications (Shuchisnigdha et al., 2017). 

The essential elements of VR are interactive simulation, implicit interaction, and 

sensory immersion as mentioned above. The user observes the environment through 

small monitors attached on a light-weight head-mounted device known as glasses, and 
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the technology provides the option of adding controls or handles for a more reliable 

experience. The fidelity of the VR devices refers to the accuracy with which real sensory 

cues are reproduced (Kearney et al., 2007). Nevertheless, current VR setups will differ 

from recreating perfect real-world scenarios because computer display technologies are 

still imperfect, and not all the perceptual and contextual cues needed to recreate a real-

world experience are known yet (Kearney et al. 2007). These VR devices are usually 

promoted commercially for gaming and entertainment purposes, but they are also being 

applied in medicine, architecture, defense, and art. The primary senses activated during 

the performance of a VR scenario are sight and hearing, allowing the user to experience 

roadway situations that, in real life, could be risky or even fatal. Even with the current 

limitations, VR technologies can be used to study the human brain and its reactions to 

sensory and cognitive cues (Kearney et al., 2007). Enabling pedestrians to encounter 

complex situations by being immersed in a virtual environment would allow researchers 

to study human factors, the differences in behavior and performance between pedestrians, 

roadway safety issues, the effects of new road design strategies, or new traffic control 

devices, among other benefits.  

Shuchisnigdha et al. (2017) used an HTC Vive VR headset and a Unity 5 virtual 

environment to recreate an urban downtown setting with two-lane streets and a four-leg 

intersection with pedestrian crosswalks. The objective of their study was to obtain 

objective and subjective measures of subjects crossing the intersection at one of the 5.5-

meter-long crosswalks. The average walking speed found for the 26 subjects in their study 

was 3.51 ft/s. The experiment observed that the subjects were hit by a vehicle in 10.8% 

of the crossing simulation runs. They concluded the fidelity of VR simulation allows 

obtaining objective measures of pedestrian behavior, such as average walking speeds, 

that match those measured in real-world situations. 
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3. Research Methodology 

The research methodology consisted of the use of VR simulation technology to 

analyze the pedestrian behavior at an uncontrolled roadway crossing for a one-lane street 

and a two-lane street in an urban downtown environment. The study methodology 

included seven steps as shown in Figure 3.  

 

 

Figure 3 - Research Methodology 

 

The first step consisted of a literature review on topics related to pedestrian fatality 

statistics, pedestrian behavior, walking speed, gap acceptance, and VR simulation, among 

other topics. The second step included the testing and training phase of the UPRM 

research team to learn the correct use of the VR equipment, how to set up the detection 

area in the room and how to calibrate the VR equipment. The testing and training phase 

was initially made with the HTC Vive headset and a desktop computer that were readily 

available for the research team. A second VR unit was later acquired, the HTC Vive Pro 
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Eye headset, that provides more capacity for having a larger detection area than the HTC 

Vive, and includes eye-tracking and wireless capabilities. Also, a gaming laptop was 

acquired with high computing capacity for better graphics processing for the VR 

equipment. The gaming laptop also improves the mobility of the VR equipment to carry 

out experiments outside the UPRM campus facilities. The specifications of the two VR 

headsets, gaming laptop, and desktop computer are provided in Section 3.1.     

The next step included the development and programming of the simulation scenarios 

created with the Unity 2018.3.14f1 platform. A base scenario that represented a straight 

roadway segment in an urban downtown context was created. Buildings and sidewalks 

were added to both sides of the roadway. Two different versions of the urban street were 

created, a one-lane roadway and a two-lane roadway. Moving traffic was programmed in 

one direction coming from the left to the right in the simulation. The task required of 

subjects was to observe the gaps in the incoming traffic and cross safely to the sidewalk 

on the other side of the street. Once on the sidewalk at the other side of the street, the 

subject needed to walk back to return to the starting sidewalk. That process was repeated 

based on the experimental design. Once the programming of the simulation scenarios was 

completed, a pilot test was carried out to inspect the fidelity of the simulation, to check that 

the calculations for the response variables in the coding and the data recording were 

functioning, and to validate parameters for the experimental design to be used for the 

study. The experimental procedures included carrying out the simulation runs and asking 

the subjects to complete pre-test and post-test questionnaires to gather information about 

the subjects’ perception and attitude regarding their safety while crossing a road and to 

collect information about their experience during the VR simulation experiment. The 

descriptions of the simulation scenarios, the pilot test, the experimental design, and the 

experimental procedures are provided in Sections 3.2 and 3.3. Sections 3.4, 3.5, and 3.6 

described the survey questions of the pre-test and post-test questionnaires, the sample 

description, and the response variables collected in the experiment, respectively. 
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3.1 Equipment 

The operation manual of the HTC VIVE VR headset was reviewed and studied by the 

research team to understand the equipment operation, calibration, and setup. A literature 

review on the equipment was also performed to learn about different applications of the 

VR simulation and its benefits and limitations. The HTC Vive VR headset, shown in Figure 

4, was first made available to consumers in April 2016. The VR headset has a detection 

zone of 11.5 ft x 11.5 ft (box size), which allows it to represent the crossing maneuver for 

the one-lane roadway scenario. Two Steam VR sensors installed on tripods at a height of 

about 5 ft are located at the corners of the detection box. The headset can be connected 

to detachable headphones to reproduce sounds during the VR simulation. The VR 

equipment also includes two handles, but these were not included as part of this 

experiment. The VR headset has a cable to connect to the computer. This cable has the 

length necessary to cover the entire detection box size. The technical specifications of the 

HTC Vive VR headset are included in Table 1.  

 

 
(Source: https://www.vive.com/us) 

 
Figure 4 - HTC VIVE Headset, Controllers, and Base Stations 

 

 

https://www.vive.com/us
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Table 1 - Technical Specifications of the HTC Vive VR Equipment 

Screen:  Dual AMOLED 3.6-in diagonal  

Resolution:  1080 x 1200 pixels per eye (2160 x 1200 pixels combined)  

Refresh rate:  90 Hz  

Field of view:  110 degrees 

Safety features:  Chaperone play area boundaries and front-facing camera  

Sensors:  SteamVR Tracking, G-sensor, gyroscope, and proximity  

Connections:  HDMI, USB 2.0, stereo 3.5 mm headphone jack, Power, and 

Bluetooth  

Eye Relief:  Interpupillary distance and lens distance adjustment 

Controllers: SteamVR Tracking, Multifunction trackpad, Grip buttons, dual-

stage trigger, System button, Menu button, and Micro-USB 

charging port 

Room-scale: Up to 11.5 ft x 11.5 ft 

Base Stations: Two (360-degree play area tracking coverage) 

 

The research team decided to have an assistant walking next to the subject when 

using the HTC Vive VR headset to avoid issues with the cable being entangled with the 

subject's neck or body when turning around to return to the original position (the starting 

sidewalk). Also, the handler made sure the subject did not exceed the cable length. The 

research team understood that, although the cable had sufficient length to accommodate 

the one-lane crossing maneuver, the handler provided confidence to the subjects that no 

harm would happen inside the VR environment. The mere presence of the cable could 

potentially restrict the movement of subjects that became aware of it and could feel 

insecure walking on the VR thinking about reaching the full extension of the cable. During 

the test runs, some persons walked diagonally towards the same direction and eventually 
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stepped outside the detection box when returning to the original sidewalk. The handler 

also had the responsibility of providing verbal instructions to the subject at the end of the 

simulation run in cases when the person walked diagonally in the detection area and 

needed to correct their position inside the detection box when returning to the starting 

sidewalk.   

The UPRM research team acquired the new HTC Vive Eye Pro VR headset, shown in 

Figure 5. This new VR headset, released to consumers in 2019, is an expanded version 

of the HTC Vive Pro headset and includes native, built-in eye-tracking capabilities. The 

basic setup includes the VR headset, two handles, and two sensors, but this system has 

expansion capabilities to improve the VR simulation. The headset also comes with 

detachable headphones to reproduce sounds inside the VR simulation.  

 

 
(Source: https://www.vive.com/us) 

 
Figure 5 - HTC Vive Eye Pro Headset, Controllers, and Base Stations 

 

The new headset has foveated rendering capabilities that produce higher fidelity VR 

images while requiring less processing power by rendering the parts of the scene that the 

subject is actually looking at in high resolution while lowering the resolution on images 

https://www.vive.com/us
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located on the peripheral vision (Hollister, 2019). Besides providing better resolution for 

the VR graphics and eye-tracking capabilities, the HTC Vive Pro Eye VR headset has the 

capability of adding more sensors to expand the detection box to an area of 32.8 ft x 32.8 

ft. Also, the headset can add a mountable antenna to replace the cable that communicates 

with the computer. This option eliminates the mobility restriction and safety concerns of 

the connecting cable. The larger detection area allows the experiment to expand the urban 

roadway context to a two-lane crossing scenario. Two additional Steam 2.0 VR sensors 

and the wireless antenna were acquired with the headset. Table 2 presents the technical 

specifications for the HTC Vive Eye Pro VR headset. 

One desktop computer and one gaming laptop computer were available for the setup 

of the pedestrian VR simulator and conducting the experiments. The gaming laptop is a 

Dell G7 model with an Intel Core i7-9750H processor, 32 GB of RAM memory, and an 

NVIDIA GeForce RTX 2070 graphics processor with 8 GB. The desktop computer is a 

Rave-PC model with an Intel Core i7-4770S processor, 16 GB of RAM memory, and an 

NVIDIA GeForce GTX 1080 graphics processor with 8 GB. 
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Table 2 - Technical Specifications of the HTC Vive Eye Pro VR Equipment 

Screen:  Dual OLED 3.5-in diagonal  

Resolution:  1440 x 1600 pixels per eye (2160 x 1200 pixels combined)  

Refresh rate:  90 Hz  

Field of view:  110 degrees  

Audio: Hi-Res-certified headset, Hi-Res-certified headphones 

(removable), high-impedance headphone support, and enhanced 

headphone ergonomics 

Safety features:  Chaperone play area boundaries and front-facing camera  

Sensors:  SteamVR Tracking, G-sensor, gyroscope, proximity, eye comfort 

setting (IPD) and eye-tracking  

Connections:  USB-C 3.0, DP-1.2, Bluetooth  

Eye Relief:  Lens distance adjustment 

Controllers: SteamVR Tracking 2.0, Multifunction trackpad, Grip buttons, dual-

stage trigger, System button, Menu button, and Micro-USB 

charging port 

Room-scale: Up to 32.8 ft x 32.8 ft using four SteamVR Base Station 2.0 

Base Stations: Includes two 2.0 base stations, and two more were acquired to 

achieve the area's full capacity 

 

 

 

3.2 Experimental Design 

The experiment consisted of evaluating two urban roadway settings: a one-lane street 

and a two-lane one-direction street. The experimental design for the one-lane road 

simulation considered two independent variables: the traffic speed and the gap between 
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vehicles. The speed used to generate traffic in the simulation was set at two values: 15 

mph for Configuration 1 and 25 mph for Configuration 2.  

Speed is a significant factor in crashes as it affects the driver's field of vision and the 

ability to react in time to avoid a crash. In the pedestrian’s point of view, the severity 

potential from a crash with a moving vehicle can be considered to be high even at speeds 

considered to be low for drivers. Teff (2011) indicates that the average risk of severe injury 

for a pedestrian struck by a vehicle is 10% at an impact speed of 16 mph, 25% at 23 mph, 

50% at 31 mph, 75% at 39 mph, and 90% at 46 mph. The average risk of death for a 

pedestrian reaches 10% at an impact speed of 23 mph, 25% at 32 mph, 50% at 42 mph, 

75% at 50 mph, and 90% at 58 mph (Teff, B., 2011). Therefore, the two speeds selected 

for the simulation will reflect typical city conditions in a low-speed road environment. The 

use of a constant speed will not allow vehicles to pass one another. As this is the first 

research study conducted by the UPRM research team with the VR equipment, the results 

from this study with traffic generated at two constant “low” speeds will provide a 

benchmark of pedestrian behavior. Future studies will include the effect of higher and 

variable vehicle speeds and more complex road configurations.  

Each configuration had three scenarios with different vehicle gaps. Scenario 1 had 

variable gaps between vehicles, randomly generated in half-second increments, from a 

minimum of 2 s to a maximum of 5 s. Scenario 2 was defined with a fixed 3-s gap, and 

Scenario 3 was defined with a fixed 5-second gap. The decision to use constant 3-5 s gap 

values in separate scenarios was made to compare the behavior of the subjects in two 

extreme situations: a more hazardous traffic flow (1,200 vph) and a more relaxed traffic 

flow (720 vph).     

The experimental design for the two-lane roadway setting used the same 

aforementioned two-vehicle speeds, but in only one configuration: 15 mph and 25 mph. 

Two scenarios were created with variable vehicle gaps, randomly generated in half-

second increments, in a range of 2 to 8 s. 
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 A pilot test for the one-lane roadway setting was carried out with eight subjects (four 

men and four women) within four age groups (18-25, 26-45, 46-65, and 66 or older). This 

test was used to determine statistically the number of subjects and the number of runs per 

subject that will be needed for the experimental design of the real simulation. Normality 

tests performed on the data obtained from the pilot test showed it did not follow a normal 

distribution. A new variable was then generated with the average of the gaps seen by the 

test subjects. A distribution fit test was performed, and it was determined that the new 

variable (average gaps seen) comes from a Weibull distribution. Based on the results of 

the pilot test, it was determined that at least 32 subjects (four men and four women for 

each of the four age groups) were needed to conduct the one-lane road setting, with each 

subject repeating each scenario at least four times, for a total of 12 simulation runs per 

person. Table 3 shows the description of the simulation scenarios used in the one-lane 

roadway setting. 

 

Table 3 - Description of Scenarios for the One-lane Roadway Setting 

Configuration 1 Configuration 2 

Scenario Gaps (s) 
Traffic 

Speed 
Scenario Gaps (s) Traffic Speed 

1 2 to 5 15 mph 1 2 to 5 25 mph 

2 3 15 mph 2 3 25 mph 

3 5 15 mph 3 5 25 mph 

 

 For the two-lane roadway setting, 16 subjects (two men and two women for each of 

the four age groups) were needed, with each subject repeating each scenario five times, 

for a total of simulation 10 runs per subject. Table 4 shows the description of the simulation 

scenarios used in the two-lane roadway setting. 
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Table 4 - Description of Scenarios for the Two-lane Roadway Setting 

Configuration 3 

Scenario 
Gaps 

(s) 

Traffic 

Speed 
Scenario 

Gaps 

(s) 

Traffic 

Speed 

1 2-8 15 mph 2 2-8 25 ph 

 

3.3 Description of Base Scenario 

 The base scenario consisted of an 885.8 ft (270 m) straight segment of a one-lane 

road located within an urban context, as shown in Figure 6. The road geometry and the 

city context were built using AutoCAD and SketchUp. Initially, a 2D base design of the 

one-lane road was created in AutoCAD. The design was imported to SketchUp, where the 

3D environment was formally defined with the corresponding heights, textures, and colors.  

 

 

Figure 6 - Plan View of the One-lane Urban Roadway Context 
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 Subsequently, the rendering of the design was improved in the Unity software to 

develop a more realistic environment by adding buildings, pedestrians, vehicles, traffic 

signs, trees, background, and traffic barrels to create an urban area. The typical roadway 

cross-section consisted of a 10-foot-wide lane and 6-foot-wide sidewalks. The scenario 

included buildings and sidewalks along both sides of the road. A buffer area was provided 

between the buildings and the sidewalks to provide better depth perception to the subjects 

in the VR simulation. Work zone barrels were located on the target sidewalk as a reference 

for the pedestrian to stop walking after crossing the road. Walking past the barrels would 

cause the subject to exceed the detection zone, interrupting the VR simulation. The 

pedestrian crossing location was established at approximately the mid-point of the road 

segment. The road network included two intersections with the main lane to provide the 

subject with a more realistic perspective allusive to small blocks (approximately 213 ft or 

65 m long) of a representative city. The traffic in the simulation does not react to the 

presence of the crossing pedestrian. The Unity software was used to code the parameters 

for the moving vehicles, the pedestrian avatars, and other dynamic elements present in 

the VR simulation. Figure 7 shows a view of the VR simulation from the perspective of the 

subject standing on the origin sidewalk (before crossing the roadway) looking towards the 

incoming traffic from the left of the scenario.  

 A billboard display was added to the simulation to provide information to the subject in 

the VR simulation. Two types of information were provided during the simulation runs. The 

first line of information was active during the entire experiment indicating the trial number 

being conducted. This information was provided so the subject could be aware of how 

many trials remained to complete the experiment. The second line of information in the 

billboard was passive and was only activated when the subject was hit by an oncoming 

vehicle when crossing the road. In such cases, the blinking message “FUE 

ATROPELLADO” (YOU WERE HIT) in red capital letters appears on the display. The 

purpose of this message is to alert the pedestrian that the selected gap and the walking 



 

 
 

27 Study of Gap Acceptance and Walking Speeds of Pedestrians Using Virtual Reality Simulation 

speed were not adequate to safely cross the road. The intent was to keep the subjects 

alert during the VR experiment to the fact that they were being evaluated during the 

crossing maneuver and kind of keep them “incentivized” to expend their best effort in 

meeting the goal (getting to the other sidewalk without being hit).      

 

 

Figure 7 - Street View of the One-lane Road Context 

 

 To create the two-lane roadway setting, the single lane in the base scenario was 

duplicated and modified to include two 10-ft lanes, as shown in Figure 8. The two-lane 

road included pavement markings with white broken lines along the middle of the road to 

separate the traffic lanes, white traverse markings to identify the pedestrian crossing, and 

a pedestrian crossing warning sign. The broken lines between the lanes were drawn as 4 

in wide and 5 ft long, and with a spacing of 15 ft between lines, according to guidelines in 

the MUTCD Part 3 Section 3A.06 (FHWA, 2012). The pedestrian crosswalk markings were 

drawn according to the guidelines in the MUTCD Part 3 Section 3B.18 (FHWA, 2012). The 

marking pattern included lines 1 ft wide and 10 ft long, with the width of the crossing 

greater than 6 ft. A W11-2 pedestrian crossing warning sign was situated on the right 
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sidewalk, previous to the pedestrian crossing, according to the MUTCD Part 2 Section 

2C.50. The traffic control devices were added only for aesthetic purposes to exhibit a real 

roadway setting, but the simulated traffic does not react (i.e., reduce speeds, stop, or 

change lanes) to the presence of the pedestrian crossing the road. The vehicles in the 

simulation were programmed to depart randomly and independently in each lane. As in 

the previous setting, the vehicles are coming in one direction from the left side. The 

billboard display was also added to provide the same two types of information as in the 

one-lane road setting. Figure 9 shows the two-lane roadway scenario from the perspective 

of the subject in the VR simulation. 

 

 

Figure 8 - Plan View of the Two-lane Urban Roadway Context 

 



 

 
 

29 Study of Gap Acceptance and Walking Speeds of Pedestrians Using Virtual Reality Simulation 

 

Figure 9 - Street View of the Two-lane Road Context 

 

3.4 Survey Questionnaires (Pre-test and Post-test) 

 The experiment followed the regulations established by the UPRM Institutional 

Review Board (IRB). The experimental procedures were approved by the IRB on 

November 21, 2019. During the recruitment phase and before starting the experiment, 

each subject was informed about the purpose of the research study, and the informed 

consent form was provided to each subject. After reading the form, the subject needed to 

sign the informed consent form to voluntarily participate in the experiment. A copy of the 

authorization letter from the UPRM IRB and the informed consent are included in the 

appendix. 

The subjects that participated in the experiment were asked to fill out a questionnaire 

before and after the VR simulation runs. The pre-test questionnaire had eight questions in 

two sections. The objective of the first section of the pre-test questionnaire was to obtain 

the gender and age of the subject and to find out if the person suffered from motion 

sickness or from a health condition that would prevent him or her from safely carrying out 
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the VR experiment. The second section of the questionnaire was used to determine the 

level of exposure as a pedestrian each subject had, the crash experience in the last five 

years, and their perception regarding safety when crossing a road. The pre-test 

questionnaire is included in the appendix.  

The post-test questionnaire had seven questions, and its purpose was to request the 

opinion and perception of the subjects about the difficulty level experienced when crossing 

the road in the VR simulation considering the variability of the factors presented in the 

experiment (vehicle speed, gap and time between vehicles, the number of vehicles, and 

the width of the road). Also, the subjects were asked to provide comments about their 

comfort when using the VR headset, their opinion about the fidelity of the VR simulation, 

and recommendations about how to improve the experiment and the VR simulation. The 

post-test questionnaire is included in the appendix.  

3.5 Sample Description 

 All the subjects that participated in the experiment were 18 years or older. A total of 

48 subjects, divided into three groups of 16 subjects, were recruited. Table 5 presents the 

descriptive statistics of the age of the subjects recruited by gender and age group. Each 

group of 16 subjects was composed of eight men and eight women (two men and two 

women for each of the four age groups).  

 The first subject group watched the three simulation scenarios of Configuration 

1 (one-lane road with 15-mph traffic). As indicated in Table 3, Configuration 1 had three 

different gap values, so each subject performed each scenario four times for a total of 12 

simulation trials. The watching order of each simulation scenario was assigned randomly 

for each subject.  
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Table 5 - Descriptive Statistics for the Age of the Subjects in the Sample 

Gender Age Average 
Standard 

Deviation 
Minimum Value Maximum Value 

Female All 45.54 19.00 20 74 

 18-25 21.67 1.84 20 25 

 26-45 37.17 3.43 33 41 

 46-65 53.33 8.66 46 64 

 >65 70.00 3.29 66 74 

Male All 44.79 18.81 22 72 

 18-25 24.17 1.33 22 25 

 26-45 31.33 5.61 26 40 

 46-65 54.83 6.94 46 62 

 >65 68.83 2.14 67 72 

 

 The second group watched the three scenarios of Configuration 2 (one-lane road with 

25 mph traffic), as described in Table 3. Each subject watched each of the three scenarios 

four times, in random order, for a total of 12 simulation trials per subject.  

 The third group watched the two scenarios described in Table 4 for the two-lane road 

setting (Configuration 3). Each scenario was repeated by each subject five times each, for 

a total of 10 simulation trials. The vehicle gaps generated in this configuration were 

random, so in each trial, the subject observed variable gaps in traffic at different speeds.  

 The first and second subject groups generated a total of 192 simulation trials each, for 

a total of 384 observations. The third subject group generated a total of 160 observations. 
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The total number of trials generated in the VR simulation experiment was 544 

observations. 

3.6 Data Recording and Measurements 

 After the subject completed the pre-test questionnaire, instructions on how the VR 

experiment was to be conducted were provided by the research team. After confirming 

with the subject, the VR headset equipment was shown to the subject and put on the 

subject’s head with the help of the two research assistants. Once the VR headset was 

securely fixed and the subject gave verbal confirmation that he/she was comfortable with 

the device, the VR simulation was activated. Once the scenario was visible, the subject 

appeared standing on the starting sidewalk on the right side of the road, as shown in 

Figures 7 and 9. The subject was instructed to always wait for the first vehicle to pass the 

crossing location to start the simulation trial. The subject had to observe traffic from the 

sidewalk to wait for an adequate gap between vehicles before walking to the sidewalk on 

the other side of the road. Once the subject crossed the road and reached the other 

sidewalk, the traffic ceased to be generated in the simulation. The subject was then asked 

to return to the original sidewalk, and then the next simulation trial was started. Once all 

the trials were over for the subject, the VR headset was removed and cleaned by the 

research team following the manufacturer’s recommendations, as part of the health 

procedures to prevent COVID-19 transmission between subjects. After the VR simulation 

was completed, the subject filled out the post-test questionnaire. 

During each simulation trial, the master computer recorded the position and orientation 

of the subject’s head and the position of all vehicles generated on the scenario at every 

time period. The simulation experiment collected the following performance variables: 

1. Number of gaps seen: the number of gaps seen by the subject before 

crossing the roadway, including the gap taken (a measure of time waiting for a 

gap). 
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2. Gap taken: the size (in seconds) of the gap selected by the subject to cross 

the road.  

3. Average walking speed: average speed calculated as the ratio between the 

distance walked on the pedestrian crossing and the time spent crossing it. 

4. Time spent: the time it took each subject to cross the road (from the moment 

he/she entered the traveled way to the moment he/she exited the traveled 

way).  

5. Crossing success rate: the ratio of the number of trials not impacted by a 

moving vehicle while crossing the road by the total number of trials performed 

by each subject.    
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4. Analysis of Results 

The following chapter presents the discussion of the results obtained from the VR 

experiments. The discussion of the variables calculated for each road setting is presented 

in separate sections.  

4.1 Gap Acceptance Analysis for One-lane Crossing Scenarios 

The main objective of the VR experiment was to analyze pedestrian behavior when 

making the decision to cross a road in the presence of traffic at an uncontrolled location. 

Each subject needed to analyze the available gaps between the generated vehicles in the 

simulation to decide which gap was adequate to safely cross to the other side of the road. 

A variable of interest in this analysis is the number of gaps that each subject saw at each 

trial in the experiment. A larger number of gaps seen is indicative of a longer time waiting 

for an adequate gap in traffic. Tables 6 and 7 show the descriptive statistics of the number 

of gaps seen for the three scenarios observed for Configuration 1 and Configuration 2, 

respectively, aggregated by the eight demographic groups in the sample.  

The experiment was designed for the collection of 8 trials (repetitions) per scenario for 

each demographic group. Each demographic group was composed of two subjects. The 

data from three trials of Configuration 1 and data from one trial of Configuration 2 were 

noted missing during processing and analysis. Therefore, a total of 380 observations were 

obtained for the one-lane road crossing setting (189 total data points for Configuration 1 

and 191 total data points for Configuration 2).  
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Table 6 - Descriptive Statistics for the Number of Gaps Seen in Configuration 1 

Vehicle 
Speed 
(mph) 

Gender Age Scenario Trials Average Standard 
Deviation 

Minimum 
Value 

Maximum 
Value 

15 Female 18-25 1 8 5.50 1.93 3 9 

   2 7 11.43 3.31 5 14 

   3 8 2.75 1.16 1 4 

  26-45 1 8 2.75 1.75 1 6 

   2 8 5.00 3.42 1 10 

   3 8 1.75 1.49 1 5 

  46-65 1 7 10.57 19.70 1 55 

   2 8 17.63 11.21 8 43 

   3 8 1.50 0.76 1 3 

  66-85 1 8 2.50 2.20 1 6 

   2 8 36.25 37.70 4 112 

   3 8 1.50 1.07 1 4 

 Male 18-25 1 8 2.13 0.83 1 3 

   2 8 5.13 5.00 1 14 

   3 8 2.13 0.83 1 4 

  26-45 1 8 2.75 3.37 1 11 

   2 8 6.00 5.45 2 19 

   3 8 1.25 0.71 1 3 

  46-65 1 7 3.86 3.34 1 10 

   2 8 6.63 4.44 1 13 

   3 8 1.38 0.74 1 3 

  66-85 1 8 3.63 3.93 1 13 

   2 8 5.00 3.46 1 11 

   3 8 1.63 0.74 1 3 
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The results from the 8 trials taken for the 66-85 male group from Scenario 2 in the 

Configuration 2 presented an excessively high number of gaps seen. The average number 

of gaps seen for this group was 133.38 when considering the 8 trials taken, with a 

maximum value of 395 gaps seen. The average value was 114.5% higher than the second 

highest average value in the entire sample in the total experiment, that was 36.25 gaps 

for the 66-85 female group, for Scenario 2 in the Configuration 1 (lower vehicle speed). 

Scenario 2 was purposely designed to represent the hardest crossing situation for the 

subjects with a constant 3-s gap between vehicles, so the fact that these scenarios 

generated the highest number of gaps, especially for the older age group, was not really 

unexpected. The notes taken during the experiment for the individual trials were revised 

for a more in-depth analysis. It turned out that there were two trials for this male group 

where the same subject took 390 gaps in one trial and 395 gaps in another. These two 

trials fall at more than 1.5 standard deviations above the mean value for this group (the 

original standard deviation of the gaps seen was 167.3). It was initially inferred that this 

subject, a 72-years-old male (the oldest person in the sample), possibly had concerns 

about crossing the simulated roadway in this complicated scenario and recognized his 

limitations to cross safely. But in the next two trials, the subject took only 9 and 5 gaps, so 

another plausible explanation was the potential for a learning effect on the use of the VR 

technology and the subject becoming accustomed to the experiment. The decision was to 

remove these two data points from the database as possible outliers. 
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Table 7 - Descriptive Statistics for the Number of Gaps Seen in Configuration 2 

Vehicle 
Speed 
(mph) 

Gender Age Scenario Trials Average 
Value 

Standard 
Deviation 

Minimum 
Value 

Maximum 
Value 

25 Female 18-25 1 8 1.75 1.39 1 5 

   2 8 5.13 4.22 2 15 

   3 8 1.38 0.74 1 3 

  26-45 1 8 2.63 2.07 1 6 

   2 8 5.00 2.39 2 9 

   3 8 1.38 0.52 1 2 

  46-65 1 8 2.38 1.30 1 5 

   2 8 5.25 1.75 3 8 

   3 8 1.00 0.00 1 1 

  66-85 1 8 1.88 0.83 1 3 

   2 8 8.25 4.17 4 16 

   3 8 1.50 0.53 1 2 

 Male 18-25 1 8 2.25 1.28 1 4 

   2 8 15.25 16.67 5 55 

   3 7 1.00 0.00 1 1 

  26-45 1 8 2.25 0.71 1 3 

   2 8 11.63 6.41 5 21 

   3 8 1.50 0.53 1 2 

  46-65 1 8 2.63 0.92 2 4 

   2 8 7.38 5.95 2 21 

   3 8 1.13 0.35 1 2 

  66-85 1 8 6.25 5.50 1 19 

   2 6 (a) 47.00 58.07 5 145 

   3 8 11.63 23.00 1 68 

Note (a) - two data points were identified as outliers in this group.  
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Figures 10 and 11 show the average number of gaps seen by the subjects in the one-

lane road crossing. Figure 10 shows the box-plots of the gaps grouped by scenario and 

speed configuration. The data from all subjects per scenario was shown aggregated in 

this figure. As expected, the highest number of gaps seen were in Scenario 2. Scenario 2 

had the vehicles generated with a short constant gap of 3 s, representing the hardest 

crossing situation of the three scenarios. Seven data points had numbers of gaps seen 

higher than 40, with four points associated with the 15-mph speed and three points with 

the 25-mph speed. Surprisingly, the vehicle speed did not have a higher impact on the 

number of gaps, although the highest number of gaps seen was indeed related to the 25-

mph speed (this scenario had the two aforementioned outliers). On the other hand, 

Scenario 3 had a long constant 5-s gap between vehicles, which was assumed to be the 

easiest of the three crossing scenarios. The lowest numbers of gaps seen were easily 

associated with this scenario as expected. All trials, except for one point with 11 gaps, had 

values of 5 gaps seen or less. Scenario 1 showed vehicles randomly generated with a 

variable gap between 2 and 5 s. The random assignment of the vehicle gap should add 

an uncertainty effect to the analysis made by the subject of the traffic stream. All trials, 

except for two points, exhibited gaps-seen values of less than 15 in this scenario. Although 

this scenario was construed initially as having an intermediate crossing difficulty (between 

Scenarios 2 and 3), the results show the behavior in the gaps seen was quite similar to 

the “easy-crossing” Scenario 3.  

Figure 11 shows bar charts of the same data of gaps seen, but this time is divided by 

gender and age groups in the sample. The differences in the gaps seen between the 

groups now become much clearer. When comparing the results across scenarios of the 

same configuration, the aforementioned trend is confirmed. Scenario 2 has the highest 

number of gaps seen, but the effect is much more intense in the 66-85 age group. 

Interestingly enough, the effects of the vehicle speeds and gaps are not similar for the 

female and male groups. In Configuration 1, females tend to wait for more gaps as age 
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increases, whereas the males tend to reduce their number of gaps seen except for the 

last 66-85 age group, which substantially increased the number of gaps seen (even after 

taking the two outlier data points). 

 

 

Figure 10 - Box Plots of the Gaps Seen by Scenario and Car Speed Configuration 

for One-lane Crossing 
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Figure 11 - Average Gaps Seen by Gender vs Age Groups for One-lane Crossing 

 

For Scenario 3, the male 66-85 age group in Configuration 2 was the only subject 

group that exhibited an average value of gaps seen over 10. All other subject groups, from 

both configurations, had average values of 3 gaps seen or lower. Therefore, neither the 

speed of vehicles nor the gender of the subjects seem to affect the high safety perception 

of the crossing maneuver based on the 5-s gaps. Almost all the groups, except for the 

aforementioned older males, crossed the road almost immediately after one or two 

vehicles passed the crossing location.   

For the scenario with random gaps, the male 66-85 group is again showing the highest 

number of gaps seen for Configuration 2. This could represent that this group was 

composed of risk-averse individuals as the trend observed is confirmed with the other two 

scenarios. For Configuration 1, two of the female groups exhibited the highest numbers of 

gaps seen. Another interesting finding is that no apparent trend is present as the two 
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groups were the 18-25 and 46-65 age groups. The female 66-85 group had the lowest 

average value of gaps seen for the scenario in this configuration.   

Table 8 presents the results of the average gap taken (in seconds) and the total 

quantity of gaps not taken per gap value for each subject in the sample. These results are 

for Scenario 1, which is the only one with variable gaps between vehicles in the VR 

experiment. This analysis looks to identify differences in the decision to cross between 

subject groups. For Configuration 1, male subjects had an average gap taken of 4.49 s 

with a standard deviation of 0.18 s, whereas female subjects had a higher average gap 

taken of 4.80 s and a similar standard deviation of 0.19 s. In similar fashion, female 

subjects had an average number of gaps not taken of 16.13, more than double the average 

value of 8 gaps not taken by their counterpart male subjects. These results are indicative 

of female subjects being more conservative when making the decision to cross than the 

male subjects in the low speed configuration.   

When analyzing the results from Configuration 2, the observed trend for the gender 

groups based on the higher vehicle speed is contradictory. Male subjects had an average 

gap taken of 4.69 s with a standard deviation of 0.21 s, slightly higher than for the previous 

configuration. The surprising result is that female subjects had a lower average value of 

gaps taken of 4.38 s with a higher standard deviation of 0.31 s. The female subjects had 

a much lower average gap, being more aggressive than their male counterparts. In similar 

fashion, female subjects had an average number of gaps not taken of 4.63, whereas male 

subjects had 9.38 gaps not taken.  
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Table 8 - Average Gaps Taken and Gaps Not Taken per Subject for One-lane 

Crossing 

Vehicle 
Speed Gender ID Age 

Ave. 
Gap 

Taken (s) 

Number of Gaps Not Taken 

at 2.0s at 2.5s at 3.0s at 3.5s at 4.0s at 4.5s at 5.0s 

15 

M 

A1 18-25 4.38 1 1 1 1 0 0 0 
A2 18-25 4.25 0 2 0 1 0 2 0 

A3 26-45 4.50 0 0 1 1 0 1 0 

A4 26-45 4.63 2 0 2 2 1 1 3 

A5 46-65 4.67 1 2 2 2 1 0 2 

A6 46-65 4.63 3 2 0 2 2 1 0 

A7 66-85 4.25 0 1 1 0 0 0 0 

A8 66-85 4.63 2 4 4 2 1 2 4 

F 

A9 18-25 4.88 0 2 3 3 1 2 2 

A10 18-25 4.88 1 3 4 4 4 3 4 

A11 26-45 4.50 0 0 1 1 0 0 0 

A12 26-45 4.63 0 2 2 2 3 0 3 

A13 46-65 5.00 1 8 7 9 8 10 13 

A14 46-65 5.00 0 2 2 2 1 2 2 

A15 66-85 4.88 0 1 2 2 1 1 0 

A16 66-85 4.63 0 2 0 1 1 1 0 

25 

M 

B1 18-25 4.88 1 2 0 1 1 0 0 

B2 18-25 4.63 1 0 1 2 1 0 0 

B3 26-45 4.88 1 0 0 1 0 1 0 

B4 26-45 4.75 0 2 1 0 3 0 1 

B5 46-65 4.38 2 2 2 2 0 0 0 

B6 46-65 4.38 1 1 1 1 1 0 0 

B7 66-85 4.75 4 4 3 3 2 1 1 

B8 66-85 4.88 3 5 4 4 3 3 2 

F 

B9 18-25 3.88 0 1 0 0 0 0 0 

B10 18-25 4.13 1 2 1 0 1 0 0 

B11 26-45 4.50 2 2 3 4 1 0 1 

B12 26-45 4.63 0 0 0 0 0 0 0 

B13 46-65 4.13 0 2 1 1 0 0 0 

B14 46-65 4.38 2 1 2 1 0 1 0 

B15 66-85 4.63 0 0 2 0 0 0 0 

B16 66-85 4.75 0 1 1 2 0 1 0 

 

4.2 Walking Speeds Analysis of One-lane Crossing Scenarios 

The walking speed of the subjects was calculated in Unity using their actual position 

when crossing the road in the VR scenario. The distance traveled by the subject between 

the two sidewalks was divided by the time that each subject took when exiting the first 

sidewalk and reaching the second sidewalk on the other side of the road. Figure 12 shows 
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the frequency histogram of the average speed, in ft/s, calculated for each subject when 

crossing the road. It can be observed that a considerable accumulation of subjects is found 

having walking speeds between 3 ft/s and 5 ft/s. A small group of subjects shows speeds 

greater than 6 ft/s, resulting in a skewed distribution to the right. These results confirm that 

the walking speeds calculated from the VR experiment provide reasonable values and are 

comparable with values found in the literature. 

 

 

Figure 12 - Average Walking Speeds for One-lane Crossing 

 

A normality check of the walking speed values was made. Figure 13 shows the 

probability plot of the walking speeds and the theoretical normal distribution for 

comparison. It is clear from the plot that the walking speeds do not tend to follow the 

straight line; therefore, normality cannot be assumed for the data. 
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Figure 13  Q-Q Plot of Walking Speeds for One-lane Crossing 

 

Table 9 presents a statistical summary of the average walking speeds per gender and 

scenario. When comparing each scenario separately, there are no obvious differences in 

the average walking speeds of the gender groups. The variability of walking speeds is 

slightly larger for the group of female subjects. When comparing scenarios, Scenario 2, 

with the shorter 3-s gaps, shows the higher walking speeds for both gender groups, as 

expected. The effect of the size of the gap between vehicles is noted, as Scenario 3 with 

the 5-s vehicle gaps had the smaller average walking speeds for both gender groups.  

The distribution of the walking speed per gender was analyzed further. Figure 14 

shows the histograms of the average walking speeds (ft/s) from all trials by gender. A 

larger count of female subjects (higher than 70) had a 4 ft/s walking speed, whereas a 

larger count of male subjects (around 150 subjects) had a range of 3.5 to 5 ft/s. It can be 

inferred that a group of females has a higher speed when crossing the road to prevent a 

collision with the moving vehicles, unlike male subjects, of which the majority are in a 

range between 3 ft/s and 5 ft/s. 
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Table 9 - Descriptive Statistics of the Walking Speeds for One-lane Crossing 

Gender Scenario Count Average  
Speed (ft/s) 

Standard 
Deviation (ft/s) 

Minimum 
Speed (ft/s) 

Maximum 
Speed (ft/s) 

Female 1 63 4.30 1.02 2.84 7.44 

 2 63 4.63 1.15 3.18 7.85 

 3 64 4.17 0.92 2.55 7.21 

Male 1 62 4.36 0.77 3.13 7.15 

 2 64 4.75 0.65 3.64 6.71 

 3 63 4.17 0.58 3.05 5.33 

 

 

 

Figure 14 - Pedestrian Walking Speeds per Gender for One-lane Crossing 

 

Normality was again checked for the walking speeds, but now for each gender group 

separately. Figures 15 and 16 show the probability plots for the male and female groups, 

respectively. Differences were visually detected regarding the data's normality between 

males and females. Figure 13 already showed that the total data of walking speeds did 

not follow a normal distribution. These two probability plots help to observe that the female 
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group has a larger deviation from normality than the male group. A Wilcoxon test of the 

data was performed with a statistic of 9.054 and a p-value of 0.98. It turned out that there 

are no significant differences between the male and female distributions at a 95% 

confidence level. 

 

 

Figure 15 – Q-Q Plot of Walking Speeds for Males in One-lane Crossing 

 

 

Figure 16 – Q-Q Plot of Walking Speeds for Females in One-lane Crossing 
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Figure 17 shows the walking speeds grouped by configuration and by gender. This 

plot shows that the higher walking speeds observed for the distribution of the female group 

predominantly come from the 25-mph configuration. This configuration indicates that 

female subjects have a large range of walking speeds between 2.5 ft/s and 8.5 ft/s, with 

respect to the other distributions where a more significant agglomeration of subjects is 

observed.  

 

 

Figure 17 - Walking Speeds per Configuration and Gender in the One-Lane 

Crossing 
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Figure 18 shows the histograms of the walking speeds by configuration and age 

group. These distributions show that the highest walking speeds (and larger range of 

speeds) belong to the 46-65 age group in Configuration 2. Another age group with high 

walking speeds and large speed range was the 18-25 age group, but at the 15-mph speed 

configuration. In contrast, the age group with the smallest range of walking speeds was 

the 66-85 age group in Configuration 1; all values were inside the 3-5 ft/s range. 

 

Figure 18 - Walking Speeds by Age Group in the One-Lane Crossing 

 

4.3 Gap Acceptance Analysis of Two-lane Crossing Scenarios 

A third group of 16 subjects observed the VR scenarios for the two-lane roadway 

crossing setting. This configuration only included two scenarios with variable gaps 

between vehicles (this was Scenario 1 for the one-lane crossing setting). The scenarios 

with constant gap values were not shown in this configuration. The objective of this 

configuration was to analyze the changes in pedestrian behavior (i.e., gap acceptance 

and walking speeds) when crossing the additional lane. The same vehicle speeds of 15 

mph and 25 mph were used to create the two scenarios. Different than for the one-lane 

roadway crossing, now the same subjects saw the two vehicle speeds in the trials. The 
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gap between vehicles was also generated randomly in 0.5-s increments, but now the 

range was extended from 2 s to a maximum gap value of 8 s.  

The experiment was designed for the collection of 10 trials (repetitions) per subject for 

each demographic group. Each demographic group was composed of two subjects. Two 

trials of Scenario 2 were noted missing during the processing and analysis of the data. 

Therefore, a total of 158 observations were obtained for the two-lane road crossing setting.  

 

Table 10 - Descriptive Statistics for the Number of Gaps Seen in the Two-lane 

Crossing 

Vehicle 
Speed (mph) Gender Age Trials 

Average 
Gaps 
Seen 

Standard 
Deviation 

Minimum 
Value 

Maximu
m Value 

15 

Female 

18-25 10 2.0 1.15 1 4 

26-45 10 1.3 0.48 1 2 

46-65 10 1.0 0.00 1 1 

66-85 10 2.1 0.88 1 4 

Male 

18-25 10 1.1 0.32 1 2 

26-45 10 1.8 0.92 1 3 

46-65 10 1.7 0.95 1 4 

66-85 10 8.5 10.76 1 29 

25 

Female 

18-25 10 2.4 1.51 1 6 

26-45 10 2.0 0.67 1 3 

46-65 10 1.6 0.70 1 3 

66-85 10 1.8 1.03 1 4 

Male 

18-25 8 1.6 0.52 1 2 

26-45 10 1.6 0.70 1 3 

46-65 10 1.8 0.92 1 3 

66-85 10 15.8 20.59 1 66 

Note: Cells in bold show higher values than for the one-lane crossing setting. 
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Interestingly, all but three of the subject groups in Table 10 had lower average 

numbers of gaps seen in the two-lane crossing than in the one-lane crossing. The three 

subject groups with higher average values of gaps and standard deviation seen in the two-

lane crossing (cells shown in bold in Table 12) were the two male 66-85 age groups and 

the female 18-25 age group in the 15-mph speed scenario. That the males from the oldest 

age group observed more gaps for the two-lane crossing than for the one-lane crossing 

roadway is not entirely surprising, but not finding a similar trend for the behavior of the 

female group (and by a very large difference!) is indeed very surprising.     

Figure 19 shows the box-plots of the average gaps seen grouped by vehicle speeds. 

The data from all subjects per scenario was shown aggregated in this figure. As expected, 

the highest number of gaps seen was found in Scenario 2 with the higher vehicle speeds.  

 

 

Figure 19 - Box Plots of the Gaps Seen by Vehicle Speed for the Two-lane 

Crossing 

 

Figure 20 shows bar charts of the same data of gaps seen by the four age groups for 

each of the two scenarios. In a general sense, the scenario with the 25-mph vehicle speed 

showed a higher average of gaps seen by the subjects than in the 15-mph vehicle speed 
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scenario. This difference is clearly observed for the two male 66-85 age groups with 

average values of about 8 gaps and 16 gaps for the 15-and 25-mph speed values, 

respectively. It can be inferred that pedestrians rejected more gaps at a vehicle speed of 

25 mph since the perception of the gap is less, even though the gap range is larger.  

Table 11 presents the results of the average gap taken (in seconds) and the total 

quantity of gaps not taken per gap value for each subject in the sample. This analysis 

looks to identify differences in the decision to cross between subject groups and the one-

lane vs. two-lane crossings. It turned out that the male population of 66-85 years, when 

faced with vehicles at 25 mph in the two-lane crossing, had the highest average with 15.8 

gaps seen, while the averages for the other age groups are from 1 to 8.5 at most. 

 

 

Figure 20 - Average Gaps Seen by Gender Group and Vehicle Speeds in the Two-

lane Crossing 

 

In terms of the differences in gaps taken between the 15-mph and 25-mph vehicle 

speeds, both female and male groups have lower averages in the low-speed setting. The 

male group had an average gap taken of 6.95 s with a standard deviation of 0.52 s in the 

15-mph scenario, whereas the average gap taken was reduced to 6.64 s with a standard 
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deviation of 0.59 s in the 25-mph scenario. A similar trend was observed for the female 

groups; they had an average gap taken of 6.69 s with a standard deviation of 0.61 s in the 

15-mph scenario, whereas the average gap taken was reduced to 6.40 s with a standard 

deviation of 0.79 s in the 25-mph scenario. The decreasing trend in average value for the 

female group was similar as in the one-lane crossing setting.  When analyzing the number 

of gaps not taken by the subjects, the males had higher numbers of gaps not taken than 

the females for both speed scenarios. Male subjects took an average of 11.38 gaps in the 

15-mph scenario and 20.88 gaps in the 25-mph scenario before crossing the two-lane 

road. Female subjects took an average of 3 gaps in the 15-mph scenario and 4.75 gaps 

in the 25-mph scenario.  
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Table 11 - Average Gaps Taken and Gaps Not Taken per Subject for the Two-lane 

Crossing 

Vehicle 
Speed Gender ID Age 

Ave. 
Gap 

Taken 
(s) 

Number of Gaps Not Taken 

At 2.0s At 2.5s At 3.0s At 3.5s At 4.0s At 4.5s At 5.0s At 5.5s At 6.0s At 6.5s At 7.0s At 7.5s At 8.0s 

15 

M 

C1 18-25 7.20 0 0 0 0 0 0 0 0 0 0 0 0 0 

C2 18-25 6.90 0 0 0 0 0 1 0 0 0 0 0 0 0 

C3 26-45 6.90 0 0 0 1 2 0 0 0 0 0 0 0 0 

C4 26-45 6.60 0 0 0 2 1 2 0 0 0 0 0 0 0 

C5 46-65 7.50 0 0 0 1 0 1 1 0 0 2 0 0 0 

C6 46-65 7.20 0 0 0 1 0 0 0 1 0 0 0 0 0 

C7 66-85 5.90 0 0 0 0 2 0 0 0 0 0 0 0 0 

C8 66-85 7.40 0 0 7 8 7 6 7 7 7 5 6 6 7 

F 

C9 18-25 7.60 0 0 1 0 1 3 0 1 1 2 0 0 0 

C10 18-25 6.10 0 0 0 0 1 0 0 0 0 0 0 0 0 

C11 26-45 5.90 0 0 0 0 0 0 1 0 0 0 0 0 0 

C12 26-45 6.30 0 0 0 1 0 0 1 0 0 0 0 0 0 

C13 46-65 7.20 0 0 0 0 0 0 0 0 0 0 0 0 0 

C14 46-65 7.00 0 0 0 0 0 0 0 0 0 0 0 0 0 

C15 66-85 7.10 0 0 0 2 0 1 1 0 0 0 0 0 0 

C16 66-85 6.30 0 0 0 0 2 1 2 0 1 0 1 0 0 

25 

M 

C1 18-25 6.40 0 0 1 1 0 1 0 0 0 0 0 0 0 

C2 18-25 6.50 0 0 1 1 0 0 0 0 0 0 0 0 0 

C3 26-45 7.00 0 0 0 2 0 0 1 0 0 0 0 0 0 

C4 26-45 6.90 0 0 0 1 0 0 2 0 0 0 0 0 0 

C5 46-65 6.10 0 0 1 2 0 1 0 1 1 0 2 0 0 

C6 46-65 6.90 0 0 0 0 0 0 0 0 0 0 0 0 0 

C7 66-85 5.70 0 0 0 0 1 0 0 0 0 0 0 0 0 

C8 66-85 7.60 0 0 14 13 14 14 14 14 13 13 14 12 12 

F 

C9 18-25 7.00 0 0 1 1 2 0 2 2 0 1 1 2 0 

C10 18-25 6.10 0 0 1 1 0 0 0 0 0 0 0 0 0 

C11 26-45 6.80 0 0 1 1 1 1 1 0 0 1 0 0 0 

C12 26-45 5.80 0 0 0 1 1 1 1 0 0 0 0 0 0 

C13 46-65 6.50 0 0 1 1 0 0 0 0 0 0 0 0 0 

C14 46-65 4.90 0 0 2 0 0 1 0 0 0 1 0 0 0 

C15 66-85 6.70 0 0 1 0 0 0 0 1 0 0 0 0 0 

C16 66-85 7.40 0 0 2 1 0 1 0 0 1 0 1 0 0 

 

4.4 Walking Speeds Analysis of Two-lane Crossing Scenarios 

Figure 21 shows the frequency histogram of the walking speed, in ft/s, calculated for 

each subject when crossing the two-lane road. It can be observed that most of the subjects 

have walking speeds between 3 ft/s and 5 ft/s. Similar to the case of the one-lane crossing, 
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a small group of subjects show speeds greater than 6 ft/s, resulting in a skewed distribution 

to the right. Again, the results obtained for the two-lane crossing that were calculated from 

the VR experiment provide reasonable values that are comparable with values found in 

the literature. 

 

 

Figure 21 - Pedestrian Average Speed Frequency for Two-lane Crossing 

 

A normality check of the walking speed values was made. Figure 22 shows the 

probability plot of the walking speeds and the theoretical normal distribution for 

comparison. It is clear from the plot that the walking speeds do not tend to follow the 

straight line, so normality cannot be assumed for the data. It is observed that atypical 

speed data more significant than 5.5 ft/s do not allow normality. 

Table 12 presents a statistical summary of the average walking speeds per gender 

and scenario. As in the one-lane crossing, when comparing each scenario separately, 
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there are no obvious differences in the average walking speeds between the two gender 

groups. Similar to the case of the one-lane crossing, the variability of walking speeds is 

slightly larger for the group of female subjects. It is interesting to note that the trend of 

walking speed is opposite between males and females; females tend to walk slightly faster 

in the 25-mph scenario and males tend to walk slightly slower in the 25-mph scenario.    

 

 

Figure 22 - Q-Q Plot of Walking Speeds for Two-lane Crossing 

 

Table 12 - Descriptive Statistics of Walking Speed for Two-lane Crossing 

Gender 
Vehicle 
Speed 
(mph) 

Trials 
Average 
Walking 
Speed 
(ft/s) 

Standard 
Deviation 

(ft/s) 

Minimum 
Speed 
(ft/s) 

Maximum 
Speed 
(ft/s) 

Female 15 40 4.19 1.04 2.60 6.93 

 25 40 4.26 1.39 2.26 8.93 

Male 15 40 4.34 0.99 2.18 6.49 

 25 38 4.11 0.78 1.93 5.32 
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The distribution of the walking speed per gender was again analyzed per subject 

group. Figure 23 shows the histograms of the walking speeds (ft/s) from all trials by 

gender. Similar to the trend observed in the one-lane crossing setting, there is a group of 

females that exhibited walking speeds higher than 7 ft/s, although at a smaller scale.  

 

 

Figure 23 - Pedestrian Average Speed Frequency by Gender for Two-lane 

Crossing 

 

Normality was again checked for the walking speeds, but now for each gender group 

separately. Figures 24 and 25 show the probability plots for the male and female groups, 

respectively. Differences were again visually detected regarding the data's normality 

between males and females. These two probability plots help to observe that the female 

group might have a larger deviation from normality than the male group. A Wilcoxon test 

was performed with a statistic of 1.294 and a p-value of 0.22. It turned out that there are 

no significant differences between the male and female distributions at a 95% confidence 

level, as was the case for the one-lane roadway crossing. 

Figure 26 shows the extreme walking speed values observed for the female group 

distribution. Also, it is noted that the vast majority of the values in the two samples 

accumulate at a walking speed of approximately 4.5 ft/s. 
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Figure 24 - Q-Q Plot of Walking Speeds for Males in the Two-lane Crossing 

 

 

Figure 25 - Q-Q Plot of Walking Speeds for Females in the Two-lane Crossing 
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Figure 26 - Box Plots of the Walking Speed by Gender for the Two-lane Crossing 

 

Figure 27 shows the walking speeds grouped by scenario (speed of the vehicles) and 

by gender. The distribution for females in the 25-mph scenario shows there is a high 

dispersion in a range of speeds between 2 ft/s and 8.5 ft/s, with respect to the other graphs 

where a more significant agglomeration of subjects is observed. Also, it is noted that the 

male group in the 25-mph scenario does not exhibit walking speeds higher than 5.5 ft/s, 

whereas the other three groups exceed that walking speed.  

Figure 28 shows the histograms of the walking speeds by speed scenario and age 

group. Similar to the one-lane crossing, the distributions show that the highest walking 

speeds (and larger range of speeds) belong to the 46-65 age group in Scenario 2. Another 

age group with high walking speeds and large speed range was the 18- to 25-year-old 

group, but at the 15-mph speed. In contrast, the age group with the smallest range of 

walking speeds was the 18-25 age group in Scenario 1, which had all values inside the 3-

5.5 ft/s range. 
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Figure 27 - Walking Speeds per Scenario and Gender in the Two-lane Crossing 

 

 

Figure 28 - Walking Speeds per Scenario and Age in the Two-lane Crossing 
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4.5 Crossing Success Rate Analysis 

The crossing success rate was calculated for each subject in the VR experiment to 

identify if any of the subject groups had any significant issues with hits by a moving vehicle 

when crossing. Table 13 shows the overall crossing success rates divided by scenario 

and configuration. Not surprisingly, the combination with the worst crossing success rate 

of 79.7% was observed for the subject group that participated in the scenario with the 25-

mph vehicle speed and short constant gap of 3 s in the one-lane setting. A perfect crossing 

success rate was observed for the subjects in the two scenarios with the “long” 5-s gaps 

in the one-lane setting, irrespective of the vehicle speeds.   

 

Table 13 - Crossing Success Rates by Scenario and Vehicle Speed 

Scenario 
Vehicle Speed 

(mph) 

Crossing Success Rate 

One-Lane Road 

Crossing Success Rate 

Two-Lane Road 

1 
15 0.984 1.000 

25 0.984 0.987 

2 
15 0.984 

 
25 0.797 

3 
15 1.000 

25 1.000 

 

Table 14 shows the crossing success rates by gender group. The results show that in 

the one-lane road setting, the male group exhibited a better crossing success rate than 

their female counterparts, 97.4% vs. 94.2%. In the two-lane road setting, the trend is 

reversed, with females having a perfect success rate and the males having a lower but 

fairly similar rate of 98.7%. 
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Table 14 - Crossing Success Rate by Gender 

Gender 
Crossing Success Rate - 

One-Lane Road 

Crossing Success Rate - 

Two-Lane Road 

Female 0.942 1.000 

Male 0.974 0.987 

 

Table 15 shows the crossing success rates by age group. In general, three of the age 

groups exhibited a better success crossing rate in the two-lane setting than in the one-

lane setting, except the 46- to 65-year-old cohort that exhibited a 97.5% success rate in 

the two-lane setting vs. a perfect rate in the one-lane setting. When comparing age groups 

in the one-lane setting, the worst crossing success rate was observed for the 66-85 age 

cohort with 89.5%.  

 

Table 15 - Crossing Success Rate by Age 

Age 
Crossing Success Rate - 

One-Lane Road 

Crossing Success Rate - 

Two-Lane Road 

18-25 0.989 1.000 

26-45 0.948 1.000 

46-65 1.000 0.975 

66-85 0.896 1.000 

 

4.6 Responses from the Pre-Test and Post-Test Questionnaires 

Tables 16 and 17 show the responses obtained for two of the questions from the pre-

test questionnaire about their level of confidence when crossing a road outside an 

intersection and the factors they consider when making the decision to cross, respectively. 
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Table 16 indicates that 38% of the sample feel somewhat or very doubtful of being able to 

safely cross a road outside an intersection. On the other hand, 34% of the sample feels 

confidence in being able to cross safely.  

 

Table 16 - Responses to the Question: How confident are you to be able to safely 

cross a one-lane/two-lane road in a place outside an intersection? 

Responses Configuration 
1 

Configuration 
2 

Configuration 
3 

Total 
Responses 

Very Confident 3 3 2 8 

Somewhat Confident 3 2 2 7 

Depends, Neither 

Confident nor Doubtful 

3 5 4 12 

Somewhat Doubtful 5 3 5 13 

Very Doubtful 0 2 2 4 

Total 14 15 15 44 

 

Table 17 presents the responses provided toward the factors the subjects consider 

when making the decision to cross the road. Subjects could select more than one of the 

factors in the table. The vehicle speed was the factor most selected by the subjects (26% 

of the sample), followed by the gap between vehicles, the traffic volume, and the road 

width (19% of the sample), as considered when crossing a road. The time between 

vehicles was selected by just 15% of the subjects.  
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Table 17 - Responses to the Question: Which of the following factors do you 

consider when deciding to cross a road outside an Intersection? 

Factors Configuration 

1 

Configuration 

2 

Configuration 

3 

Total 

Responses 

Vehicle Speeds 13 14 15 42 

Available Distance 

between Vehicles 

10 10 11 31 

Number of Vehicles 8 13 10 31 

Road Width 10 9 12 31 

Time between 

Vehicles 

8 9 8 25 

Other 0 3 1 4 

 

Tables 18-20 show the responses obtained for the question related to the level of 

difficulty of crossing the road associated with the variables used in the VR simulation. As 

expected, the subjects in Configuration 2 (Table 19), with the higher 25-mph vehicle 

speeds, identified the vehicle speed as a factor more difficult to manage than in 

Configuration 1 with the lower 15-mph vehicle speed (Table 18). Notwithstanding this 

result, subjects in Configuration 1 indicated having more difficulty crossing the road in the 

simulation based on the distance and time between vehicles. The road width that had a 

fixed value of 10 ft for both Configuration 1 and 2 was not considered as a difficulty factor 

in crossing the road by any subject in Configurations 1 and 2.  
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Table 18 – Crossing Difficulty Level for the One-Lane Street in Configuration 1 

Factor in VR Simulation Very Difficult Somewhat Difficult Not Difficult 

Vehicle Speeds 1 4 9 

Distance between Vehicles 0 8 6 

Time between Vehicles 0 9 4 

Number of Vehicles 0 3 9 

Road Width 0 0 14 

 

For Configuration 2, the subjects expressed having more difficulty crossing based on 

the time observed between vehicles. Distance and time between vehicles were both 

included in the questionnaire to compare the responses given by the subjects. As 

observed, in the responses, subjects are more aware of the time variable than the distance 

variable in the simulations, even though both variables expressed the same information.  

 

Table 19 – Crossing Difficulty Level for the One-Lane Street in Configuration 2 

Factor in VR Simulation Very Difficult Somewhat Difficult Not Difficult 

Vehicle Speed 1 8 6 

Distance between Vehicles 0 7 8 

Time between Vehicles 0 10 5 

Number of Vehicles 1 5 8 

Road Width 0 0 14 
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Table 20 shows the responses for Configuration 3, the two-lane road setting, and it is 

observed that there were no factors identified as very difficult.  A majority of the subjects 

indicated that the factors were not complicated, except for the time between vehicles. 

Similar to the other configurations, the time between vehicles was the factor categorized 

as “somewhat difficult” by the highest number of subjects. 

 

Table 20 – Crossing Difficulty Level for the Two-Lane Street 

Factor in VR Simulation Very Difficult Somewhat 

Difficult 

Not 

Difficult 

Vehicle Speed 0 4 9 

Distance between Vehicles 0 5 8 

Time between Vehicles 0 8 6 

Number of Vehicles 0 3 9 

Road Width 0 1 12 
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5. Conclusions and Recommendations  

This research study focuses on understanding pedestrian behavior in terms of gap 

acceptance and walking speeds in urban settings using virtual reality (VR) simulation. The 

presented methodology allows us to quantify the human behavior of the driver-pedestrian 

iteration and its response under different scenarios that represent the influence of the 

urban area. Two vehicle speeds, 15 mph and 25 mph, and three vehicle gap values, 3 s, 

5 s, and randomly generated ranges from 2 to 5 s and 2 to 8 s, were used to create eight 

simulation scenarios. Two roadway configurations, one-lane vs. two-lanes, of an urban 

street were included.   

Based on the research methodology and the scenarios evaluated as part of this study, 

the following conclusions are made.  

1. In terms of pedestrian walking speed, for a one-lane urban scenario, there are 

two female population groups who had walking speeds greater than 6 ft /s, 

namely the 18-25 and 46-65 age groups.  

2. For the two-lane crossing, the walking speed trend is similar for both age 

groups and gender as compared to the single-lane scenario variable. 

3. Although the speed datasets did not meet the normality test criteria, when 

discriminated by gender, they showed no significant differences between the 

distributions. Differences in walking speed were visually observed between the 

distributions for the age groups. 

4. The research methodology using VR technology reasonably predicted the 

behavior of pedestrians when they were in a controlled environment. The study 

of the application of innovative safety countermeasures, such as new traffic 

control devices, can potentially be studied using VR technology as part of the 

experimental procedures considered for future traffic control devices in the 

MUTCD. 
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6. Future Research 

Based on the findings of this gap acceptance and walking speed research for both 

one-lane and two-lane scenarios in an urban setting, it is recommended as future research 

work to create a robust statistical model to study the nature of pedestrians’ behavior when 

crossing the street. Statistical models will correlate the different response variables 

obtained from the VR simulation scenarios with the demographic characteristics of the 

sample and the traffic gaps and speed values for the one-lane and two-lane crossings. 

Furthermore, this study can be replicated with special interest groups, diverse mobility 

populations, senior persons, etc., as initially intended for the project.  

The situations presented in this report correspond to activities where the ethnic group 

that controls the experiment were Hispanic/Latino. The research methodology (sampling, 

training methods) using VR simulation can be adapted to similar urban scenarios and gap 

acceptance where other cultures or a combination of them prevail (i.e., African American, 

American Indian, Asian, etc.)  
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Appendix D: Post-Test Questionnaire 

 



 

 
 

83 Study of Gap Acceptance and Walking Speeds of Pedestrians Using Virtual Reality Simulation 

 


	List of Figures
	List of Tables
	1.
	Abstract
	1.Introduction
	1.1 Pedestrian Fatalities and Fatality Rates in the United States
	1.2 Research Problem Statement
	1.3 Research Objectives

	2.
	2. Literature Review
	2.1 Crash Statistics
	2.2 Effect of Age and Gender Factors
	2.3 Walking and Crossing Speeds
	2.4 Gap Acceptance Behavior
	2.5 Virtual Reality Simulation

	3.
	3. Research Methodology
	3.1 Equipment
	3.2 Experimental Design
	3.3 Description of Base Scenario
	3.4 Survey Questionnaires (Pre-test and Post-test)
	3.5 Sample Description

	4. Analysis of Results
	4.1 Gap Acceptance Analysis for One-lane Crossing Scenarios
	4.2 Walking Speeds Analysis of One-lane Crossing Scenarios
	4.3 Gap Acceptance Analysis of Two-lane Crossing Scenarios
	4.4 Walking Speeds Analysis of Two-lane Crossing Scenarios
	4.5 Crossing Success Rate Analysis
	4.6 Responses from the Pre-Test and Post-Test Questionnaires

	5. Conclusions and Recommendations
	6. Future Research
	7. Acknowledgments
	8. References
	Appendix A: UPRM IRB Authorization Letter
	Appendix B: Informed Consent Document
	Appendix C: Pre-Test Questionnaire
	Appendix D: Post-Test Questionnaire




Accessibility Report





		Filename: 

		Study of Gap Acceptance and Walking Speeds of Pedestrians_REM.pdf









		Report created by: 

		Nellie Kamau, Catalog Librarian, Nellie.kamau.ctr@dot.gov



		Organization: 

		DOT, NTL







 [Personal and organization information from the Preferences > Identity dialog.]



Summary



The checker found problems which may prevent the document from being fully accessible.





		Needs manual check: 0



		Passed manually: 2



		Failed manually: 0



		Skipped: 0



		Passed: 25



		Failed: 5







Detailed Report





		Document





		Rule Name		Status		Description



		Accessibility permission flag		Passed		Accessibility permission flag must be set



		Image-only PDF		Passed		Document is not image-only PDF



		Tagged PDF		Passed		Document is tagged PDF



		Logical Reading Order		Passed manually		Document structure provides a logical reading order



		Primary language		Passed		Text language is specified



		Title		Passed		Document title is showing in title bar



		Bookmarks		Passed		Bookmarks are present in large documents



		Color contrast		Passed manually		Document has appropriate color contrast



		Page Content





		Rule Name		Status		Description



		Tagged content		Failed		All page content is tagged



		Tagged annotations		Passed		All annotations are tagged



		Tab order		Passed		Tab order is consistent with structure order



		Character encoding		Passed		Reliable character encoding is provided



		Tagged multimedia		Passed		All multimedia objects are tagged



		Screen flicker		Passed		Page will not cause screen flicker



		Scripts		Passed		No inaccessible scripts



		Timed responses		Passed		Page does not require timed responses



		Navigation links		Passed		Navigation links are not repetitive



		Forms





		Rule Name		Status		Description



		Tagged form fields		Passed		All form fields are tagged



		Field descriptions		Passed		All form fields have description



		Alternate Text





		Rule Name		Status		Description



		Figures alternate text		Failed		Figures require alternate text



		Nested alternate text		Passed		Alternate text that will never be read



		Associated with content		Passed		Alternate text must be associated with some content



		Hides annotation		Passed		Alternate text should not hide annotation



		Other elements alternate text		Failed		Other elements that require alternate text



		Tables





		Rule Name		Status		Description



		Rows		Passed		TR must be a child of Table, THead, TBody, or TFoot



		TH and TD		Passed		TH and TD must be children of TR



		Headers		Failed		Tables should have headers



		Regularity		Passed		Tables must contain the same number of columns in each row and rows in each column



		Summary		Failed		Tables must have a summary



		Lists





		Rule Name		Status		Description



		List items		Passed		LI must be a child of L



		Lbl and LBody		Passed		Lbl and LBody must be children of LI



		Headings





		Rule Name		Status		Description



		Appropriate nesting		Passed		Appropriate nesting










Back to Top

