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EXECUTIVE SUMMARY  

 

Pedestrian crashes are a major safety concern in Florida. About one in every five traffic-related 

fatalities in the state is a pedestrian. The goal of this project is to conduct a comprehensive study 

to improve pedestrian safety on state roads in Florida. The specific project objectives include: 

 

1. Reviewing and summarizing existing pedestrian safety studies, including methods of 

analysis, and findings on pedestrian crash causes, crash contributing factors, and potential 

countermeasures. 

2. Identifying statewide pedestrian crash patterns and causes. 

3. Identifying factors contributing to pedestrian injury severity. 

4. Identifying and analyzing pedestrian high crash locations at both signalized and non-

signalized locations for crash causes and potential countermeasures. 

 

For this study, a total of 6,434 pedestrian crashes that occurred on state roads during 2008-2010 

were identified. A major effort of this project involved detailed review of police reports for these 

crashes to obtain additional crash details, including those from police descriptions and 

illustrative sketches, which are not available from crash summary records. In addition, additional 

roadway information not available from the state roadway inventory such as types of crosswalks 

were visually identified. Both of these efforts were performed using two in-house web-based 

systems developed to facilitate police report review and data collection. 

 

Literature Review 

 

There has been significant effort in analyzing pedestrian crashes and identifying pedestrian risk 

factors. Existing methods for identifying pedestrian hot spots are broadly classified into three 

categories: density, clustering, and exposure estimation. In the density method, simple and 

Kernel methods are the two commonly used crash density calculation methods. Among these two 

methods, the Kernel method is regarded as a better approach since it generates a well fitted 

smooth curve. The second method relies on the clustering technique and has been successfully 

applied in safety analysis to identify groups of crashes. The third method of hot spot 

identification is exposure estimation. This includes statistical regression models, sketch plan and 

network models, micro-simulation models, and computer vision techniques.  

 

Several pedestrian countermeasures have been proposed in the literature to improve pedestrian 

safety. These include but are not limited to, converting intersections to roundabouts, installing 

raised medians and refuge islands, adding on-street parking, installing pedestrian signals, 

modifying signal phasing, installing pedestrian countdown signals, improving lighting at 

intersections, and illuminating crosswalks. The majority of these countermeasures were found to 

have been effective in reducing pedestrian crashes and fatalities. 

 

Statewide Crash Patterns and Causes 

 

Statewide crash patterns and causes were identified based on the 6,434 pedestrian crashes in the 

three-year analysis period. The crashes resulted in a total of 663 pedestrian fatalities (i.e., 

10.3%). Overall, there were 124.7 total crashes and 13 fatal crashes per million population 
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annually. Of the different age groups, the young pedestrian group (16-25 years) experienced the 

highest number of pedestrian crashes per million population and also the highest pedestrian crash 

rate per million walk trips per year. Older people were found to experience a slightly higher 

number of fatal crashes per million walk trips per year. Although a majority of crashes occurred 

during daytime, they resulted in a lower proportion of fatalities. At 5% significance level, the 

proportion of fatal crashes that occurred during nighttime were significantly greater compared to 

the proportion of fatal crashes in the daytime.  

 

Overall, pedestrians were found to be at fault in over 53.0% of the crashes and drivers were at 

fault in 28.2% of the crashes. Irrespective of who was at fault, failing to yield right-of-way and 

disregarding traffic control devices were the two major contributing causes for pedestrian 

crashes. Moreover, crashes where pedestrian was at fault were found to be more severe 

compared to the crashes where the driver was at fault, and this difference was found to be 

statistically significant.     

 

A majority of the crashes occurred primarily on urban principal arterials. Al though the majority 

of pedestrian crashes occurred in urban areas and especially in metropolitan areas, fatal crashes 

were disproportionately high in rural areas. Moreover, the proportion of fatal crashes decreased 

with urbanization. Crashes along the locations with higher speed limits resulted in a greater 

proportion of fatal crashes. At a 5% significance level, there was no significant difference in the 

proportion of fatal crashes at signalized intersections across the following crosswalk types: 

standard, continental, ladder, and solid with special surface. Furthermore, crash data did not 

indicate that continental and ladder types had a better safety performance than standard 

crosswalks at signalized intersections during nighttime.   

 

Statewide Crash Severity Contributing Causes 

 

Mixed logit models were developed to identify significant geometric, traffic, road user, 

environmental, and vehicle factors contributing to pedestrian injury severity at signalized and 

non-signalized locations. At both signalized and non-signalized locations, the following ten 

variables were chosen to be included in the model: percentage of trucks, natural logarithm of 

average annual daily traffic (AADT), crosswalk type, lighting condition, pedestrian age, speed 

limit, hour of crash, at-fault road user, vehicle type, and weather condition.  

 

The results from the mixed logit models showed that: 

 

¶ Crashes where pedestrians were at fault were more likely to result in severe injuries 

compared to the crashes where drivers were at fault or both pedestrians and drivers were 

at fault at both signalized and non-signalized locations.  

¶ Crashes involving at-fault pedestrians resulted in a greater probability of severe injuries 

at non-signalized locations compared to signalized locations. 

¶ Very young pedestrians were associated with lower probability of severe injuries at both 

signalized and non-signalized locations.  

¶ Very old pedestrians were associated with higher probability of severe injuries at both 

signalized and non-signalized locations. 
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¶ Very old pedestrians have a greater severity risk at signalized locations compared to non-

signalized locations.  

¶ At signalized locations, rainy weather was associated with a slight increase in the 

probability of severe injuries compared to other weather conditions.  

¶ Dark conditions, with and without street light, were associated with an increase in the 

probability of severe injuries at both signalized and non-signalized locations. 

¶ At non-signalized locations, vans were found to be associated with an increase in the 

probability of severe injuries compared to other vehicle types.  

¶ Increasing the speed limit at signalized and non-signalized locations was associated with 

higher severe injury probability.  

¶ The increase in speed limit at non-signalized locations posed greater pedestrian severity 

risk compared to signalized locations.  

¶ At non-signalized locations, pedestrians crossing the roadway were associated with 

higher probability of severe injuries compared to pedestrians walking along the roadway.  

¶ At signalized locations, increasing the AADT and the percentage of trucks significantly 

increased the probability of severe pedestrian injuries. 

¶ At signalized locations, the probability of severe pedestrian injuries was higher during the 

night and dawn off-peak periods. 

 

Pedestrian Crash Causes and Countermeasures at Signalized Locations 

 

Urban signalized intersections with observed pedestrian crash frequency greater than three 

standard deviations from the average crash frequency were identified and analyzed. A total of 21 

signalized intersections with Ó 6 pedestrian crashes during 2008-2010 were included in the 

analysis. Police reports of all the crashes that occurred at these high crash intersections were 

reviewed and the crash contributing factors related to each of the following six types of crashes 

were analyzed: 

 

1. Crashes that involved right-turning vehicles. 

2. Crashes that involved left-turning vehicles.  

3. Crashes that occurred in the vicinity of bus stops. 

4. Crashes that involved pedestrians who were not crossing at designated crossing locations. 

5. Crashes that occurred in left-turning lanes and right-most lanes. 

6. Crashes that involved pedestrians in a crosswalk and through traffic. 

 

Pedestrian crashes involving turning traffic at signalized intersections could be prevented by 

eliminating the potential vehicle-pedestrian conflicts. At locations with high pedestrian volumes, 

prohibiting right turns on red could be an easy strategy to minimize pedestrian conflicts 

involving right-turning vehicles. Additionally, providing a leading pedestrian interval (LPI) that 

gives pedestrians a head start while crossing the intersection could improve pedestrian safety. 

Pedestrian crashes involving left-turning vehicles could be reduced by providing either a 

protected left-turn phase or an exclusive protected pedestrian signal.   

 

Several pedestrian crashes occurred when the pedestrian walked in front of the bus onto the 

approaching traffic. These types of pedestrian crashes could be prevented by improving roadway 

lighting and providing curb extensions in the vicinity of bus stops. Furthermore, relocating near-
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side bus stops to the far-side of the intersection could eliminate sight-distance restrictions, 

improving pedestrian safety. 

 

At locations where pedestrians are expected to cross multi-lane roads with high travel speeds and 

heavy traffic, the following countermeasures could be effective in reducing pedestrian crash 

frequency and severity: 

 

¶ ensure curb ramps are provided to make crossing easier for all pedestrians,  

¶ install lighting along the corridor, 

¶ require pedestrians to cross the roadway at designated crossing locations such as 

crosswalks, and  

¶ install traffic calming measures, such as providing speed bumps, lane narrowing, etc.  

 

Agency-wide education campaigns on the laws pertaining to pedestrians and the safety benefits 

of using pedestrian facilities such as crosswalks, sidewalks, and pedestrian refuge islands could 

improve pedestrian safety. Furthermore, extensive driver education campaigns that focus on 

driver compliance with pedestrian right-of-way laws and stricter enforcement could prevent the 

crashes that were due to driver error. 

 

Pedestrian Crash Causes and Countermeasures at Non-signalized Locations 

 

ArcGIS 10.0 was used to identify the non-signalized locations with more than one pedestrian 

crash. The top high crash non-signalized locations were identified based on critical pedestrian 

crash frequency (i.e., greater than three standard deviations from the average crash frequency). A 

total of 14 non-signalized locations with Ó 5 crashes during 2008-2010 were included in the 

analysis. Police reports of the 115 crashes that occurred at these 14 locations were reviewed in 

detail to identify pedestrian crash causes and potential countermeasures. Several of the 

pedestrian crash types identified at signalized intersections were also found at non-signalized 

locations. Particularly, the following types of crashes were observed at both signalized and non-

signalized locations: 

 

1. Crashes that occurred in the vicinity of bus stops. 

2. Crashes that involved pedestrians who were not crossing at designated crossing locations. 

3. Crashes that occurred in left-turning lanes and right-most lanes. 

4. Crashes that involved pedestrians in a crosswalk and through traffic. 

 

In addition to the above identified crash types, the following two types of crashes were identified 

at non-signalized locations: crashes that occurred at undivided roadways, and crashes that 

involved pedestrians walking along a roadway. Crash contributing factors related to these two 

types of crashes were analyzed. 

 

Undivided roadway segments were found to experience a greater number of pedestrian crashes 

compared to the locations with raised medians. Raised medians act as pedestrian refuge areas, 

providing an opportunity for pedestrians to pause while crossing multiple lanes of traffic. 

Therefore, constructing raised medians is recommended on multi-lane corridors with high traffic. 

In addition to the construction of raised medians, agency-wide pedestrian education campaigns 
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focusing on the safety benefits of raised medians is recommended to discourage pedestrians from 

crossing multiple travel lanes without stopping and waiting for sufficient gaps to cross.  

 

Sidewalks not only encourage walking but also significantly improve pedestrian safety. At 

locations with no sidewalks, pedestrians are forced to walk along the edge of the roadway, 

increasing the potential for pedestrian crashes. If feasible, it is recommended to provide 

sidewalks, or at a minimum paved shoulder, on both sides of the road.  
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CHAPTER 1 

INTRODUCTION  

 

1.1 Background 

 

Pedestrian safety is of particular concern to Florida as one in every five traffic-related fatalities 

in the state is a pedestrian. A recent study by Transportation for America (T4A) (2011) has 

ranked Florida as the most dangerous state in the country for pedestrians. The same study also 

ranked 52 large metropolitan areas with over 1 million population. In this ranking, the top four 

unfortunate spots went to Orlando/Kissimmee, Tampa/St. Petersburg/Clearwater, Jacksonville, 

and Miami/Fort Lauderdale/Pompano. These rankings were given based on the Pedestrian 

Danger Index (PDI), which computes the rate of pedestrian deaths relative to the amount of 

walk-to-work trips in an area. Although the index favors metro areas that tend to have a higher 

percentage of walk-to-work trips, the simple fact remains that Florida has the highest pedestrian 

fatalities per capita based on the 2009 statistics of 2.51 pedestrian fatalities per 100,000 

population.  

 

Analyzing pedestrian crashes is a different challenge compared to analyzing vehicle crashes 

because of the following reasons: pedestrian crashes are relatively rare and often very severe; 

pedestrian exposure is a function of both pedestrian and vehicle volumes and their combined 

effect is difficult to quantify; and pedestrian volumes are usually unavailable and are too costly 

to collect especially for area-wide studies and on a regular basis. Unlike counting vehicles, which 

can be automatically recorded when vehicles run over pneumatic road tubes, counting 

pedestrians in the field remains largely the task of human observers. 

 

For area-wide studies, some surrogate measures have been used to estimate the level of 

pedestrian activities. A good example is the amount of walk-to-work trips used in the above T4A 

study. However, such data are usually collected with very low sample sizes, and thus the data 

could only be reported for very large areas such as United States Census urbanized areas 

(UZAs), as is the case with the walk-to-work trips used in the T4A study. In general, surrogate 

data for estimating pedestrian activities are typically unavailable at the local level for site-

specific studies, such as at an intersection or along a corridor. 

 

Like any other site-specific safety studies, a pedestrian safety study starts with identifying 

pedestrian high crash locations. As signalized intersections involve many features uniquely 

affecting pedestrian safety, including design of signal timing, presence and type of crosswalks, a 

concentration of bus stops with passenger transfer activities, etc., they are typically analyzed 

separately from non-signalized locations. However, in both cases the locations are usually 

identified based on pedestrian crash frequencies rather than crash rates for three reasons. First, as 

pointed out above, pedestrian exposure depends on both pedestrian and vehicle volumes, and 

pedestrian volumes are very difficult and expensive to collect especially continuously or 

regularly. Second, surrogate data for estimating pedestrian volumes are not available or are not 

sufficiently accurate at the local level. Third, pedestrian crashes are relatively rare, thus subject 

to fluctuations from the random nature of crash occurrences. In other words, similar to using 

crash rates on low-volume roads, the random occurrence of a single crash could raise the crash 

rate at a location high enough to place it on the high crash list. 

http://t4america.org/resources/dangerousbydesign2011/
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1.2 Project Goal and Objectives 

 

The goal of this project is to conduct a comprehensive study to improve pedestrian safety on 

state roads in Florida. The specific project objectives include: 

 

1. Reviewing and summarizing existing pedestrian safety studies, including methods of 

analysis, and findings on pedestrian crash causes, crash contributing factors, and potential 

countermeasures. 

2. Identifying statewide pedestrian crash patterns and causes. 

3. Identifying factors contributing to pedestrian injury severity. 

4. Identifying and analyzing pedestrian high crash locations at both signalized and non-

signalized locations for crash causes and potential countermeasures. 

 

The scope of this project is comprehensive as it involves multiple years of pedestrian crashes 

statewide and with detailed review of all police reports to obtain additional details, including 

those from police descriptions and illustrative sketches, which are not available from crash 

summary records. 

 

1.3 Report Organization 

 

The rest of the report is organized as follows. Chapter 2 provides an extensive review of existing 

literature on pedestrian safety, including risk factors affecting frequency and severity of 

pedestrian crashes, pedestrian exposure measures, pedestrian-vehicle conflict analysis 

techniques, pedestrian hot spot identification methods, pedestrian crash countermeasures and 

their evaluation, and pedestrian safety programs.  

 

Chapter 3 summarizes the effort undertaken to review police reports and collect data on existing 

pedestrian facilities at signalized intersections. Chapter 4 focuses on identifying the overall 

statewide pedestrian crash patterns and causes. Particularly, general trends by crash and roadway 

characteristics are discussed. The Chapter also includes a discussion on the statewide pedestrian 

high crash concentrations.  

 

As pedestrian crashes typically result in injuries, Chapter 5 aims to identify significant factors 

contributing to pedestrian crash injury severity. Chapters 6 and 7 focus on the identification and 

analysis of pedestrian high crash signalized and non-signalized locations, respectively. Finally, 

Chapter 8 provides a summary of this project effort and the relevant findings and conclusions. 
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CHAPTER 2 

LITERATURE REVIEW   

 

This chapter provides a comprehensive review of literature on pedestrian safety. The specific 

areas covered include risk factors affecting frequency and severity of pedestrian crashes, 

pedestrian exposure measures, use of surrogate crash measures and conflict analysis to evaluate 

pedestrian safety and crossing behaviors, methods to identify pedestrian high crash locations, 

evaluation of pedestrian crash countermeasures, and pedestrian safety programs.  

 

2.1 Risk Factors Affecting Pedestrian Crashes 

 

2.1.1 Pedestrian Crash Frequency Risk Factors 

 

There have been numerous studies that aimed to identify significant factors affecting frequency 

and severity of pedestrian crashes. This section highlights studies that investigated pedestrian 

crash frequency risk factors. Noland and Quddus (2004) used cross-sectional time series data for 

11 regions in Great Britain over a period of 20 years. Using the negative binomial (NB) model, 

the authors found that alcohol involvement was positively associated with increased pedestrian 

crashes. Ukkusuri et al. (2011) identified the significant socio-demographic and environmental 

characteristics affecting pedestrian crash frequency at different census tracts or geographic 

regions in New York City. They found a significant positive correlation between pedestrian crash 

frequency in the vicinity of African-American or Hispanic neighborhoods, and across areas with 

a greater proportion of median-age and uneducated populations. They also found that areas with 

a greater number of schools and commercial land uses were more prone to pedestrian crashes. 

These findings were consistent to those from Kim and Ortega (1999), LaScala et al. (2000), and 

Azam et al. (2012). For example, Azam et al. (2012) observed that increased pedestrian activities 

in dense road networks increased pedestrian exposure and resulted in more pedestrian crashes. 

 

Findings similar to those of Ukkusuri et al. (2011) were also observed by Kravetz and Noland 

(2012) who examined the relationship between pedestrian crashes and low-income communities 

in three counties in northern New Jersey (in the New York metropolitan area). The authors used 

the NB regression model and found that low median income and high Black and Latino 

populations were associated with high pedestrian crashes. Another study on the New York 

metropolitan area was conducted by Ukkusuri et al. (2012) who used five-year crash data and 

identified contributing factors of pedestrian crashes. They found that regions with a greater 

fraction of residential land had significantly lower likelihood of pedestrian crashes, which 

concurs with the study by Kim and Yamashita (2002). The authors also showed that the 

likelihood of pedestrian crashes increased with the increase in road width. Similarly, Garder 

(2004) also concluded that wider roads could increase pedestrian crash frequency. 

 

Prato et al. (2012) identified pedestrian crash patterns to design preventive measures. The 

authors employed neural networks approach to analyze pedestrian fatal crashes during the four-

year period between 2003 and 2006 in Israel. They observed five notable pedestrian crash 

patterns: (a) elderly pedestrians crossing on crosswalks mostly far from intersections in 

metropolitan areas; (b) pedestrians crossing from hidden places and colliding with two-wheel 

vehicles in urban areas; (c) male pedestrians crossing at night and hit by four-wheel vehicles in 
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rural areas; (d) young male pedestrians crossing at night in both urban and rural areas; and (e) 

children and teenagers crossing in small rural communities. The observed crash patterns pointed 

to the importance of designing education and information campaigns for road users, and 

allocating resources for infrastructural interventions. 

 

Fernandes et al. (2012) analyzed pedestrian crashes at 1,875 signalized intersections in Canada to 

identify potential geometric and environmental factors affecting pedestrian safety. Various NB 

models were fitted to the data with and it was found that vehicular traffic was the main 

contributing factor affecting pedestrian crash frequency. They also found that through vehicular 

movements at intersections had a greater effect on crash rates than left- and right-turn 

movements. In addition, geometric variables that were found significant included number of 

exclusive left-turn lanes, number of commercial entrances and exits, and total crossing distance. 

Higher number of exclusive left-turn lanes was found to decrease pedestrian crashes, whereas 

longer crossing distances and more commercial entrances and exits were found to increase 

pedestrian crashes. Another study by Qi and Li (2012) found that right-turn-on-red (RTOR) 

maneuvers did not lead to increased pedestrian crash frequency. 
 

While comparing the analysis of pedestrian crashes in China and the U.S., Zhou et al. (2013) 

found that the crash data statistics in both countries followed the same declining trends, and the 

total number of traffic fatalities in the U.S. was about one half of that in China. A consistent 

finding was that drivers accounted for the largest fatality proportion in both countries. 

Furthermore, males were involved in more pedestrian fatalities than females in both countries. 

On the other hand, some discrepancies existed. For example, the second largest death group in 

traffic crashes was vehicle passengers in the U.S.; however, in China, pedestrians rank the 

second. In addition, in China, middle-aged individuals between 36-45 years were the most risky 

group in pedestrian crashes, while in the U.S., young people aging 16-24 were the most 

vulnerable. The authors proposed some countermeasures and strategies to improve pedestrian 

safety in both countries, e.g., installing pedestrian overpasses/underpasses and refuge islands, 

and promoting educational and enforcement campaigns. 

 

While analyzing pedestrian traffic fatalities in Seattle, Washington, between 1990 and 1995, 

Harruff et al. (1998) found that that the average age of pedestrians involved in traffic fatalities 

was 49 years. This finding was also observed by Al -Shammari et al. (2009). Furthermore, 

Campbell et al. (2004) concluded that male pedestrian fatalities outnumbered female fatalities in 

every age group, which was consistent with other studies, including Lee and Abdel-Aty (2005), 

Al -Shammari et al. (2009), and Zhou et al. (2013).  

 

The studies conducted by Lee and Abdel-Aty (2005) and Jang et al. (2013) are two examples of 

research that analyzed both frequency and severity of pedestrian crashes. Lee and Abdel-Aty 

(2005) analyzed the frequency and injury severity of vehicle-pedestrian crashes at intersections 

in Florida using four years of data from 1999 to 2002. They found that middle-age male drivers 

and pedestrians were more involved in pedestrian crashes than the other age and gender groups; 

and passenger cars were more likely to be involved in pedestrian crashes than trucks, vans, and 

buses. In addition, more crashes occurred on undivided roads with a greater number of lanes than 

divided roads with fewer lanes. Some of the significant factors affecting crash injury severity 
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have included pedestrian age, weather and lighting conditions, and vehicle size. For example, 

pedestrian injury involving a large vehicle was more severe than those involving a passenger car. 

 

Jang et al. (2013) used six years of pedestrian crashes from 2002 to 2007 in the City of San 

Francisco to identify risk factors on the frequency and injury severity of pedestrian-involved 

crashes. They used an ordered probit model and found that pedestrian characteristics that 

increased pedestrian injury severity were alcohol involvement, cell phone use, and age ï either 

below 15 years of age or above 65 years. Environmental characteristics that were associated with 

high pedestrian severity included nighttime, weekends, and rainy weather. The influence of 

alcohol was found to be the primary crash factor associated with the most severe injuries. They 

also found that larger vehicles such as pickups, trucks, and buses were associated with more 

pedestrian severe injury compared to passenger cars.  

 

Several studies had investigated pedestrian crashes along rarely studied locations, e.g., campus 

areas (Schneider et al., 2013), parking lots (Charness et al., 2012), and highway-rail crossings 

(Khattak and Luo, 2011). Schneider et al. (2013) analyzed pedestrian crashes at 22 intersections 

on the boundary of the University of California, Berkeley campus during typical spring and fall 

semester weekdays. The authors measured pedestrian exposure by extrapolating pedestrian 

counts using data from three automated counter locations. They found that pedestrian crash risk 

was highest at intersections with the lowest pedestrian volumes. In addition, pedestrian crash risk 

in the evening (6 p.m. to midnight) was found to be three times higher than that in the daytime 

(10 a.m. to 4 p.m.).  

 

Charness et al. (2012) investigated pedestrian safety at parking lots based on pedestrian age. The 

authors concluded that pedestrians in all age groups (i.e., young, middle, and old) used 

crosswalks more frequently in parking lots. However, no significant variation was detected in 

using crosswalks across age groups. More walk distractions were observed among younger 

pedestrians than the elder pedestrians. Additionally, no significant differences were observed in 

the attention patterns such as head turns and eye fixation while walking in crosswalks across 

pedestrians in different age groups.  

 

Khattak and Luo (2011) investigated pedestrian violations at dual-quadrant gated highway-rail 

grade crossings in Fremont, Nebraska using video surveillance equipment. Examples of the 

violations studied included: passing under descending gates, passing around fully lowered gates, 

passing under ascending gates, and passing around fully lowered gates between successive trains. 

They found that children of around eight years of age or younger were involved in 25% more 

gate-related violations than older crossing individuals. Additionally, violations were shown to 

increase with the presence of more individuals at the crossing during train crossing events.  

 

Luoma and Peltola (2013) examined the safety impact of walking direction on pedestrian crash 

frequencies along rural two-lane roads with no pavement or pedestrian lanes in Finland. 

Reported crashes between 2006 and 2010 were included in the analysis. They observed that 

when pedestrians were facing traffic, there was a 77% reduction in fatal and injury pedestrian 

crashes as compared to pedestrians walking in the direction of traffic. 
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Another study by Abdel-Aty et al. (2007) focused on the safety of school-aged pedestrians in 

Orange County, Florida. They used five years of crash data and found that middle and high 

school children were more involved in pedestrian crashes, especially on high-speed multi-lane 

roadways. Significant predictors of pedestrian crashes included driver's age and gender, alcohol 

use, pedestrian's age, number of lanes, median type, and speed limit.  

 

2.1.2 Pedestrian Crash Severity Risk Factors 

 

Studies that focused on investigating risk factors affecting pedestrian crash severity have 

included Oh et al. (2005), Tarko and Azam (2011), Sarkar et al. (2011), Mohamed et al. (2013), 

Nasar and Troyer (2013), and Khattak (2013). Oh et al. (2005) identified the significant factors 

affecting the probability of pedestrian fatalities in Korea using a logistic regression model. They 

found that the collision speed was the most significant contributing factor. The increase in 

collision speed was associated with an increase in the pedestrian fatality likelihood. Furthermore, 

they found that children had a higher probability of fatality in a pedestrian crash. 

 

Tarko and Azam (2011) linked both police and hospital crash injury data to identify significant 

injury risk predictors by applying the bi-variate probit model. The authors found that male and 

older pedestrians were more exposed to severe injuries compared to other groups. Rural and 

high-speed urban roadways were found to be more dangerous for pedestrians, especially while 

crossing these roads. The most dangerous identified pedestrian behavior was crossing a road 

between intersections (i.e., at midblock locations). In addition, the size and weight of the vehicle 

involved in a pedestrian crash were significant predictors of pedestrian injury level. 

 

Sarkar et al. (2011) developed binary logistic regression models to identify pedestrian fatality 

risk factors along Bangladeshôs roadways using crash data from 1998 to 2006. The authors found 

an increased likelihood of a fatality risk among elderly pedestrians (individuals older than 55 

years of age) and young pedestrians (individuals younger than 15 years of age). A higher risk of 

fatality was observed for pedestrians who crossed the road compared to those who walked along 

the road. Pedestrian crashes with trucks, buses, and tractors had a higher fatality risk compared to 

cars. Furthermore, pedestrian crashes occurring during the rainy season had a higher probability 

of fatality compared to other seasons, and pedestrian crashes occurring at locations with no 

traffic control or stop control had a higher fatality risk than those occurring at locations with 

traffic signals. 

 

Mohamed et al. (2013) used two pedestrian injury severity datasets from New York City (2002-

2006) and Montreal, Canada (2003-2006), and applied the ordered probit and multinomial logit 

models for analyzing severity of pedestrian crashes. Both models are common approaches for 

severity investigation and the main difference is that the ordered probit model accounts for the 

ordered nature of injury levels, while the multinomial logit model ignores this ordinal nature. 

Several common variables, such as presence of heavy vehicles, absence of lighting, and 

prevalence of mixed land use, were found to increase the probability of fatal pedestrian crashes 

in both cities.  

 

Nasar and Troyer (2013) hypothesized that pedestrians could experience reduced awareness, 

distraction, and unsafe behavior when talking or texting on their mobile phones. Using data from 
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the U.S. Consumer Product Safety Commission on injuries in hospital emergency rooms from 

2004 through 2010, they found that mobile-phone related injuries among pedestrians increased 

relative to total pedestrian injuries. Moreover, pedestrian injuries related to mobile phone use 

were higher for males and for people under 31 years of age. Similarly, Byington and Schwebel 

(2013) concluded that pedestrian behavior was considered riskier while simultaneously using 

mobile internet and crossing the street than when crossing the street with no distraction. 

 

Using crashes from 2007 to 2010, Khattak (2013) employed an ordered probit modeling scheme 

to identify significant factors affecting pedestrian injury severity along national highway-rail 

grade crossings. The model showed that more severe injuries were associated with higher train 

speeds and the injury severity was higher for female pedestrians compared to male pedestrians. 

Pedestrian severities were found to be higher on commercial land use areas compared to 

residential areas. Pedestrian severities were also found to be higher in clear weather. In addition, 

lower pedestrian severities were found at highway-rail crossings with greater number of crossing 

highway lanes and standard flashing light signals.  

 

2.2 Pedestrian Exposure  

 

Because pedestrian exposure data (e.g., pedestrian volumes) are not readily available and is 

expensive to collect, researchers often rely on surrogate measures to estimate pedestrian 

exposure (Kennedy, 2008), such as population or population density (Chu, 2003), number of 

lanes crossed (Keall, 1995), time spent walking (Chu, 2003), number of pedestrian trips 

(SafeTrec, 2010), and aggregate distance traveled by all pedestrians in a specific area of interest 

(SafeTrec, 2010). 

 

Since different measures of exposure have to be used depending on the purpose of the study, the 

Safe Transportation Education and Research Center (SafeTrec, 2010) summarized the issues 

related to the most common exposure measures. Tables 2-1 through 2-5 discuss exposure 

measures based on number of pedestrians, number of trips, distance traveled, population, and 

time spent walking, respectively. 

 

Although there are different types of exposure measures, they have been criticized since they do 

not account for the actual amount of walking people do (Qin and Ivan, 2001). To address this 

concern, researchers have developed statistical regression models; implemented sketch plan, 

network, and micro-simulation models; or applied computer vision techniques to estimate 

pedestrian exposure or pedestrian volumes.  
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Table 2-1: Exposure Based on Number of Pedestrians  (SafeTrec, 2010) 

Appropriate 

Uses 

¶ Estimating pedestrian volume and risk in a specific location 

¶ Assessing changes in pedestrian volume or characteristics due to countermeasure 

implementation at that site 

How Data Is 

Gathered 
¶ Manual or automated counts of pedestrians 

Pros 
¶ Counts are simpler to collect than other measures such as time or distance walked 

¶ Automated methods for counting number of pedestrians are improving 

Cons 

¶ Does not differentiate pedestrians by walking speed, age, or other factors that may 

influence individual risk 

¶ Does not account for the amount of time spent walking or the distance walked 

¶ Not easily adapted to assess exposure over wide areas (for example, a city) 

Common 

Measures 

¶ Average number of pedestrians per day, sometimes called average annual number of 

pedestrians  

¶ Number of pedestrians per time period, e.g., hour  
 

Table 2-2: Exposure Based on Number of Trips  (SafeTrec, 2010) 

Appropriate 

Uses 

¶ Assessing pedestrian behavior in large areas, such as cities, states, or countries 

¶ Examining changes in pedestrian behavior over time 

¶ Making comparisons between jurisdictions 

¶ Assessing common characteristics of walking trips, such as purpose, route, etc. 

How Data Is 

Gathered 
¶ Data is gathered through use of surveys, such as the National Household Travel Survey  

Pros 

¶ Appropriate for use in large areas 

¶ Best metric to assess relationship of walking with trip purpose 

¶ Trips can be assessed as a function of person, household and location attributes 

Cons 

¶ As with most surveys, a large number of respondents are needed to adequately represent the 

underlying population 

¶ Unlikely to provide information at the level of detail needed to assess risk at specific 

locations 

¶ Pedestrian trips are often underreported in surveys  

Common 

Measures 

¶ Average number of walking trips made by members of a population per day, week or year 

¶ Proportion of walking trips taken for particular purposes, such as commuting or shopping 
 

Table 2-3: Exposure Based on Distance Traveled  (SafeTrec, 2010) 

Appropriate 

Uses 

¶ Estimating exposure at the micro or macro level 

¶ Estimating whether risk increases in a linear manner with distance traveled 

¶ Assessing how crossing distance affects risk 

How Data Is 

Gathered 

¶ For individual level exposure, through surveys such as the National Household Travel 

Survey  

¶ For aggregate level exposure, measurement of the length of the area of interest, combined 

with a manual or automatic count of the number of pedestrians 

Pros 

¶ Can be used to measure exposure at the micro and macro levels 

¶ More detailed than pedestrian volumes or population data 

¶ Can be used to compare risk between different travel modes 

¶ Common measure of vehicle exposure 

Cons 

¶ Does not take into account the speed of travel and thus cannot be reliably used to compare 

risk between different modes (e.g. walking and driving) 

¶ Assumes risk is equal over the distance walked 

¶ Must typically assume that each pedestrian walks the same distance in a crossing or along a 

sidewalk 

Common 

Measures 

¶ Average miles walked, per person, per day 

¶ Total aggregate distance of pedestrian travel across an intersection 
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Table 2-4: Exposure Based on Population (SafeTrec, 2010) 

Appropriate 

Uses 

¶ Used as an alternative to exposure data when cost constraints make collecting exposure data 

impractical 

¶ Used to compare jurisdictions over time because population data is available for many 

geographies and time periods 

How Data Is 

Gathered 

¶ Population data for most cities is available on an annual basis through the American 

Community Survey 

Pros 

¶ Easy and low-cost to obtain; available for most geographies and time periods 

¶ Adjusts for differences in the underlying resident population of an area ï for example, 

sparsely populated suburbs versus densely populated inner-city areas 

¶ Provides a crude adjustment for amount of vehicle traffic on the streets, since areas where 

more people live also tend to be areas where more people drive 

¶ May be the only way to represent exposure if direct measurements cannot be taken 

Cons 

¶ Does not accurately represent pedestrian exposure 

¶ Does not account for the number of people who walk in the area 

¶ Does not provide information about amount of time or distance that members of the 

population were exposed to traffic 

Common 

Measures 

¶ Number of people in a given area: neighborhood, city, county, state, or country 

¶ Number of people in a particular demographic group: by age, sex, race, immigrant status or 

socioeconomic status 

 

Table 2-5: Exposure Based on Time Spent Walking  (SafeTrec, 2010) 

Appropriate 

Uses 

¶ Estimating total pedestrian time exposure for specific locations 

¶ Comparing risks between different modes of travel (e.g. walking vs. riding in a car) 

¶ Estimating whether risk increases in a linear manner with walking time 

¶ Comparing risk between intersections with different crossing distances and between 

individuals with different walking speeds 

How Data Is 

Gathered 

¶ The number of persons passing through an area multiplied by the time traveled 

¶ Time spent on walking activities reported on surveys 

Pros 

¶ Accounts for different walking speeds 

¶ Allows for accurate comparison between different modes of travel 

¶ Can be used to measure exposure at the micro and macro levels 

¶ More detailed than pedestrian volumes or population data 

Cons 

¶ Time based measures assume risk is equal over the entire distance of a crossing. Only a small 

portion of time spent walking on roadways represents real exposure to vehicle traffic. This 

portion would include time spent crossing roads, walking on the road surface, or possibly 

walking along the roadside where there are no curved sidewalks  

¶ Time spent on walking can be overestimated in surveys, because people perceive that they 

spend more time walking than they actually do  

¶ Walking may also be under-reported in surveys, because people may forget walk trips or may 

purposely choosing not to report. Both of these reasons are related to the fact that walking 

trips are relatively short. These very short trips may not register in the memory of 

respondents or the respondents may think that these short trips are unimportant  

Common 

Measures 

¶ Average time walked, per person, per day or year 

¶ Total aggregate travel time of pedestrian travel across an intersection 

 

2.2.1 Statistical Regression Models 

 

A number of studies have applied statistical regression models to model and predict pedestrian 

exposure, such as pedestrian volumes. Hess et al. (1999), Qin and Ivan (2001), and McMahon et 

al. (2002) agreed that the presence of sidewalks is the most significant factor affecting pedestrian 

activities. Apart from statistical models, some studies have made use of probability distribution 
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functions, e.g., Espino et al. (2003). The authors used a Poisson probability distribution function 

to determine pedestrian hot spots in Florida. The authors provided a framework for identifying 

pedestrian hot spots on the state highway system as part of the Highway Safety Improvement 

Program (HSIP). The authors defined the Poisson probability function of a pedestrian crash 

frequency for every 1-mile segment as follows: 

 

0Ù
ɠÙ

ÙȦ
Å-ɠ (2-1) 

  

where ‗ is the average number of pedestrian crashes per mile and y is the number of pedestrian 

crashes. 

 

Hess et al. (1999) estimated the relation between pedestrian volumes and site design elements 

such as block size, block length, and presence of sidewalks while controlling for population 

density, income, and land use. The study found that pedestrian volumes at urban sites with 

smaller blocks and extensive sidewalks were significantly different from the volumes at 

suburban sites with larger blocks and limited sidewalk facilities. Furthermore, on average, urban 

sites experienced approximately three times more pedestrian volumes compared to suburban 

sites. In addition, it was found that block size, length of sidewalk, and routes traveled largely 

impacted pedestriansô willingness to walk. The authors found that population density, income 

levels, and land use were not significantly correlated with the observed pedestrian volumes, 

which is similar to the findings of Qin and Ivan (2001).  

 

Qin and Ivan (2001) developed linear regression models to predict weekly pedestrian volumes in 

rural areas in Connecticut. The authors investigated factors such as population density, presence 

of sidewalks, number of pedestrian crossing lanes, area type, traffic control type, and household 

income. The linear model took the following functional form: 

 

6 0 Å  
where, 

 

V =  dependent variable or weekly pedestrian volumes,  

P  =  population density in the sidewalk area, 

XS  =  site characteristics (e.g., presence of sidewalk or crosswalk, traffic control type), 

XD  =  demographic characteristics (e.g., median household income), 

XA  = area type characteristics (e.g., downtown area, residential area), 

XR  =  roadway characteristics (e.g., number of lanes), 

Ŭ  =  regression coefficient of population density, 

ɓ0  =  intercept coefficient, 

ɓS,D,A,R  =  regression coefficients to be estimated, and 

Ů  =  error term. 

 

The authors found that area type, presence of sidewalks, and number of lanes were the only 

significant variables in predicting pedestrian exposure. Moreover, McMahon et al. (2002) 

investigated the relationship between pedestrian exposure (in terms of crashes involving 

pedestrians walking along the roadway) and several demographic and roadway factors. Presence 

of sidewalk was among the most significant predictors of crashes involving pedestrians walking 
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along the roadway. Furthermore, the study identified different levels of exposure for pedestrians 

walking along the road and pedestrians crossing the road.  

 

A study by Raford and Ragland (2006) developed a space regression model using the 

Geographic Information Systems (GIS) tool to estimate pedestrian volumes in urban areas in 

Boston, Massachusetts. The explored variables included land use type, walking distance from 

each study area to the closest transit station, walking distance from each study area to the closest 

rail station, and walking distance from each study area to tourist attractions. It was found that the 

model was accurate enough to predict pedestrian volumes after including walking distances to 

transit stops and major tourist attractions. The model provided guidance for planners to predict 

future pedestrian volumes in the study areas. 

 

2.2.2 Sketch Plan Models 

 

Sketch plan models are often used at a regional level to estimate pedestrian volume. Zupan and 

Pushkarev (1971) developed sketch models based on observed counts and commercial land use 

space to estimate the sidewalk levels. Schwartz et al. (1999) developed planning guidelines to 

estimate pedestrian volume based on key indicators such as square footage of office space, 

parking capacity, vehicular traffic movements, and movement levels in similar environments. 

Similarly, Raford and Ragland (2006) estimated pedestrian volume by applying the sketch plan 

model to large regional urban environments. However, the accuracy of this model is questionable 

because of the little data collection needed. Also, the developed sketch model is unable to assign 

pedestrian volumes to specific streets or intersections since those types of analyses rely on 

detailed data collection that these sketch models lack (Raford and Ragland, 2006).   

 

2.2.3 Network Models 

 

Network-type models have the capability to estimate pedestrian volumes for street segments and 

intersections on larger areas such as an entire city or neighborhood. These models work by 

assuming the amount of walking trips in a study area and various route choice algorithms to 

generate and distribute trips (Senevarante and Morall, 1986). In the City of Toronto, Canada, 

Ness et al. (1969) created an origin-destination matrix of traffic zones, and then assigned trip 

distributions using a gravity based model. Other approaches such as space syntax to measure 

route directness based on a graph ñnearnessò algorithm was used in combination with pedestrian 

counts to obtain calibration factors to convert the relative values into actual hourly pedestrian 

volume estimates (Teklenburg et al., 1993; Raford and Ragland, 2006). Using the same 

approach, Hillier et al. (1993) and Penn et al. (1998) estimated an R2 value of 0.77 in central 

London. According to Raford and Ragland (2006), Europe and the United Kingdom have been 

using this approach in large-scale projects and suggest that it offers relatively accurate numbers 

and a more economical way of network calibration.  

 

2.2.4 Micro-simulation and Computer Vision Techniques 

 

Another approach for estimating pedestrian exposure is to use micro-simulation tools and 

computer vision techniques. However, compared to statistical models, this approach is not 

extensively used by researchers. This is mainly due to the micro-simulation approachôs 
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complexity, significant data requirements, and relatively limited geographic coverage area 

(Raford and Ragland, 2006). A relevant study that applied micro-simulation to estimate 

pedestrian volumes is Helbing et al. (2001). The authors microscopically simulated pedestrian 

streams and interpreted pedestriansô patterns of motion as a self-organizing phenomenon that 

arose from nonlinear interactions among pedestrians. The authors further found that pedestriansô 

self-organization flow pattern could significantly change the capacity of pedestrian facilities. 

 

Li et al. (2012) investigated the use of computer vision techniques for automated collection of 

pedestrian exposure data, e.g., measurement of pedestrian counts, tracking, and walking speeds. 

The authors applied an efficient pedestrian tracking algorithm which combined different sources 

of information effectively. The applications were demonstrated with a real-world data set from 

Vancouver, Canada that included 1,135 pedestrian tracks. Manual counts were performed to 

validate the results of the automated data collection. It was found that a 5% average error in 

counting was gained, which was acceptable for the scope of the study. Pedestrian gender and age 

were found to significantly influence the pedestrian mean walking speed. In addition, there was a 

strong agreement between the manual and automated walking speed values.  

 

There have been studies that investigated pedestrian crossing behavior to detect abnormal 

behavior, such as the studies by Hu et al. (2012) and Kourtellis et al. (2013). For example, Hu et 

al. (2012) used a video tracking method to automatically detect abnormal pedestrian crossing 

behavior. Based on object trajectories data extracted by video tracking, pedestrian motion 

patterns were observed. The proposed approach was implemented and tested at real-world 

crosswalks. The authors deduced two main causes for abnormal pedestrian crossing behavior. 

The first cause was that pedestrians mostly ignored regular crossing behavior and wanted to 

reach the destination using the shortest way. The second cause was that pedestrians had to cross 

the street using an abnormal path to avoid potential crash risks with motor-vehicles. Some 

countermeasures were proposed as a result of the investigation, e.g., installing pedestrian 

crossing signals.  

 

In another pedestrian behavior study, Kourtellis et al. (2013) developed a risk score to assess 

pedestrian crossing behavior at select sites in Hillsborough and Miami-Dade Counties in Florida. 

They surveyed pedestrians and bicyclists about their interactions with motorists. The locations 

where the surveys were conducted were selected based on site characteristics including 

pedestrian features, crash history, and land use. They observed that 12% of sites in Miami-Dade 

County and 15% of sites in Hillsborough County exhibited marginally safer behavior. For both 

counties, the driver risk score was lower than the pedestrian risk score, which implied that 

drivers riskier and more dangerous towards pedestrians. Other results were that 44% of drivers 

did not yield to a crossing pedestrian while on a crosswalk. In addition, 58% of bicyclists knew 

that they had to ride with traffic; however, 52% were observed riding against traffic. 

 

2.3 Pedestrian Conflict and Behavior Analyses  

 

There have been studies that applied the pedestrian-vehicular conflict analysis as an alternative 

to historical crash data analysis. Examples of such studies include Qi and Yuan (2012), Zhang et 

al. (2012), Pratt et al. (2013), and Zaki et al. (2013). Qi and Yuan (2012) investigated the impacts 

of intersections with permissive left-turn signal control on pedestrian safety using traffic 
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engineersô survey, field traffic-conflict analysis, and historical crash data analysis. Using eight 

study intersections in Texas, it was found that pedestrian volume, opposing through-vehicle 

volume, left-turn vehicle volume, and intersection width in the opposing direction were 

significant risk factors affecting the safety of pedestrians. In addition, three-legged intersections 

were found more dangerous than four-legged intersections under the operation of a permissive 

left-turn signal. The authors found high correlation between the data on collected historical 

crashes and observed traffic conflicts, which showed that conducting traffic conflict studies 

could be an effective approach for safety analysis. 

 

A recent study similar to Qi and Yuan (2012) was conducted by Pratt et al. (2013). The authors 

studied conflicts between pedestrians and left-turning vehicles at 20 signalized intersections in 

Texas. Conflict frequency models were developed using the nonlinear mixed (NLMIXED) 

regression procedure. The models showed that conflict frequency increased with increasing 

pedestrian volume and left-turning vehicle volume. On the contrary, conflict frequency 

decreased with the provision of a protected left-turn phase. Furthermore, the models showed that 

conflict rates were higher for illegal pedestrians than for legal pedestrians. 

 

The use of image processing technique in analyzing pedestrian-vehicular conflicts can be found 

in Zhang et al. (2012) and Zaki et al. (2013). For example, using video data, Zhang et al. (2012) 

applied the time difference to collision (TDTC) measure to identify and classify pedestrian 

behavior. According to the authors, the pedestrian-vehicular TDTC was defined as the time 

difference for a pedestrian and a vehicle to travel to the potential conflict point given their speeds 

were kept constant. The potential conflict point was defined as the intersection of the predicted 

trajectories of pedestrian and vehicle. The results showed that the closer a TDTC was to zero, the 

more dangerous a pedestrian-vehicular conflict could be. Moreover, negative TDTC values were 

considered more dangerous than positive TDTC values. The authors concluded that the TDTC 

parameter was useful in indicating pedestrian-vehicle conflicts, where in approximately 80% of 

the cases, pedestrian-vehicular conflicts could be correctly specified.  

 

Similarly, Zaki et al. (2013) investigated pedestrian-vehicular conflicts at a major signalized 

intersection in Downtown Vancouver, Canada, using computer vision. The authors extracted 

conflict and violation indicators from video sequences in a fully automated way. They applied 

the time-to-collision (TTC) conflict indicator as a measure of the severity of the detected 

conflicts. They defined TTC as the extrapolated time for the collision to occur. TTC was 

continually calculated between conflicting road-users until a final set of values was estimated for 

each conflict. The minimum TTC was used to indicate the maximum severity of the conflict. The 

authors observed that the majority of conflicts occurred between right-turning or left-turning 

vehicles and crossing pedestrians.  

 

2.4 Pedestrian Hot Spot Identification Methods 

 

Identification of pedestrian hot spots is a different challenge compared to identifying vehicle hot 

spots. This is mainly because, unlike vehicular volume, pedestrian counts are usually not 

available for the calculation of pedestrian exposure. Therefore, the methods used to identify hot 

spots for vehicle crashes cannot be directly applied to identify pedestrian hot spots. The existing 
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methods for identifying pedestrian hot spots can be divided into the following three general 

categories:  

 

1. density methods, 

2. clustering methods, and 

3. exposure estimation methods (as discussed in Section 2.2). 

 

2.4.1 Density Methods 

 

The density methods attempt to identify high concentrations of pedestrian crashes. The degree of 

concentration is measured based on density, calculated as pedestrian crash frequency per unit 

area (e.g., square miles) or unit length (e.g., mile). Two common density methods are the simple 

density method and the Kernel Density Estimation (KDE) method.  

 

Simple Density Method 

 

As documented in Pulugurtha et al. (2007), in the simple density method, the entire study region 

is first divided into a predetermined number of cells. As shown in Figure 2-1, a circular search 

area is drawn around each cell. The individual cell density values are then calculated as the ratio 

of total number of crashes that fall within the search area to the extent of the search area. In this 

approach, the extent of the search area (i.e., its radius) affects the resulting density map, where 

larger radius results in a smoother density surface. 

 

 
 

 

Figure 2-1: Simple Density Method  (Pulugurtha et al., 2007) 

 

Kernel Density Estimation Method 

 

The Kernel Density Estimation (KDE) method uses a statistically sophisticated procedure to 

estimate crash density (Pulugurtha et al., 2007). Similar to the simple method, the entire study 

region is also divided into a predetermined number of cells. However, contrary to the simple 

method, a circular search area is drawn around each crash rather than each cell, as shown in 

Figure 2-2. A Kernel density function is then applied to each crash to calculate the Kernel values. 

Kernel density function is a non-parametric weighting function to estimate random variablesô 

density function. It is a non-negative real value that satisfies the following two conditions: 
 

¶ ᷿Kudu=1, where u is a random variable
Ð

-Ð
. 

 

¶ +-Õ +Õ ÆÏÒ ÁÌÌ Õ ÖÁÌÕÅÓȢ 

http://en.wikipedia.org/wiki/Non-negative
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Figure 2-2: Kernel Density Estimation Method  (Pulugurtha et al., 2007) 

 

There are many types of Kernel functions and they include uniform, triangular, bi-weight, tri-

weight, tri-cube, Gaussian, and cosine functions. For example, the functional form of a Gaussian 

Kernel function isȡ 
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To calculate the Kernel density estimator Æ8, let (X1, X2, é, XN) be an iid (independent and 

identically distributed) sample drawn from an unknown density function or distribution, f. The 

Kernel density estimator is defined as follows: 
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where K(Å) is the Kernel function and h > 0 is the smoothing parameter also known as the 

bandwidth or Kernel size.     

 

The most significant parameter in Equation (4) is the bandwidth parameter (h) and several values 

of bandwidths have to be tested to reach the best value that leads to a smooth curve. In the KDE 

method, the density value is highest at the crash location and diminishes with increasing distance 

from the crash, reaching zero at the radial distance from the crash (i.e., at the boundaries of the 

circle around each crash). The individual cell densities are then calculated as the sum of the 

overlapping Kernel values over the cell. The larger the radius, the flatter the Kernel density 

surface. The concentration areas in the crash concentration or crash cluster maps are categorized 

into very low, low, medium, high, and very high pedestrian crash risk locations, representing the 

five quantiles. The very low risk category represents density values in the first 20th percentile. 

Likewise, the very high risk category represents density values in the 80th percentile. 

 

Compared to the simple density method, a smoother density surface (i.e., a well fitted smooth 

curve, as shown by the red curve in Figure 2-3) is generally produced by the Kernel density 

calculations (Pulugurtha et al., 2007). Therefore, the Kernel method is more appropriate since a 

smoother surface can better identify hot spots.  

http://en.wikipedia.org/wiki/Iid
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Figure 2-3: Kernel Probability D ensity Curve Smoothing  (Zucchini, 2003)  

 

As documented in Truong and Somenahalli (2011), while the KDE method has been successfully 

applied to identify pedestrian and vehicle hot spots (e.g., Pulugurtha et al., 2007; Anderson, 

2009), it has two main issues. First, concentration or clustering maps could have different search 

bandwidths and neighborhood sizes which might lead to inconsistent comparisons of clusters. 

This issue could be addressed using a network-type KDE method. Several studies have extended 

the KDE method to network spaces that estimate the density over a unit distance instead of a unit 

area (e.g., Xie and Yan 2008). However, according to Xie and Yan (2008) and Anderson (2009), 

one main limitation of both traditional and network KDE methods is that neither of them can be 

tested for statistical significance. The second main issue with the KDE method is that the 

exposure measures (e.g., pedestrian volumes) are neglected in the analysis since clusters are 

defined using absolute crash counts. This issue could be addressed by using crash frequencies 

per unit exposure or crash rates stratified by different injury severity levels, e.g., serious injury, 

fatal injury, etc.  

 

Relevant Studies 

 

Two studies that successfully applied the crash density analysis are Pulugurtha et al. (2007) and 

Jang et al. (2013). Pulugurtha et al. (2007) used the crash density method using the GIS tool to 

study the spatial patterns of pedestrian crashes to identify pedestrian hot spots. The authors 

created crash density maps using the simple and KDE methods and prioritized hot spots using 

ranking methods, such as crash frequency, crash density, crash rate, as well as a combination of 

methods such as the sum-of-the-ranks and the crash score methods. The authors used five years 

(1998-2002) of crash data from the Las Vegas metropolitan area. They concluded that the KDE 

method is better than the simple method since it results in a smoother density surface. The results 

obtained from ranking pedestrian hot spots showed a significant variation in ranking when 

individual methods were applied. However, rankings of high pedestrian crash zones were 

relatively consistent with little variation when the sum-of-the-ranks method and the crash score 

method were used. The authors further recommended a combination of methods while ranking 

pedestrian hot spots instead of using individual methods. 
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Jang et al. (2013) identified pedestrian hot spots and the risk factors affecting pedestrian crash 

injury severity using six-year crash data (2002-2007) from San Francisco. The authors used the 

KDE method in GIS to generate pedestrian crash density maps. It was found that the pedestrian 

crash frequency was higher in the vicinity of the central business district, while the pedestrian 

crash rate (crash frequency normalized by pedestrian exposure) was higher in the periphery of 

the city. It could, therefore, be concluded that disregarding pedestrian exposure could 

significantly affect the results.  

 

2.4.2 Clustering Methods 

 

Clustering is classification of data into homogeneous groups or clusters that share similar 

characteristics. It has been successfully applied in fields such as data mining, pattern recognition, 

image processing, and safety analysis. K-means and latent class (LC) are the two examples of 

clustering methods that have been used in safety analysis.  

 

K-Means Clustering Method 

 

K-means clustering is one of the simplest clustering methods and it works in an iterative process. 

K-means clusters rely on the distance between the dataset attributes and attempt to maximize the 

similarity within each cluster and the dissimilarity between clusters (Mohamed et al., 2013). The 

procedure can be explained in the following four main steps: 

 

1. The dataset is partitioned into K clusters and the data points are randomly assigned to the 

clusters, so that clusters have roughly the same sample size. 

2. The mean or centroid of each cluster is then estimated. 

3. For each data point in a cluster, the distance from the data point to the mean point of each 

cluster is then calculated. If the data point is closest to its own cluster, leave it where it is, 

and if not, move it into the closest cluster. 

4. Repeat the previous step until no data point can be moved from one cluster to another. At 

this stage, the clusters are said to be stable. 

 

There are four main properties of the K-means clustering method: 

 

1. There are always K clusters. 

2. At least one item is assigned to each cluster. 

3. The clusters do not overlap. 

4. Every member of a cluster is closer to its cluster than to any other cluster. 

 

Note that the K-means algorithm aims at minimizing an objective function or a squared error 

function. The objective function f(J) is defined as follows (Likas et al., 2003): 
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 xi =  attribute value of data point i, 

 n  =  total number of data points, 

 cj  =  centroid or mean value of cluster j, and 

 K  =  total number of clusters. 

 

Latent Class Clustering Method 

 

Latent class (LC) clusters are probabilistic and consider that the data come from a mixed model 

of several probability distributions. This cluster is similar to fuzzy clustering as it considers 

uncertainty in the analysis (Mohamed et al., 2013). According to Vermunt and Magison (2002), 

the basic LC cluster functional form is as follows: 

 

ὪÚȿʃ  “Ὢ Úȿʃ  

 

where, 

 

 zi = vector of observed variables of the ith crash, 

 K  = total number of clusters, 

 ḱ  = prior probability of being assigned to cluster k, 

 ʃk  = vector of parameters of the kth latent class cluster model, and 

 ÆÚȿʃ =  probability density function. 

 

The parameter estimation of the LC model is based on maximum likelihood estimation. The best 

LC model (or optimum number of clusters) is obtained by trying multiple models and computing 

various information criteria such as Bayesian Information Criterion (BIC) and Akaike 

Information Criterion (AIC). The optimum number of clusters is the one that minimizes the 

scores of these criteria. As indicated in Mohamed et al. (2013), LC is advantageous over the K-

means method since it does not depend on the distance between the elements and there is no 

need to normalize the data before processing. Furthermore, according to Depaire et al. (2008) 

and Mohamed et al. (2013), variables of different types (e.g., ordinal, nominal, continuous) can 

be included in the analysis without special consideration. 

 

Relevant Studies 

 

Several studies have successfully applied clustering analysis, such as Truong and Somenahalli 

(2011), Mohamed et al. (2013), and the method adopted by Florida Department of Transportation 

(FDOT) District 6. Truong and Somenahalli (2011) proposed severity indices instead of 

traditional crash counts in analyzing and ranking pedestrian hot spots and unsafe bus transit 

stops. The authors used the ArcGIS software for the spatial and cluster analyses. The authors 

used 13 years (1996-2008) of pedestrian crash data from the Adelaide metropolitan area in 

Australia and concluded that the approach was reliable in identifying pedestrian hot spots and in 

ranking unsafe bus stops. Mohamed et al. (2013) used cluster analysis by applying K-means 

clusters and LC clusters. The authors generated cluster maps based on crash characteristics such 

as traffic control, lighting conditions, vehicle type, and land use.  



19 

 

In the recent study for FDOT District 6 (AECOM, 2013), a combination of clustering and 

density methods was applied in a GIS environment to identify pedestrian and bicyclist hot spots. 

The procedure consists of the following steps:  

 

1. Aggregate crash data and identify groupings of crashes: Apply an ArcGIS application to 

identify groups of crashes based on a predetermined 250-ft search radius. Next, exclude 

groups containing fewer than five pedestrian crashes from further investigation. 

 

2. Identify pedestrian crash clusters: Rerun the ArcGIS application using a larger search 

radius of 600 feet to identify larger pedestrian crash clusters.  

 

3. Normalize crash frequency for each cluster: Normalize crash counts by segment length 

along each roadway segment within a cluster to yield pedestrian crash frequency per 

mile. 

 

4. Rank locations: Rank roadway segments based on pedestrian crash frequency normalized 

per unit length.  

 

As part of the study, pedestrian crash data for the latest available five-year period for all state 

roads within FDOT District 6ôs jurisdiction were used. It was observed that for small clusters 

(i.e., roadway segments less than 0.2 miles), normalized crash frequencies were inflated, and 

these segments were ranked among the highest. Clusters were then categorized into intersections 

and corridors using a 500-ft threshold. Segments shorter than the threshold were identified as 

intersections, while those longer than the threshold were identified as corridors. Pedestrian crash 

frequency was used to rank intersections, and pedestrian crash rate (crashes per mile) was used to 

rank corridors. A total of 116 pedestrian crash clusters were first identified, where a majority of 

these clusters were at intersections. A list of top 15 intersections and corridors was then 

prepared.  

 

2.5 Evaluation of Pedestrian Countermeasures 

 

2.5.1 Examples of Pedestrian Countermeasures 
 

An essential step in the pedestrian safety investigation is to evaluate countermeasures to alleviate 

pedestrian crashes and injuries. Two major publications that detail pedestrian countermeasures 

are Volume 10 of the National Cooperative Research Program (NCHRP) Report 500 (Zegeer et 

al., 2004) and the PEDSAFE Handbook (Harkey and Zegeer, 2004). For example, the PEDSAFE 

Handbook discussed several pedestrian countermeasures that should be used in specific locations 

to be successfully implemented. It includes the following seven categories of countermeasures: 

 

1. Pedestrian facility design 

2. Roadway design 

3. Intersection design 

4. Traffic calming 

5. Traffic management 

6. Signals and signs 

7. Other measures 
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Pedestrian Facility Design 

 

Pedestrian facilities consist of sidewalks, curb ramps, marked crosswalks, transit stop treatments, 

roadway lighting improvements, and street furniture. According to Harkey and Zegeer (2004), 

appropriate walking areas ñimprove pedestrian safety dramaticallyò. The Florida Department of 

Transportation (FDOT, 2000) determined that the crash reduction factor (CRF) for an installation 

of a sidewalk or walk way is 75%. Designing ñpedestrian lanesò that separate pedestrians from 

vehicles provides a safe and efficient way for pedestrians to travel (Zegeer and Seiderman, 

2001). Adding buffers to sidewalks give pedestrians a safer and more comfortable space 

separating them from vehicles on the road. Curb ramps, as shown in Figure 2-4, give disabled 

patrons an easy access to the sidewalk and are mandatory by federal legislation (Americans with 

Disabilities Act ñADAò, 1990).  

 

     
(a) Curb Ramp Design           (b) Example of Curb Ramp 

 

Figure 2-4: Curb Ramps  (Harkey and Zegeer, 2004) 

 

Marked crosswalks warn drivers that pedestrians might cross the street. These markings help 

vehicles yield to pedestrians and provide a safe and designated area for pedestrians to cross. 

Studies have shown that a crash modification factor (CMF) of 0.35 can be used for crash 

predictions at unsignalized intersection (Haleem and Abdel-Aty, 2012). The Manual on Uniform 

Traffic Control Devices (MUTCD) includes a variety of patterns for crosswalk markings. Figure 

2-5 shows examples of the different types of crosswalk marking patterns. 

 

 
 

Figure 2-5: Crosswalk Marking Types  (Harkey and Zegeer, 2004) 
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The study by Richards (1999) found that crosswalk markings at unsignalized intersections were 

associated with high pedestrian crash rates. Harkey and Zegeer (2004) stated that motorists could 

see the ladder pattern more than the conventional standard type, and should generally be installed 

with additional enhancements such as pedestrian signs for better safety performance. Figure 2-6 

shows an example of a ladder crosswalk. 

 

 
 

Figure 2-6: Crosswalk with Ladder Pattern  (Harkey and Zegeer, 2004) 

 

Bus stops, street furniture, and pedestrian walking environment have to be inviting to the 

pedestrians. The walking facility has to be safe and provide adequate lighting and amenities so 

that pedestrians feel comfortable. Roadway lighting makes the pedestrian path safer by 

increasing pedestrian visibility. Illumination of intersections is an important countermeasure 

when designing a good pedestrian facility. A CMF of 0.62 can be used for serious and minor 

injuries at night (Elvik and Vaa, 2004) when predicting pedestrian crashes. Bahar et al. (2007a) 

developed CMFs for lighting improvements for fatal (0.22) and injury (0.58) pedestrian crash 

severities.  

 

Roadway Design 

 

Roadway design affects pedestrian safety in multiple ways, e.g., the impact of lane width and 

direction of traffic. For example, the time it takes for pedestrians to cross the street depends on 

the lane width and number of lanes, and the direction of traffic directly impacts the number of 

conflicts between vehicles and pedestrians. Some of the countermeasures related to roadway 

design include bicycle lane installation, lane narrowing, reduction in number of lanes, 

installation of pedestrian refuge areas such as raised medians, conversion of two-way streets to 

one-way streets, and reduction in curb radius.  

 

Bicycle lanes are exclusive lanes for bicyclists that provide separation between vulnerable road 

users and motorists and shorten the crossing distance for pedestrians. Using a before-and-after 

study, Jensen (2008) found that the installation of bicycle lanes resulted in a CMF of 0.9 for 

pedestrian crashes involving right-turning vehicles. 
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Narrowing a roadway can be done by removing travel lanes, narrowing lane widths, adding on-

street parking, or by curb relocation. Narrowing a roadway will provide safer pedestrian 

movements by reducing vehicle speeds (VN Engineers, 2012). Distributing the available space to 

other components of the roadway such as bicycle lanes, sidewalks, etc., will likely enhance the 

safety of all road users. The other countermeasure, lane reduction, should only be used if there is 

excess road capacity. Reducing the number of lanes can provide pedestrians a shorter crossing 

distance and might help optimize signal timing (ITE, 2010).  

 

Constructing raised medians is another countermeasure that can be implemented to improve 

pedestrian safety. Raised medians provide a place of refuge for pedestrians crossing a wide 

intersection or a midblock section (ITE, 2010). High speed and high volume roads can benefit 

from raised medians with respect to pedestrian safety. Gan et al. (2005) stated that a CMF of 

0.31 can be used for raised medians on a major approach for pedestrian crashes.  

 

Although conversions of two-way streets to one-way streets reduce conflicts between the 

motorists and pedestrians, this countermeasure is generally expensive and requires large-scale 

implementation. It generally reduces speed, but can also increase travel distances for drivers.  

Another roadway design countermeasure is reducing the turning radius of the curb, which will 

lower the turning speed of the vehicles, reducing pedestrian crashes that involve right-turning 

vehicles. A larger curb radius encourages vehicles to turn at a higher speed and also increases the 

crossing distance for pedestrians (Harkey and Zegeer, 2004). Figure 2-7 shows an example of a 

location with tighter corner radius.   

 

         
(a) Example of Tight Turning Radii         (b) Comparison of Different Radius Curbs 

 

Figure 2-7: Intersection with Tight Turning Radii  (Harkey and Zegeer, 2004) 

 

Curb extensions extend the sidewalk out to the parking lane, and help reduce the crossing 

distance, improve visibility between motorists and pedestrians, and reduce crossing time. Curb 

extensions also reduce vehicle turning speeds (ITE, 2010). Figure 2-8 shows an example of a 

curb extension. 

 

Adding on-street parking on urban corridors could improve pedestrian safety since it creates a 

buffer between vehicles and pedestrians and narrows the crossing distance (VN Engineers, 
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2012). This countermeasure decreases the pedestrian exposure time and encourages slower 

speeds. However, restricting on-street parking near intersections improves intersection sight 

distance and could improve overall safety (ITE, 2010). For example, Gan et al. (2005) found a 

30% reduction in pedestrian crashes when parking is restricted near intersections. 

 

 
 

Figure 2-8: Curb Extension  (Harkey and Zegeer, 2004) 

 

Crossing islands are used as pedestrian refuge areas at intersections and at midblock locations. 

These give the pedestrians the advantage of crossing only one direction of traffic at a time. 

According to the National Highway Traffic Safety Administration (NHTSA, 2012), a crossing 

island and a curb extension, if used together, could improve pedestrian safety. Furthermore, 

crossing island facilities have proven to show substantial reduction in the percentage of 

pedestrian crashes. For example, Zegeer et al. (2005) found that raised medians resulted in 

significantly lower pedestrian crash rates on multi-lane roads, compared to other roads with no 

raised medians. Figure 2-9 gives an example of a refuge center island. 

 

 
 

Figure 2-9: Pedestrian Refuge Island  (FHWA, 2013) 
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Intersection Design 

 

Roundabouts often improve both the safety and mobility of pedestrians (Shen et al., 2000). 

Roundabouts reduce speed and number of conflict points, eliminate left turns, and improve 

traffic flow effectiveness. However, roundabouts have to be carefully designed. 

Accommodations for pedestrians using splitter islands for crossing can make a roundabout safer 

and more efficient for drivers, pedestrians, and bicyclists. Constructing a roundabout resulted in 

a CMF of 0.73 compared to an unsignalized intersection (De Brabander and Vereeck, 2007). In 

order to observe a positive pedestrian safety impact, roundabouts should have a low design 

speed. Figure 2-10 shows a roundabout constructed as a traffic calming measure and to improve 

safety. 

 

 
 

Figure 2-10: Roundabout  (Harkey and Zegeer, 2004) 

 

Right-turn slip lane design is mostly used on large arterial streets with large volume of right-turn 

traffic. This design gives pedestrians an advantage to only have to worry about the right-turning 

vehicles first. It reduces conflicts when trying to cross a multi-lane arterial street and shorten the 

crossing distance. The right-turn slip also slows down motorists and allows drivers to see 

pedestrians clearly (Harkey and Zegeer, 2004). Figure 2-11 shows an example of a right-turn slip 

lane.  

 

 
 

Figure 2-11: Right-turn Slip Lane  (Harkey and Zegeer, 2004) 
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Traffic Calming 

 

Speed humps have been known to have a speed reduction impact and make it safer for 

pedestrians to cross the street. The speed humps not only slow down vehicles but they also 

increase motoristsô awareness of a pedestrian crossing. A CMF of 0.95 was used for urban and 

suburban areas (Elvik and Vaa, 2004). Speed humps have to be designed correctly not to 

increase noise due to truck traffic and not to cause drainage problems. Additionally, special 

attention must be placed in constructing the speed hump to minimize potential discomfort to 

motorists. Figure 2-12 shows an example of a speed hump in a residential street. 

 

 
 

Figure 2-12: Speed Hump  (Harkey and Zegeer, 2004) 

 

Another countermeasure that can be adopted is a raised pedestrian sidewalk. This not only 

reduces speeds of motorists, but also enhances the pedestrian crossing. A CMF of 0.55 can be 

used in urban areas (Elvik and Vaa, 2004); however, it should not be used in areas with bus 

routes. Figure 2-13 shows an example of a raised pedestrian crossing. 

 

 
 

Figure 2-13: Raised Pedestrian Crossing  (Harkey and Zegeer, 2004) 
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Traffic Management 

 

The PEDSAFE Handbook (Harkey and Zegeer, 2004) states that traffic management should be 

assessed from an area-wide perspective. For traffic management to be successful it should be 

complemented with traffic calming devices. Figure 2-14 shows an example of a traffic diverter 

from the PEDSAFE Handbook. 

 

 
 

Figure 2-14: Traffic Diverter  (Harkey and Zegeer, 2004) 

 

Signals and Signs 

 

Traffic control devices such as traffic signals and pedestrian signals can be used to improve 

pedestrian safety. For example, crosswalk marking and a pedestrian signal together would 

substantially enhance pedestrian safety. Using traffic signals to create gaps for pedestrians to 

cross at midblock locations on high-speed multi-lane arterials will also increase pedestrian 

safety. MUTCD states that pedestrian signals should be installed wherever warranted. Pedestrian 

signals are important to provide pedestrians with the necessary clearance time to cross the street 

and to provide an indication of when it is safe to cross.  

 

Pedestrian signals eliminate the conflict between vehicles and pedestrians. Al though fixed time 

signals increase safety, they can decrease the efficiency of the intersection. Traffic signal 

enhancements such as automatic pedestrian detectors, large signals, and countdown signals are 

being used in some cities in the U.S. to reduce vehicle-pedestrian conflicts. High intensity 

Activated crossWalKs (HAWKs) are traffic signals that are used to allow pedestrians to cross 

safely (Fitzpatrick and Park, 2010). Fitzpatrick and Park (2010) developed a CMF of 0.31 for 

vehicle-pedestrian crashes in urban areas with HAWK signals. Figures 2-15, 2-16, and 2-17 

show an example of HAWK, enhanced signal diagram, and countdown signal, respectively. 

Reddy et al. (2008) conducted a before-and-after analysis to evaluate the effectiveness of 

countdown pedestrian signals by comparing pedestrian behavior before and after the installation 

of countdown signals. The pedestrian behavior measures included the percentage of pedestrians 

initiating crossing during flashing ñDonôt Walkò and steady ñDonôt Walkò modes, as well as the 

percentage of successful crossings. It was found that the pedestrian countdown signals were 

effective in increasing the percentage of successful crossings and decreasing the percentage of 

pedestrians who initiated crossing during the flashing ñDonôt Walkò mode.  
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Figure 2-15: High Intensity Activated Crosswalk (HAWK)   (Harkey and Zegeer, 2004) 
 

 
 

Figure 2-16: Enhanced Signal Diagram  (Harkey and Zegeer, 2004) 

 

 
 

Figure 2-17: Countdown Signal  (Harkey and Zegeer, 2004) 
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Charness et al. (2011) conducted a study that evaluated pedestrian signals using human factors 

approach. They found that pedestrian signals at intersections did not assist drivers in deciding 

whether or not to yield/stop to pedestrians. Additionally, middle-aged pedestrians were more 

likely to comply with pedestrian signals compared to younger pedestrians. In another study, 

Charness et al. (2009) investigated different materials for pedestrian warning signs at 

intersections. They concluded that there was negligible advantage in using the more expensive 

micro-prismatic fluorescent sheeting compared to the diamond grade sheeting. 

 

Crashes involving vehicles turning right on red are very common at intersections. Right-turning 

vehicles often do not yield to pedestrians crossing the intersection. Many drivers do not make a 

complete stop or simply block the crosswalk path for pedestrians waiting for a gap in the traffic. 

The placement of a standard NO TURN ON RED sign or an electronic blank out sign could be 

effective in preventing this behavior (Harkey and Zegeer, 2004). Figure 2-18 shows an example 

of standard NO TURN ON RED and blank out signs. 

 

       
(a) Standard NO TURN ON RED Sign           (b) Blank out Sign 

 

Figure 2-18: Standard and Blank out Signs (Harkey and Zegeer, 2004)  

 

Red light cameras are an Intelligent Transportation System (ITS) based countermeasure that can 

be implemented at intersections. Bechtel et al. (2003) conducted a study which showed that 

although installing cameras has reduced the number of violations for running a red light, it did 

not reduce the number of crashes. This could be because violations often occurred in a short 

duration immediately after the signal turned to red.  

 

Illuminated push buttons can also be implemented in areas where pedestrian crossings are 

frequent. The Light Emitting Diode (LED) light that turns on when the push button is pushed lets 

the pedestrian know that the device is working. Huang and Zegeer (2001) showed that this 

measure was ineffective in almost all the areas where it was implemented. 

 

Flashing crossing lights have had a positive impact on pedestrian crashes, with an 80% reduction 

in pedestrian crash frequencies (Katz, Okitsu & Associates, 2001). These illuminated crosswalks 

were found to increase the driver braking distance by 17% during daytime and 53% during 

nighttime (Weinberger, 1997). Findings suggest that installing flashing crossing lights increases 
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the compliance of pedestrian right-of-way and decreases the vehicle-pedestrian conflicts (Huang 

and Zegeer, 2001). Figure 2-19 gives an example of a flashing pedestrian crossing lights. 

 

 
 

Figure 2-19: Flashing Pedestrian Crossing Lights  (McNally, 2012)  

 

The most recent countermeasure using ITS technology is the animated eye. The animated eye is 

a pedestrian signal that displays an eye which is supposed to make pedestrians more aware of 

potential conflicts surrounding them. The ñeyeò is programmed to look from side to side to 

prompt pedestrians to look both ways. FDOT (2000) found that the implementation of the 

animated eye changed the pedestrianôs behavior and resulted in a reduction in pedestrian crashes. 

Similarly, Van Houten and Malenfant (2001) observed changes in motoristsô behavior when the 

animated eye was implemented. Figure 2-20 shows an example of a pedestrian signal with an 

animated eye. 

 

 
 

Figure 2-20: Pedestrian Signal with Animated Eye  (Rodegerdts et al., 2004) 
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Other Measures 

 

Adding advanced stop lines, as shown in Figure 2-21, help improve pedestrian safety. Pedestrian 

visibility will be improved and vehicles will have to stop behind the crosswalk line which will 

give pedestrians more room to cross (Harkey and Zegeer, 2004). In summary, Table 2-6 gives 

the most common pedestrian countermeasure and their corresponding CMFs.  

 

 
 

Figure 2-21: Signalized Intersection with Advanced Stop Lines  (Harkey and Zegeer, 2004) 

 

2.5.2 Relevant Studies 

 

Studies that have evaluated pedestrian countermeasures include Cafiso et al. (2011), Vasudevan 

et al. (2011), Pulugurtha et al. (2012), Chen et al. (2012), Pratt et al. (2012), and Deng et al. 

(2013). Cafiso et al. (2011) evaluated the safety performance of traffic calming devices such as 

speed humps that were installed instead of zebra crosswalks in Valencia, Spain. They used the 

traffic conflict technique as a surrogate safety measure and proposed a pedestrian risk index 

(PRI), which linked the probabilities of pedestrian crash and pedestrian severity in a single 

measure. The PRI could reveal a significant improvement in pedestrian safety and was effective 

in highlighting enhancements in driversô behavior due to installation of speed humps as an 

alternative to zebra crosswalks. 

 

Vasudevan et al. (2011) conducted a pilot study to evaluate the effectiveness of pedestrian call 

buttons, pedestrian countdown signals with animated eyes, and pedestrian activated flashing 

yellow signals. The treatments were deployed in the Las Vegas metropolitan area in Nevada and 

were installed at three sites, two intersections and one midblock location. The evaluations were 

based on field observations of pedestrian and driver behavior before and after the installation of 

these countermeasures. Several measures of countermeasure effectiveness were used, such as 

number of pedestrians trapped in the roadway, number of cycles in which call button was 

pushed, frequency of signal violation, number of pedestrians who looked for vehicles before 

crossing, number of pedestrians who began to crossing during the WALK phase, number of 

drivers yielding to pedestrians, and number of drivers making RTOR who came to complete 

stop. In general, the authors observed that the pedestrian crash countermeasures were successful 
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in enhancing safety and there were safety enhancements in pedestriansô behavior. However, the 

three countermeasures did not affect driversô yielding behavior.  

 

Table 2-6: Common Pedestrian Countermeasures and Corresponding CMFs 

Category Countermeasure 
Crash 

Type 

Crash 

Severity 
CMF Source 

Intersection 

Design 

Convert unsignalized intersection to 

roundabout 
Ped Fatal/Injury 0.73 

De Brabander and Vereeck 

(2009) 

Convert intersection to roundabout Ped All  0.11 
Schoon and Van Minnen 

(1994) 

Roadway 

Design 

Install pedestrian overpass Ped Fatal/Injury 0.10 Gan et al. (2005) 

Install raised median Ped All  0.75 Gan et al. (2005) 

Install raised median (marked  

crosswalk) 
Ped All  0.54 Zegeer and Seiderman (2001) 

Install raised median (unmarked 

crosswalk) 
Ped All  0.61 Elvik and Vaa (2004) 

Install refuge island Ped All  0.44 ITE (2004) 

Bicycle lanes (veh w/ped from right) Ped All  0.90 Jensen (2008) 

Bicycle lanes (veh w/ped from left) Ped All  1.05 Jensen (2008) 

Signs and 

Signals  

Permit right-turn on red (New York) Ped All  1.43 Bahar et al. (2007b) 

Permit right-turn on red (New 

Orleans) 
Ped  All  1.81 Bahar et al. (2007b) 

Permit right-turn on red (Ohio) Ped  All  1.57 Bahar et al. (2007b) 

Permit right-turn on red (Wisconsin) Ped  All  2.08 Bahar et al. (2007b) 

Prohibit left turn Ped All  0.90 Gan et al. (2005) 

Install pedestrian signals Ped All  0.47 Gan et al. (2005) 

Modify signal phasing Ped All  0.95 ITE (2004) 

Install pedestrian countdown signal 

heads 
Ped Fatal/Injury 0.75 Markowitz et al. (2006) 

Add exclusive pedestrian phasing Ped All  0.66  ITE (2004) 

Install HAWK Ped All  0.31 Fitzpatrick and Park (2010) 

Restrict parking near intersection Ped All  0.70 Gan et al. (2005) 

Traffic 

Calming 

Install speed humps Ped All  0.95 Elvik and Vaa (2004) 

Install raised pedestrian crossing Ped All  0.92 Elvik and Vaa (2004) 

Install raised intersection Ped All  1.05 Elvik and Vaa (2004) 

Pedestrian 

Facility 

Design 

Install sidewalks and walkways  Ped All  0.25 Gan et al. (2005) 

Install marked crosswalks (minor 

intersection) 
Ped All  0.35 Haleem and Abdel-Aty (2012) 

Improve lighting at intersection Ped Fatal 0.22 Elvik and Vaa (2004) 

Improve lighting at intersection Ped Injury 0.58 Elvik and Vaa (2004) 

 

On the same metropolitan area in Las Vegas, Nevada, Pulugurtha et al. (2012) evaluated the 

safety effectiveness of pedestrian infrastructure countermeasures, such as high-visibility 

crosswalks and pedestrian refuge areas. The authors used field observations of pedestrian and 

driver behavior before and after the installation of the countermeasures to evaluate the 

countermeasures. A total of eight sites were evaluated and measures of effectiveness similar to 

Vasudevan et al. (2011) were used. High-visibility crosswalk was found to improve behavior of 

both pedestrians and motorists, and was considered one of the most economical treatments. In 

addition, pedestrian refuge islands showed significant safety improvements in the yielding 

behavior of both pedestrians and drivers. 
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Similar to Pulugurtha et al. (2012), Chen et al. (2012) evaluated the safety effectiveness of high-

visibility crosswalks in New York City. They further evaluated other pedestrian 

countermeasures, such as the change in split phase timing and total cycle length increase. They 

adopted a two-stage design that first identified a comparison group corresponding to each 

treatment group, then estimated an NB  model with the generalized estimating equation (GEE) 

method to control for confounding factors and within-subject correlation. They found that the 

change in split phase timing was more effective in reducing pedestrian crashes than the high 

visibility crosswalks. Furthermore, increasing total cycle length was considered effective near 

senior centers, where there was a higher percentage of elderly pedestrians. 

 

Pratt et al. (2012) evaluated the safety effectiveness of four pedestrian treatments at six 

signalized intersection approaches in Texas. These treatments were adding a leading protected 

left-turn phase, implementing split phasing, implementing pedestrian recalls, and increasing the 

WALK interval duration. They collected video recordings of about 4,300 pedestrians crossing 

the path of a left-turning vehicle, of which 100 conflicts between pedestrians and left-turning 

vehicles were observed during the 24 hours of recording. A before-and-after comparison of 

observed conflict revealed that there was an overall reduction in conflicts; however, the safety 

benefit of increasing the WALK interval duration was questionable. Therefore, the authors 

recommended this treatment to be installed at sites with high pedestrian volumes. 

 

Using traffic microscopic simulation, Deng et al. (2013) evaluated the safety and mobility of four 

pedestrian treatments at midblock crossings, pedestrian actuated (PA), pedestrian light controlled 

(PELICAN), HAWK, and pedestrian user-friendly intelligent (PUFFIN). The authors used the 

VISSIM (Verkehr In Städten - SIMulationsmodell) and SSAM (Surrogate Safety Assessment 

Model) simulation packages and found that pedestrian signal violations during the clearance 

interval reduced pedestrian delay, but on the other hand resulted in a rapid increase in pedestrian-

vehicle conflicts, especially for the HAWK-type crosswalk. In addition, they found that PA led 

to high delay of both pedestrians and vehicles, but less conflicts. PELICAN was found beneficial 

for vehicular traffic by reducing vehicle delay; however, unbeneficial for pedestrian traffic since 

pedestrian delay was always high. HAWK and PUFFIN were found better than PA and 

PELICAN for balancing both safety and mobility for all road users. HAWK had an acceptable 

safety performance at ñlowò pedestrian volumes, but more conflicts were observed when 

pedestrian volumes turned to ñmiddleò and ñhighò. Furthermore, PUFFIN had a better safety 

performance than HAWK when pedestrian volumes were classified as ñmiddleò and ñhighò. 

 

FDOT has been involved in multiple research projects sponsored by the Federal Highway 

Administration (FHWA) that investigated the safety of pedestrian countermeasures. Examples 

are the studies by FHWA (2002 and 2008). The FHWA (2002) study recommended conducting 

surveys of pedestrians before introducing pedestrian countermeasures. As part of the study, many 

ITS countermeasures were proposed, such as pedestrian signals, no right-turn on red signs, and 

LED transponders for blind pedestrians. The FHWA (2008) study evaluated several 

countermeasures, e.g., pedestrian push buttons, midblock traffic signals, elimination of 

permissive left turns at signalized intersections, and reduction of minimum green time at 

midblock crosswalks controlled by traffic signals. It was found that inexpensive pedestrian safety 

engineering measures could produce a significant reduction in crashes if accompanied by public 

education and enforcement programs that focus on pedestrian safety.  
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Hagen (2005) conducted a study to identify pertinent information on ITS applications related to 

pedestrian safety. It was found that the use of countdown displays and in-pavement lighting were 

very well received by the public. Compared to the flashing hands, the countdown displays were 

found to be easier for pedestrians to understand. In-pavement lighting was found to reduce 

vehicular speeds in the crossing area, making it much safer for the pedestrian crossing the 

roadway.  

 

2.6 Pedestrian Safety Programs 

 

An important approach to improve pedestrian safety is involving citizens themselves in the 

safety management process. As such, many communities have sponsored programs to enhance 

pedestrian safety. For example, FHWA sponsored two programs: ñHow to Develop a Pedestrian 

Safety Action Planò (Zegeer et al., 2009) and ñPedestrian Safety Strategic Plan: 

Recommendations for Research and Product Developmentò (Zegeer et al., 2010). Zegeer et al. 

(2010) set a 15-year strategic pedestrian plan by developing dissemination activities and 

innovation strategies. Examples of the dissemination activities were event marketing, inȤperson 

and webȤbased training, and software development, whereas some of the recommended 

innovative strategies included convening interactive webinars and developing a videoȤshare 

website. Other programs include the Community Pedestrian Safety Engagement Workshops in 

California (Babka et al., 2011), the evaluation of a comprehensive pedestrian safety program in 

the City of Detroit (Savolainen et al., 2011), and the identified barriers in pedestrian safety 

programs in large central cities (Shin et al., 2011). Turner (2000) evaluated the yielding behavior 

of motorists to pedestrians in crosswalks in Tampa, Florida. It was concluded that 60% of 

motorists at signalized intersections have successfully yielded to pedestrians in crosswalks. On 

the other hand, only 3% of motorists at unsignalized intersections yielded to pedestrians. 

 

Zegeer et al. (2009) outlined a roadmap for developing a pedestrian safety action plan. The 

following seven steps were identified for a successful safety action plan: 

 

1. Define objectives:  A clear objective should be identified at the beginning of 

the plan, such as specific types of pedestrian crashes to be 

reduced (e.g., walk-to-school) and the target percent of 

reduction (e.g., 20% severe injury reduction). 

 

2. Identify high crash locations:  A list of areas with high concentrations of pedestrian 

crashes has to be identified, e.g., at signalized 

intersections, unsignalized intersections, and midblocks. 

 

3. Select countermeasures:  After identifying the list of high-crash locations in the 

second step, more investigation of these locations is 

required to identify high frequencies of pedestrian crashes. 

This would help devise the appropriate countermeasures. 

Examples are designing refuge islands for high pedestrian 

midblock crashes and adding ñNO TURN ON REDò sign 

at signalized intersections with high pedestrian crashes 

involving right-turning vehicles. 
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4. Prioritize countermeasures:  After selecting a list of countermeasures, the list has to be 

prioritized based on a pre-specified benefit-to-cost (B/C) 

ratio or a net present value (NPV). For example, if a B/C 

ratio of 2 is desired, then only the countermeasures with 

an estimated B/C ratio Ó 2 will be included. 

 

5. Implement strategy: This is a crucial step of the safety action plan involving all 

the stakeholders. Stakeholders could include citizens, 

public agencies, law enforcement agencies, and the private 

sector. In this step, stakeholders will be informed about 

the intended countermeasures to be implemented and will 

be educated on how to improve pedestrian safety. The 

education could be via focus groups or workshops. 

 

6. Reinforce commitment: In this step, awards for innovative ideas or projects that 

provide safer pedestrian conditions could be provided. 

Furthermore, the Department of Transportation could 

collaborate with the Department of Health on conducting 

education programs such as focus group studies. 

 

7. Evaluate results: The final step is to evaluate the plan through before-and-

after safety studies or public surveys. A final conclusion 

on whether or not the anticipated safety benefit was 

achieved should be determined. 

 

Babka et al. (2011) discussed the strategies used to engage residents and local professionals in 

the Community Pedestrian Safety Engagement Workshops in California. These workshops were 

designed to engage and educate residents to ensure they have the knowledge they needed to 

improve pedestrian safety in their neighborhood. Several case studies were highlighted that 

focused on a variety of engagement techniques, such as outreach and working with groups, 

working with youth volunteers, Video Voice, and peer learning and sharing. The workshops 

resulted in enhancing the residentsô understanding about potential directions to improve 

pedestrian safety in communities in California. 

 

Savolainen et al. (2011) documented a series of activities performed in the City of Detroit, 

Michigan, that aimed at improving pedestrian safety following Detroitôs designation as a 

Pedestrian Safety Focus City by FHWA in 2004. The activities included creation of a Pedestrian 

Safety Action Team, development of a Pedestrian Safety Action Plan, and implementation of a 

series of education, enforcement, and engineering countermeasures. The interventions included 

development of new pavement marking guidelines for pedestrian crosswalks, phased installation 

of countdown pedestrian signals, implementation of a pedestrian training curriculum for children 

in grades K-8, and implementation of enforcement programs. The interventions resulted in 

reducing pedestrian crashes and injuries in Detroit. In addition, the target crashes specific to each 

countermeasure were reduced.  
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Shin et al. (2011) highlighted institutional settings, interagency collaboration, high risk 

population groups, and institutional barriers in 13 large central cities in the U.S. (Chicago, 

Illinois; Columbus, Ohio; Denver, Colorado; Indianapolis, Indiana; Los Angeles, California; 

Milwaukee, Wisconsin; New York City, New York; Philadelphia, Pennsylvania; Phoenix, 

Arizona; San Francisco, California; San Jose, California; Seattle, Washington; and Washington, 

District of Columbia). Large cities were defined as cities with over a population of 500,000. To 

achieve the study objectives, planning officials from the 13 cities were interviewed. The authors 

found several barriers that needed to be addressed to improve pedestrian safety. These barriers 

included competing priorities among agencies, lack of resources, and data gaps. The study 

concluded that pedestrian countermeasures alone might not be sufficient for enhancing 

pedestrian safety. The authors also found that participation and formalized policy integration 

among multiple parties were required to create an effective pedestrian safety strategy. 

 

2.7 Summary 

 

This chapter reviewed studies on pedestrian safety, including risk factors affecting frequency and 

severity of pedestrian crashes, pedestrian exposure measures, pedestrian-vehicle conflict analysis 

techniques, pedestrian hot spot identification methods, pedestrian crash countermeasures and 

their evaluation, and pedestrian safety programs. The review of literature has shown that there 

has been abundant effort in analyzing pedestrian crashes and identifying pedestrian risk factors. 

Several studies have concluded that higher pedestrian crashes were observed in commercial 

areas, in dense road networks, and among uneducated populations. On the other hand, residential 

areas were associated with relatively fewer pedestrian crashes.  

 

The majority of studies that identified significant predictors of pedestrian injury severity have 

observed an increased likelihood of a fatality risk among elderly pedestrians (individuals older 

than 55 years of age) and young pedestrians (individuals younger than 15 years of age). A higher 

risk of fatality was also observed for pedestrians who crossed the road compared to those who 

walked along the road. Furthermore, pedestrian crashes involving trucks, buses, and tractor 

trailers had a higher fatality risk compared to cars.  

 

Existing methods for identifying pedestrian hot spots are broadly classified into three categories: 

density, clustering, and exposure estimation. In the density method, simple and Kernel methods 

are the two commonly used crash density calculation methods. A circular search area is used to 

calculate density in each of the two methods and the variation in the search radius could lead to 

inconsistent pedestrian high crash clusters. However, among these two methods, the Kernel 

method is regarded as a better approach since it generates a well fitted smooth curve. The second 

method relies on the clustering technique and it has been successfully applied in safety analysis 

to identify groups of crashes. Clusters are defined using a predetermined search radius, e.g., 250 

ft or 500 ft, and crashes are excluded if they are fewer than the minimum threshold. The most 

common types of clustering techniques are the K-means and latent class methods.  

 

The third method of hot spot identification is exposure estimation. This includes statistical 

regression models, sketch plan and network models, micro-simulation models, and computer 

vision techniques. These models have been used by researchers to estimate pedestrian exposure, 

e.g., pedestrian volumes, due to the difficulty and high cost associated with collecting pedestrian 
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volumes, especially in urban areas. Common measures of pedestrian exposure are population 

density, number of pedestrians, number of lanes crossed, time spent walking, number and 

frequency of walk trips, etc. Several regression models have used population density and time 

spent walking as surrogate measures to estimate pedestrian exposure. However, these measures 

are flawed because they ignore the amount of walking people do. The other models to estimate 

pedestrian volumes, such as micro-simulation and computer vision techniques, are not 

extensively used as regression models. Specifically, the micro-simulation approach is relatively 

complex and requires extensive data; thus, not preferred.  

 

There have been studies that applied the pedestrian-vehicular conflict analysis as an alternative 

to historical crash data analysis due to the rarity of observed crashes. These studies were found to 

be successful in observing pedestrian-vehicle conflicts, e.g., conflicts that occurred between 

right-turning or left-turning vehicles and crossing pedestrians. These studies could also 

successfully identify the safety performance of the locations of interest.  

 

Several pedestrian countermeasures have been proposed in the literature to improve pedestrian 

safety. These include but are not limited to, converting intersections to roundabouts, installing 

raised medians and refuge islands, adding on-street parking, installing pedestrian signals, 

modifying signal phasing, installing pedestrian countdown signals, improving lighting at 

intersections, and illuminating crosswalks. The majority of these countermeasures were found to 

have been effective in reducing pedestrian crashes and fatalities. 

 

In addition to pedestrian crash investigations, some studies and communities have proposed 

pedestrian safety action plans that involved citizens and stakeholders in the safety management 

process to enhance pedestrian safety through education and enforcement programs. The two 

programs sponsored by FHWA, ñHow to Develop a Pedestrian Safety Action Planò and 

ñPedestrian Safety Strategic Plan: Recommendations for Research and Product Developmentò 

are two good examples of these programs. During the evaluation phase of these programs, a 

reduction in pedestrian crashes and injuries were observed as a result of the proposed safety plan. 
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CHAPTER 3 

DATA PREPARATION  

 
This chapter describes the data collection and preparation efforts undertaken to analyze 

pedestrian crashes that occurred on state roads in Florida. It discusses the police reportsô review 

process used to identify underlying pedestrian crash patterns and crash causes. It also describes 

an effort undertaken to collect data on the presence and type of pedestrian facilities, including 

crosswalks and pedestrian signals, at signalized intersections.  

 

3.1 Pedestrian Crash Data 

 

Three years of crash data from 2008-2010 was used to identify pedestrian crashes on state roads. 

In total, 7,630 crashes were identified from the Crash Analysis Reporting (CAR) system as 

vehicle-pedestrian crashes. Police reports of these 7,630 crashes were downloaded from the 

FDOT Hummingbird System and were reviewed in detail to collect information that is not 

typically available in the crash summary records. As such, for each vehicle-pedestrian crash, the 

following information was collected: 

 

¶ Birth year of the pedestrian.  

 

¶ Injury severity of the pedestrian.  

Á Fatal injury 

Á Incapacitating injury 

Á Non-incapacitating injury 

Á Possible injury 

Á None  

 

¶ Who was at fault?  

Á Pedestrian  

Á Driver  

Á Both  

Á Not sure  

 

¶ Where did the crash happen?  

Á Signalized location  

Á Non-signalized location 

Á Not sure  

 

¶ Are there any types of pedestrian signals in the vicinity?  

Á Yes, which type? __________________________  

Á No  

Á Not sure  

 

¶ Is there a raised median/a pedestrian refuge area in the vicinity?  

Á Yes  

Á No  
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Á Not sure  

 

¶ Is there a crosswalk in the vicinity?  

Á Yes  

If yes, what type of crosswalk?  

o Solid  

o Standard  

o Continental  

o Dashed  

o Zebra  

o Ladder  

o Other  

Á No  

Á Not sure  

 

¶ If a crosswalk is present, is the pedestrian walking in the designated area?  

Á Yes  

Á No  

Á Not sure  

 

¶ Is the pedestrian crossing the street or walking along the roadway when hit?  

Á Crossing the street  

Á Walking along the roadway  

Á Not sure  

 

All the above information was collected by reviewing descriptions and illustrative sketches in the 

police reports and the aerial images of crash location. Particularly, the at-fault road user was 

identified from the descriptions. For example, Figure 3-1 gives the description of a pedestrian 

crash (crash ID: 105745350) where the driver was cited for careless driving, and therefore, was 

considered to be at fault.  

 

 
 

Figure 3-1: Description in Police Report (Crash ID: 105745350) 
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As another example, in Crash ID: 90438654, the pedestrian was found to be at fault as the 

pedestrian stepped into the middle of the road in front of traffic. Figure 3-2 gives the description 

of this crash. 

 

 
 

Figure 3-2: Description in Police Report (Crash ID: 90438654) 

 

An existing in-house web-based tool was adapted for this study to facilitate the process of 

reviewing the police reports. The tool has the capability to display the police report of each crash 

and the aerial photo of the crash location, as shown in Figure 3-3. The tool helps to quickly 

navigate from one police report to the next by either clicking the ñNextò and ñPreviousò buttons, 

or by typing the crash number in the Search box. The tool also has the capability to query crashes 

based on roadway ID and mileposts.  
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Figure 3-3: A Web-based Tool Customized to Review Police Reports 
























































































































































