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EXECUTIVE SUMMARY

Pedestriarcrashesare a majosafetyconcernin Florida. Aboutone in every fivdraffic-related
fatalities inthe statas a pedestrianThe goal of this project is to conduct a comprehensive study
to improve pedestrian safety on state roads in Florida. The specifictmbjectives 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. ldentifying statewide pedestrian crasittprns and causes.

3. ldentifying 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, dotal of 6,434 pedestrian crashes that occurred on state roads d0@8g@L0

were identified. A major effort of thigrojectinvolved detailed review of police reports for these
crashes to obtain additional crash details, including those from pdbseriptions and
illustrative sketcheswhich are not available froerash summargecordsln addition, additional
roadway information not available from the state roadway inventory such as types of crosswalks
were visually identified. Both of these effomgere performed using two {nouse wekbased
systems developed to facilitate police report review and data collection.

Literature Review

There hadeensignificanteffort 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 m&humyy 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 cemshThe third method of hot spot
identification is exposure estimation. This includes statistical regression models, sketch plan and
network models, micksimulation models, and computer vision techniques.

Severalpedestrian countermeasures have beepgsed in the literature to improve pedestrian
safety. These include but are not limited to, converting intersections to roundabouts, installing
raised medians and refuge islan@&lding on-street parking, installing pedestrian signals,
modifying signal phsing, 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 Patterrs and Causes
Statewide crash patterns and causes were identified based @A3hegedestrianrashesn the

threeyear analysis periodThe crashes resulted in tatal of 663 pedestriamatalities (i.e.,
10.3%). Overall, therewere 124.7 total crashes rad 13 fatal crashes per million population
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annually Of the different age groupthe young pedestrian group (&% years) experiencdte
highest number of pedestrian crashes per million populatidralso théighest pedestrian crash

rate per million wk trips per year Older people were found to experience a slightly higher
number offatal crashes per million walk trigser year Although a majority of crashes occurred
during daytime, they resulted inlawer proportion of fatalities. A&% significane level, the
proportion of fatal crashes that occurred during nighttime were significantly greater compared to
the proportion of fatal crash@sthedaytime.

Overall, pedestrians were found to bdailt in over 53.0% of the crashes and drivers were at
fault in 28.2% of the crashebrespective of whavas atfault, failing to yield rightof-way and
disregarding traffic control devicewere the two major contributing causes for pedestrian
crashes.Moreover, crashes where pedestrian wadaatt were found to be more severe
compared to the crashes whehe driver was atfault, and this difference was found to be
statistically significant.

A majority of the crashes occurredmarily on urbanprincipal arterialsAlthough the majority

of pedestrian crashes occurnedurban areas and especially in metropolitan areas, detshes

were disproportionately high in rural areas. Moreover, the proportion of fatal crashes decreased
with urbanization.Crashes along the locations with higher expdimits resulted in a greater
proportion of fatal crasheét a 5% significance levethere was no significant differencetime
proportion of fatal crasheat signalized intersectionacross the following crosswalk types:
standard, continental, laddeand solid with special surfac&urthermore,crash data did not
indicate that continental and ladder types had a better safety perfornihaoe standard
crosswalksat signalized intersections durimgghttime.

Statewide Crash Severity Contributing Caugs

Mixed logit models were developed to identify significant geometric, traffic, road user,
environmental, and vehicle factors contributing to pedestrian injury sewargignalized and
nonsignalized locationsAt both signalized and nesignalized loations the following ten
variables were chosen to be included in the model: percentage of trucks, natural logarithm of
average annual daily traffidADT), crosswalk type, lighting condition, pedestrian age, speed
limit, hour of crash, atault road user, vehicle type, and weather condition.

The results from the mixed logit modshowed that:

1 Crashes where pedestrians wetdaalt were more likely to @sult in severeinjuries
compared to the crashes where drivers wefaudt or both pedestrians and drivers were
atfault at both signalized and nesignalized locations.

1 Crashes involving afault pedestrians resulted in a greater probability of sengudes
at nonsignalized locations compared to signalized locations.

1 Very young pedestrians were associated with lower probability of severe injuries at both
signalized and nosignalized locations.

1 Very old pedestriangere associated withigher probaility of severe injuriesat both
signalized and nosignalized locations.
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1 Very old pedestriansave a greater severity rigk signalized locations compared to non
signalizedocations

1 At signalized locations, rainy weatheras associated with a sliglmcrease in the
probability of severe injuries compartmother weather conditions.

1 Dark conditions, with and without street light, wexgsociated withraincreasdn the
probability of severénjuriesatbothsignalized and nesignalized locations.

1 At nonsignalized locations, vans were found to be associated with an increase in the
probability of severe injuries compared to other vehicle types.

1 Increasing the speed limat signalized and nosignalized locations waassociated with
higher sever@jury probability.

1 The increase in speed limat non-signalized locations posed greater pedestrian severity
risk compared to signalized locations.

1 At nonsignalized locations, pedestrians crossing the roadway were associated with
higher probability okevere injuries compared to pedestrians walking along the roadway.

1 At signalized locations, increasing the AADT and the percentage of trucks significantly
increased the probability of severe pedestrian injuries.

1 At signalized locations, the probability of severe pedestrian injugahigherduring the
night and dawn ofpeak periods.

Pedestrian Crash Causes and Countermeasures at Signalized Locations

Urban signalized intersections with observed pedestriarh diragjuency greater than three
standard deviations from the average crash frequency were identified and analyzed. A total of 21
signalized intersections wi 200 Were 6ncludes dnetlset r i a n
analysis. Police reports of all theashes 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:

Crashes that involved rigitirning vehicles.

Crashes that involved leftirning \ehicles.

Crashes that occurred in the vicinity of bus stops.

Crashes that involved pedestrians who were not crossing at designated crossing locations.
Crashes that occurred in lettrning lanes and righihost lanes.

Crashes that involved pedestrianstrosswalk and through traffic.

A

Pedestrian crashes involving turning traffic at signalized intersections could be prevented by
eliminating the potential vehiclpedestrian conflicts. At locations with high pedestrian volumes,
prohibiting right turns on & could be an easy strategy to minimize pedestrian conflicts
involving rightturning vehicles. Additionally, providing l@ading pedestrian intervélPI) that

gives pedestrians a head start while crossing the intersection could improve pedestrian safety.
Pedestrian crashes involving kdirning vehicles could be reduced by providing either a
protected lefturn phase or an exclusive protected pedestrian signal.

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

approaching trafficThese types of pedestrian crashes could be prevented by improving roadway
lighting and providing curb extensions in the vicinity of bus stops. Furthermsdoeating near
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side bus stops to the faide of the intersection could elinate sightdistance restrictions,
improving pedestrian safety.

At locations where pedestrians are expected to cross-lawdtiroads with high travel speeds and
heavy traffic, the following countermeasures could be effective in reducing pedestrian crash
frequency and severity:

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

1 install lighting along the corridor,

1 require pedestrians to cross the roadway at designated crossing locations such as
crosswalks, and

1 install traffic calning measures, such as providing speed bumps, lane narrowing, etc.

Agencywide education campaigns on the laws pertaining to pedestrians and the safety benefits
of using pedestrian facilities such as crosswalks, sidewalks, and pedestrian refuge isllshds co
improve pedestrian safety. Furthermore, extensive driver education campaigns that focus on
driver compliance with pedestrian rigbt-way laws and stricter enforcement could prevent the
crashes that were due to driver error.

Pedestrian Crash Causes and Countermeasures ldbn-signalizedLocations

ArcGIS 10.0 was used to identify tm®nsignalizedlocations with more than one pedestrian

crash. The top high crastonsignalizedlocations were identified based on critical pedest

crash frequency (i.e., greater than three standard deviations from the average crash frequency). A
total of 14nonsignalizedl ocati ons wit h O -2610 wereargladedsin thdeu r i n g
analysis. Police reports of the 115 crashes that occurrtb@és# 14 locations were reviewed in

detail to identify pedestrian crash causes and potential countermeasbtegsral of the
pedestrian crastypes identified at signalized intersections were also fountbasignalized

locations. Particularly, the following types afasteswere observed at both signalized anmoh
signalizedocations:

Crashes that occurred in the vicinity of bus stops.

Crashes that involved pedestrians who were not crossing at designated crossongloca
Crashes that occurred in lftrning lanes and righhost lanes.

Crashes that involved pedestriangtrosswalk and through traffic.

rwNE

In addition to the above identified crash types, the following two types of crashes were identified
at nonsigndized locations: crashes that occurred at undivided roadways, and crashes that
involved pedestrians walking along a roadw@yash contributing factors related tioese two

types of crashes were analyzed

Undivided roadway segments were found to expedemgreater 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 ragenedians is recommended on nHdine corridors with high traffic.

In addition to the construction of raised medians, agevidg pedestrian education campaigns



focusing on the safety benefits of raised medians is recommended to discourage pedestrians fro
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 thee addthe 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 @irticularconcernto Floridaas one in every fivéraffic-relatedfatalities

in the stateis a pedestrianA recent study bylransportation for Americ§T4A) (2011) has
ranked Floridaas the most dangerous state in the country for pedestfineassame study also
ranked 52 large metropolitan areas with over 1 million population. In this ranking, the top four
unfortunate spots went tO@rlando/Kissimmee, Tampa/St. Petersburg/Clearwassksbnville,

and Miami/Fort Lauderdale/Pompan®hese rankings were given based on the Pedestrian
Danger Index (PDI), which computes the rate of pedestrian deaths reétatike amount of
walk-to-work trips in an area. Although the index favors metrosatkat tend to have a higher
percentage of watko-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 pedestrianrashes is a different challenge compared to analyzéidcle 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 dombine
effect is difficult to quantify; and pedestrian volumes are usually unavailable and are too costly
to collect especially for areaide studies and on a regular basislike counting vehicles, which

can be automatically recorded when vehicles run overumatic road tubes, counting
pedestrians in the field remains largely the task of human observers.

For areawide studies, some surrogate measures have been used to estimate the level of
pedestrian activities. A good example is the amount of-#ealork trips used in the above T4A

study. However, such data are usually collected with very low sample ambhusthe data

could only be reported for very large areas suchUaged StatesCensus urbanized areas
(UZAs), as is the case with the walikwork 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 sitespecific safety studge 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
concentratia of bus stops with passenger transfer activities, etc., they are typically analyzed
separately from nosignalized locations. However, in both cases the locations are usually
identified based on pedestrian crash frequencies rather than crash rate=efogabons. 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 giede volumes are not available or auc
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 orolv-volume roads, the random occurremdea 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/

1.2 Project Goal andObjectives

The goal of this project is to conduct a comprehensive study to improvetrmdasifety 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 potentia

countermeasures.

Identifying statewide pedestrian crash patterns and causes.

3. ldentifying factors contributing to pedestrian injury severity.

4. ldentifying and analyzing pedestrian high crash locations at both signalized and non
signalized locations fazrash causes and potential countermeasures.

N

The scope of this project is comprehensive as it involves multiple years of pedestrian crashes
statewide and with detaileegview of all police reports to obtain additional details, including
those from policedescriptions and illustrative sketchashich are not available fromrash
summaryrecords.

1.3 Report Organization

The rest of the report is organized as follows. Chapter 2 provides an extensive review of existing
literature on pedestrian safetincluding risk factors affecting frequency and severity of
pedestrian crashes, pedestrian exposure measures, pedediicda conflict analysis
techniques, pedestrian hot spot identification methods, pedestrian crash countermeasures and
their evaluation, andedestrian safety programs.

Chapter 3 summarizes tkeéort undertaken toeview police reportand collect data on existing
pedestrian facilities at signalized intersectio@hapter 4 focuses oidentifying the overall
statewide pedestrian crash patgeand 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 injuri€sapter5 ams to identifysignificant factors
contributing topedestrian crash injury severifghapters 6 and focus onthe identification and
analysis ofpedestrian high crash signalized arah-signalizedlocations, respectivelyrinally,
ChapterB provides a sumary of this project effort and the relevdindings andconclusions.



CHAPTER 2
LITERATURE REVIEW

This chapter provides eomprehensiveeview of literature on pedestrian safety. ™peecific
areas covered includask factors affecting frequency and severity of pedestrian crashes,
pedestrian exposure measures, use of surrogate crash measloesflict analysisto evaluate
pedestrian safety and crossing behaviors, methods to identify pedestriacrdsghlocatios,
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 #ivaed toidentify significant factors affecting frequency

and severity of pedestrian crashes. This section highlights studies that investigated pedestrian
crash frequency risk factorolandand Quddus (2004) used cresectional time series data for

11 regions in GreatBain overa period 0f20 years. Usinghe negative binomia(NB) model|

the authors found that alcohiolvolvementwas positively associated with increased pedestrian
crashesUKkusuri et al. (2011) identified the significant sedemographic and envinonental
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 AfricatAmerican or Hispanioieighborhoods, and across areéts

a greaterproportion of mediarage 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 consistdntthosefrom 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 ofJkkusuri et al. (2011) weralsoobserved by Kravetz and Noland
(2012) who examined the relationship between pedestrian crashes aimddove communities

in three counties northern New Jersey (in the New York metropoligaea). 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) wgked fiveyear 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 Yastdta (2002). Theauthorsalso showed that the
likelihood of pedestrian crashes increased with the increase in road ®idtiiarly, Garder
(2004)alsoconcluded that wider roads could increase pedestrian fteaglency

Prato et al. (2012) identifiededestrian crash patterrie design preventive measurebhe
authors employedeural networksapproachto analyzepedestrian fatatrashesluring the four
year period between 2008nd 2006in Israel They observe five notable pedestriancrash
patterns: &) elderly pedestrians crossiman crosswalks mostly far from intersections in
metropolitan areas)b] pedestrians crossing from hidden places and colliding withwiiaeel
vehiclesin urbanareas (c) male pedestriansrossing at night and hit by fowhed vehiclesin



rural areas (d) young male pedestriamcsossing at night in both urban and rural areasl ()
children and teenagers crossingsmall rural communitiesThe observed crash patteipainted
to the importanceof designing education and imfoation campaigns for road userand
allocatingresources for infrastructural interventions.

Fernandes et al. (2012) analyzed pedestrian crashes at 1,875 signalized intersections in Canada to
identify potentialgeometric and environmental fact@fecting pedestrian safetyarious NB

models were fitted to the data with and it was found that vehicular traffic was the main
contributing factor affecting pedestrian crash frequemtgey also found thatrough vehicular
movements at intersections cha greater effect on crash rates than- leftd rightturn
movements.In addition, geometric variableshat were found significant includegumber of
exclusive leftturn lanes, number of commercial entrances and exits, and total crossing distance.
Higher number of exclusive lefiurn lanes was found to decrease pedestrian crashes, whereas
longer crossing distances and more commercial entrances and exits were found to increase
pedestrian crashe#nother study by Qi and Li (2012)found that rightturn-on-red (RTOR)
maneuvers did not lead to increased pedestrian crash frequency.

While comparing the analysis of pedestrian crashes in China and.$hezbou et al. (2013)
found that thecrash data statistieéa both countriegollowedthe same decliningends andthe
total number of traffic fatalities in thg.S. was about one half of that in ChinA. consistent
finding was thatdrivers accoursd for the largest fatality proportionn both countries
Furthermore, raleswere involved in more pedestrian fatalities than females in lootimtries.
On the other hand, some discrepancies existedexample, the second largest degtbupin
traffic crasheswas vehicle passengefin the US.; however, in Chinapedestrians rank ¢h
secondIn addition in China, middleagedindividuals betweei36-45 yearsnverethe most risky
group in pedestriancrashes while in the US., young people agg 16-24 were the most
vulnerable.The authors proposesbme countermeasures and stratetpesnprove pedestrian
safetyin both countries, e.ginstalling pedestrian overpasses/underpaasesefuge islands
and pomoing educational an@nforcementampaigns.

While analyang pedestrian traffic fatalities in SeattlgVashington between 1990 ah 1995
Harruff et al. (1998)found thatthat the average age of pedestrians involved in traffic fatalities
was 49 yearsThis finding was also observed B/-Shammariet al. (2009). Furthermore,
Campbell et al. (2004)oncluded that mle pedestrian fatdies outnumbexd female fatalities in
every age groupwhich was consistent with other studiesluding Lee and AbdelAty (2005),
Al-Shammaret al. (2009), andhou et al. (2013)

The studiesonductedby Lee and AbdeAty (2005) andlang et al. (20)3are two examples of
research that analyzed both frequency and severity of pedestrian crashes. Lee awtyAbdel
(2005) analyzedhe frequency and injury severiof vehiclepedestrian crashes at intersections
in Floridausingfour years of data frort999to 2002. Theyfound that middle-age male drivers
and pedestrians wemore involved in pedestrian crashban the other age and gendeoups;

and m@ssenger cars weraorelikely to be involved in pedestriarcrashedhan trucks, vansand
busesIn additon, more crashes occurred andivided roads witla greatenumber of lanes than
divided roads withfewer lanes.Some of the significant factors affecting crash injury severity



have included pedestrian ageeather and lighting conditionand vehicle sig. For example,
pedestrian injury involving a large vehicle was more severe than those invopasgengecar.

Jang et al. (2013) used six years of pedestrian crashes from 2002 to 2007 in the City of San
Francisco to identify riskactors on therequency andnjury severity of pedestriamvolved
crashes.They used arordered probit modebnd found that pedestrian characteristics that
increased pedestrian injury severity were alcohol involvenoetitphone use, and ageeither

below 15 yearsf age or above 6%ears Environmental characteristitisat were associated with

high pedestrian severity includedghttime, weekendsand rainy weatherThe influence of
alcoholwas found to behe primary crash fact@associated witthe mostsevere injues They

also found thatarger vehicles such as pickups, trucaad buses were assoedtwith more
pedestriarsevere injurycompared 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 higihweyssings
(Khattak and Luo, 2011). Schneider et al. (2013) analyzed pedestrian crashes at 22 intersections
on the boundary of the University of California, Berkeley casnguring 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 tbavest 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 lotohgsediestrian age. The
authors concluded thgbedestrians inall age groups (i.e., young, middle, and old) used
crosswalks more frequently in parking lots. However, no significant variation was detected in
using crosswakk across age groupddore walk disractions 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 crosseraks
pedestrians in differenga groups

Khattak and Luo (2011linvestigate pedestrian violations at dugladrantgatedhighwayralil
grade crossingsn Fremont, Nebraskasng video surveillanceequipment. Examples dhe
violations studiedncluded:passing under descending gafesssing around fully lowered gates,
passing under ascendiggtes, and passing around fully lowered gates between sucdesisise
They found that leildren of aroundeight years of age or younger were involved in 25% more
gaterelated violationghan oter crossingndividuals Additionally, violations were shown to
increasewith the presence of more individuals at the crossing drémg crossing events.

Luoma and Peltola (2013) examindgwe safety impact of walking direction on pedestrian crash
frequencies along ruraiwo-lane roads with no pavement or pedestrian daine Finland.
Reportedcrasheshbetween 2006 and 20Mere included in the analysi$hey observed that
when pedestrians we facing traffic, there was a 77% reduction in fatal and injury pedestrian
crashes as compared to pedestnaakkingin the direction otraffic.



Another study byAbdel-Aty et al. (2007)focused on the safety of scheaded pedestrians in
Orange County, FloridaThey used five years of crash datad found thamiddle and high
school children were more involved pedestriarcrashesgspeciallyon high-speed multiane
roadways Significant predictors of pedestrian crashes included driver's aggemakr alcohol
use pedestrials agenumber of langgmediantype,andspeedimit.

2.1.2 Pedestrian Crash SeveriBisk Factors

Studies that focused on investigating risk factors affecpedestrian crash severity have
included Oh et al. (2005},arko and Azam (2011), Sarkar et al. (20M@ghamed et al. (2013),
Nasar and Troyer (2013and Khattak (2013)Oh et al. (2005) identified the significant factors
affecting the pobability of pe@strian fatalitiesn Korea using a logistic regression model. They
found that thecollision speedwas the most significant contributing factolhe increase in
collision speed was associated with an increase in the pedestrian fatality likeFootbernore,
theyfound thatchildren ha 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 thiei-variate probit modelThe authors found that ate and

older pedestrians wemaore exposed tosevere injuriecompared to other groupRural and
high-speed urban roahys were found to benore dangerous for pedestriaespeciallywhile
crossingtheseroads.The most dangerous id#fied pedestrian behavior wasosshng a road
between intersectior(ge., at midblock locations)n addition, he size and weight of the vehicle
involved in a pedestrian craglere significant predictors of pedestrian injury level.

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

risk factorsalondangl adeshés roadways using crash dat a
an increased likelihood of a fatality risk among elderly pedestrians (individwdgs thlan 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, busedraaetdrs had a higher fatality risk compared to

cars. Furthermore, pedestrian crasbesurringduring the rainy season had a higher probability

of fatality compared to other seasprsd mdestrian crashes occurring at locations with no

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

traffic signals.

Mohamed et al. (2013)sed twopedestrian injury seveyi datasets from New York Cit{g002

2006) and Montreal, Canadé20032006) and applied the orderedgtit 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, whileetrmultinomial logit model ignores this ordinal nature.
Several common variables such as presence of heavy vehiclabsence of lightingand
prevalence ofnixed land usewerefound toincrease the probability of fatpkedestriarcrashes

in both cities.

Nasar and Troyer (2013) hypothesized that pedestrians could experience reduced awareness,
distraction, and unsafe behaviehen talking or texting on their mobile phonésingdata from



the US. Consumer Produchafety Commission on injuries in hospi&hergency rooms from
2004 through 201,0theyfound thatmobile-phone related injuries among pedestrians increased
relative to total pedestrian injurieMoreover, pdestrian injurieselated to mobilgphone use
were higher for males and for people undery8arsof age Similarly, Byington and Schwebel
(2013) concluded thateglestrian behavior was consieeriskier while simultaneously using
mobileinternet and crossing the street than when crossing the street with no distraction.

Using crashes from 20G@ 2010,Khattak (2013) employed an ordered probit modeling scheme
to identify significant factors affecting pedestrian injury severity along natibigéwayrail
grade crossingsThe model showed thatore severe injuries were associated with highen trai
speeds anthe injury severitywas higher fofemale pedestrians comparedntale pedestrians
Pedestrian severities were found to be highercommercialland use areas compared to
residentialareasPedestrian severities weatsofound to be highein clear weatherln addition,
lower pedestrian severitiagerefound athighwayrail crossingswith greater number of crossing
highway lanesand standard flashing light signals.

2.2 Pedestrian Exposure

Because pedestrian exposure d@ay., pedestrian volumesye not readily availabland is
expensive to collectresearchers often rely on surrogate measures to estimate pedestrian
exposure (Kennedy, 2008), such as population or population d€@sity 2003, number of

lanes crossed Keall, 1993, time spent walking Ghu, 2003, number of pedestriantrips
(SafeTrec, 2010), analggregate distance traveled by all pedestriansspeaificareaof interest
(SafeTrec, 2010)

Since different measures of exposure have to be used dependhmeymurpose of the studthe
Safe Transportation Education and Research CeBgfe{re¢c 2010) summarized the issues
related to the most common exposure measures. Taklethrough 2-5 discussexposure
measuredased omumber ofpedestriag number of tripsdistance traveledyopulation,and
time spentvalking, respectively.

Although there are different types of exposure measures, they have been criticized sidoe they
not account for thactualamount of walking peopldo (Qin and Ivan, 201). To address this
concern,researcherdave develogd statistical regression models; implementdatch plan
network and micro-simulation models; or applied computer vision technigtesstimate
pedestriarexposure or pedestrian volumes



Table 2-1: Exposure Based on Number of PedestriangSafeTrec, 2010)

. i Estimating pedestrian volume and risk in a specific location
Appropriate : : ! .
UBEs | Assessmg ghanges in pedestrian volume or characteristics due to countern
implementation at that site
How Datals | § Manual or automated counts of pedestrians
Gathered
Pros 9 Counts are simpler to collect t_han other measures sgch as time or d_istance walked
9 Automated methods for counting number of pedestrians are improving
1 Does not differentiate pedestrians kalking speed, age, or other factors that n
Cons influence individual risk . . -
9 Does not account for the amount of time spent walking or the distance walked
1 Not easily adapted to assess exposure over wide areas (for example, a city)
Common i Averag(_a numbenf pedestrians per day, sometimes called average annual numl
Measures PEeESHTETE . . .
9 Number of pedestrians per time period, e.g., hour

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

9 Assessing pedestrian behavior in laageas, such as cities, states, or countries
Appropriate | 1 Examining changes in pedestrian behavior over time
Uses 1 Making comparisons between jurisdictions
9 Assessing common characteristics of walking trips, such as purpose, route, etc.
How Data Is | § Data is gatheredtough use of surveys, such as the National Household Travel Surve
Gathered
9 Appropriate for use in large areas
Pros 9 Best metric to assess relationship of walking with trip purpose
9 Trips can be assessed as a function of person, household and location attributes
9 As with most surveys, a large number of respondents are needed to adequately repri
underlying population
Cons T Unlikely to provide information at the level of detail needed to assess risk at sy
locations
i Pedestrian trips are often underrepoitesurveys
Common 91 Average number of walking trips made by members of a population per day, week or,
Measures 9 Proportion of walking trips taken for particular purposes, such as commuting or shop|

Table 2-3: Exposure Based on Distance TraveledSafeTrec, 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

=a|=a —a -9

=

For individual level exposurethrough surveys such as the National Household Tr|
Survey

For aggregate level exposure, measurement of the length of the area of interest, c(
with a manual or automatic count of the number of pedestrians

Pros

Can be used to measure exposuith@imicro 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

E N I

E ]

Does not take into account the speed of travel and thus cannelididy used to compar
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
sidewalk

Common
Measures

= =

Averagemiles walked, per person, per day
Total aggregate distance of pedestrian travel across an intersection
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Table 2-4: Exposure Based on Populatior{SafeTrec, 2010)

Appropriate
Uses

1 Used as an alternative to exposure data when cost constraints make catheotisgre dat:
impractical

9 Used to compare jurisdictions over time because population data is available for
geographies and time periods

How Data Is
Gathered

1 Population data for most cities is available on an annual basis through the An
Communty Survey

Pros

1 Easy and lowcost to obtain; available for most geographies and time periods

1 Adjusts for differences in the underlying resident population of an larfax example,
sparsely populated suburbs versus densely populatedditpareas

1 Provides a crude adjustment for amount of vehicle traffic on the streets, since area
more people live also tend to be areas where more people drive

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

Cons

1 Does notaccurately represent pedestrian exposure

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

1 Does not provide information about amount of time or distance that members |
population were exposed to traffic

Common
Measures

9 Number of peoplén a given area: neighborhood, city, county, state, or country
9 Number of people in a particular demographic group: by age, sex, race, immigrant si
socioeconomic status

Table 2-5: Exposure Based on Time Spent WalkingSafeTrec, 2010)

Appropriate
Uses

i Estimating total pedestrian time exposure for specific locations

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

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

I Comparing risk between intexg@®ns with different crossing distances and betw
individuals with different walking speeds

How Data Is
Gathered

1 The number of persons passing through an area multiplied by the time traveled
i Time spent on walking activities reported on surveys

Pros

9 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

1

1

1

1 Time based measures assuisk is equal over the entire distance of a crossing. Only a ¢

portion of time spent walking on roadways represents real exposure to vehicle traffi

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

walking along the roadside where there are no curved sidewalks

9 Time spent on walking can be overestimated in surveys, because people perceive t
spend more time walking than they actually do

1 Walking may also be undeeported in surveys, because peoplg floaget walk trips or may
purposely choosing not to report. Both of these reasons are related to the fact that |
trips are relatively short. These very short trips may not register in the memc
respondents or the respondents may think that stese trips are unimportant

Common
Measures

1 Average time walked, per person, per day or year
i Total aggregate travel time of pedestrian travel across an intersection

2.2.1 Statistical Regression Models

A number ofstudieshaveapplied statistical regression models to model and predict pedestrian
exposure, such as pedestrian volumes. Hess et al. (1999), Qin and lvan (2001), and McMahon et
al. (2002) agreed that the presence of sidewalks is the most significant factor affedtisiyize
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 udeaissorprobability distributionfunction

to determinepedestriarnot spots in Florida. Thauthors provided &ramework for identifing
pedestriarhot spotson 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-inile ssgment as follows:

~ g’ U
ou U—A&g (2-1)

where_ is theaveragenumber of pedestrian crashes per maikely is the number of pedestrian
crashes.

Hess et al. 1999 estimated the relation between pedestrian voluaneksite design elements
such as bloclsize block length and presenceof sidewalls while controlling forpopulation
density, income, and land use. €lstudy foundthat pedestrianvolumesat urban sites with
smaller blocks and extensive sidewalkvere significantly different from the volumesat
suburban sites with larger blocks dirdited sidewalkfacilities. Furthermore, b average, urban
sites experiencedpproximately three times more pedestrian volumes comparsdbiarban
sites In addition, it was found thdtlock size, length ofidewak, and routes traveled largely

i mpacted pedestr i aTheduthonsfolnd ithat goputasos densayncome | k .
levels, and land use were not significantly correlatétth the observed pedestrian volumes
which is similar to the findings of Qiand 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 popilgasiy, presence

of sidewalls, number ofpedestrian crossingnes, area typearaffic control type, and household
income.The linear model took the following functional form:

6 0 A
where
V = dependent variable or weekly pedestrian volumes,
P = population density in theidewvalk area,
Xs = site characteristics (e.g., presence of sidewalk or crosswalk, traffic control type),
Xb = demographic characteristi¢s.g., median household income),
Xa = area typeharacteristic¢e.g., downtown area, residential area),
XR = roadvay characteristic¢e.g., number of lanes),
U = regression coefficient gdopulation density
Bo = intercept coefficient,
bspar= regression coefficiestto be estimateand
U = error term.

The authordound that area type, presencksidewalls, and number of lasewere the only
significant variablesin predicting pedestrianexposure.Moreover, McMahon et al. 2002
investigatedthe relationship betweepedestrian exposure (in terms of crashes involving
pedestriansvalking along theroadway and several demographic and roadvastors.Presence

of sidewalk wasamong the most significant predictaftcrashes involving pedestrians walking
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along the roadway. Furthermore, stedy identified different levels of exposume pedestrians
walking along the roadndpedestriansrossing 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, Massachusett¥he 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.fttumdghat 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 volumendupan
Pushkarev (1971) developed sketch models based on observed counts and commercial land use
space to estimate the sidewalk levels. Schweirtzl. (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, RafordandRaglnd (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 unsgigto a
pedestrian volumes to specific streets or intersectsamse those types of analyses rely on
detailed datadallection that these sketch models |§RafordandRagland, 2006).

2.2.3 Network Models

Networktype models have the capability to estita 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 distributeigs (Senevarantand Morall, 1986).In the City of Toronto, Canada,

Ness et al. (1969) created an origiestination matrixof traffic zones and thenassignedrip
distributiors using a gravity based mod€ther approaches such as space syntax to measure
route directness based on a graph fAnearnesso
counts to obtain calibration factots convert the relative values into actual hourly pedestrian
volume estimates (Teklenburg et al.,, 19%aford and Ragland,2006. Using tke same
approach, Hillier etil. (1993) and Penn et al. (1998timated an Rvalue of 0.77 in central
London. According to Rafordnd Ragland (2006), Europe and the United Kingdom have been
using this approach in larggeale projects and suggest that it offers relatively accurate numbers
and a more economical way of network calibration.

2.2.4 Micresimulation and Computer Vision Techniques
Another approachfor estimaing pedestrian exposure is to use misnmulation tools and

computer vision techniques. However, compared to statistical models, this approach is not
extensively used by researchers. This is mainly due to the #icranu |l at i on appr
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complexity, significant data requirements, and relatively limitedggmuhic coveragearea

(Raford and Ragland, 2006). A relevant study that applied rsionalation to estimate
pedestrian volumes is Helbing et al. (2001). The authors microscopically simulated pedestrian
streams and i nterpr et eahaspaesdi@ganizing phaensndenop thdatt e r n s
arose from nonlinear interactions among pedes
selforganization flow pattern could significantly change the capacity of pedestrian facilities.

Li et al. (2012) invetigatedthe use ofcomputer vision techniques for automated collection of
pedestriarexposure data, e.gneasurement of pedestriaounts, tracking, and walking speeds.

The authors applied asfficient pedestriatrackingalgorithmwhich combinel different sources

of informationeffectively. The applications were demonstrated with aweald dataset from
Vancouver, Canadthat included 1,135 pedestrian tracks. Manual counts were performed to
validate the results of the automated data collection. Itfaasd 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 thanual 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 vab 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 testedvatdreal
crossvalks. 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 destinatiomsingthe shortest way. The second cause was that pemssirad to cross

the streetusing anabnormal path to avoid potential crash risks with mwgtdricles. Some
countermeasures were proposed as a result of the investigation, e.g., installing pedestrian
crossing signals.

In another pedestrian behavistudy, Kourtellis et al. (2013) developed a risk score to assess
pedestrian crossing behavior at select sites in Hillsborough and MDaohe Counties in Florida.

They surveyed pedestrians and bicyclists about their interactions with motorists. The $ocation
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 iDadiami
County and 15% of sites in Hillsborough County exhibited marginallgr dshavior. For both
counties, the driver risk score was lower than the pedestrian risk score, which implied that
driversriskier andmore dangerous towards pedestrigdther results were that 44% of drivers

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

that they hd 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 pedesteiaicular conflict analysis as an alternative
to historical crash data analysis. Examples of such studiksle Qi and Yuan (2012), Zhang et

al. (2012), Pratt et al. (2013), and Zaki et al. (2013).n@diduan (2012) investigategte impacts
of intersectionswith permissive lefturn signal controlon pedestrian safety usinigaffic
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engi neer s 0 s uaonfliet wnalysik and hisdorical crasfiatai analysisUsing eight
study intersections ifexas, it was found thgtedestrian volume, opposing througthicle
volume, left-turn vehicle volume, and intersection width in the opposing direction were
significantrisk factorsaffectingthe safety of pedestriani addition,threeleggedintersectims
were found more dangerous than fedegged intersectios under theoperation of a permissive
left-turn signal. The authors foundiigh correlation between the data on collected historical
crashes anabserved traffic conflicts, which showed thainductng traffic conflict studies
could be an effectivepproachfor safety analysis

A recent studysimilarto Qi and Yuan (2012) was conducted by Pratt et al. (2013). The authors
studied conflicts between pedestrians andtlgfting vehicles at 20 signalizedtersections 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 ldfirning vehicle volume. On the comya conflict frequency
decreased with the provision of a protectedtafh 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 predesgehicular conflictscan befound

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 thauthors, the pedestriasghicular 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 oédiceor
trajectoriesof pedestrian and vehicl@he results showed that the closer a TDTC was to zero, the
more dangerous a pedestraghicularconflict could be. Moreover, negative TDTC values were
considered more dangerous than positive TDTC valuesatitiors concluded thahdg TDTC
parametemvasuseful in indicatingpedestriarvehicle conflicts, where in approximateB0% of

the casespedestriarvehicular conflicts could be correctly specified

Similarly, Zaki et al. (2013) investigated pedestnamicular conflicts ata major signalized
intersection in Downtown VancouveGanadausing computer vision. The authoegtraced
conflict and violationindicators from video sequences in a fully automated vagy applied

the time-to-collision (TTC) corilict indicator as a measure of the severity of the detected
conflicts. They defined TTCas the extrapolatetime for the collision to occurTTC was
continually calculated between conflictingadusers until a final set afalueswasestimatedor
each onflict. The minimum TTGwvas usedo indicate the maximum severity thfe conflict The
authorsobserved thathe majority of conflicts occurred between rightning or leftturning
vehicles and crossing pedestrians.

2.4 Pedestrian Hot Spotldentification Methods
Identification of pedestrian hot spots is a different challenge compared to identifying vehicle hot
spots This is mainly because, unlike vehicular volunpedestriancounts are usually not

available for the calculation of pedestriaxposureTherefore, the methods usedidentify hot
spots for vehicle crashes cannot be directly applied to identify pedestrian hofléigoéxisting
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methods for identifying pedestrian hot spots can be divided into the following three general
categoies:

1. density methods
2. clustering methodsand
3. exposure estimation methods (as discussed in Section 2.2)

2.4.1Density Methods

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

concentration is measureddea on énsity calculated agpedestriancrashfrequencyper 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. (200W)thesimple density nethod, the entire study region
is first divided intoa predeterminechumber of cellsAs shown in Figure -4, acircular search
area is drawn arourehch cdl The individual cell densityalues are then calculated as the ratio
of total number of crashes thtll within the search area to tlegtent of thesearch aredn this
approach, lie extentof the search are@.e., its radiushyffects the resulting densityap, where
larger radius restd in a smoother density surface.

Cell

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

The Kernel Density Estimation (KDE) methodses astatistically sophisticatedprocedure to
estimatecrashdensity (Pulugurtha et al., 2007pimilar to the simple methodhe entire study
regionis alsodivided into apredeterminechumber of cellsHowever, contrary to the simple
method, acircular search area is drawn arousathcrash rather than each cell, as shawn
Figure 22. A Kerneldensityfunction isthenapplied to each cragh calculate th&ernelvalues.

Kernel density function isangmar amet ri ¢ wei ghting function
density function. It i nonnegativereal value that satisfies the following two conditions:

‘IT)V_';Kuduzl, where u i.s a random variabl e
T +0 +O0& O A1l O OAIlI OAOS
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Figure 2-2: Kernel Density Estimation Method (Pulugurtha et al., 2007)

There are many types of Kernel functicensd they includeuniform, triangular, bweight, tri
weight, tricube, Gaussian, and cosine functions. For example, the functional form of a Gaussian
Kernel function ig,

- Y.
+0 éAT
cy

To calculate the Kernel density estimat&r8 , let (X1, X2, &n) be anid (independenand
identically distributed sample drawn fronan unknowndensity function or distributiorf, The
Kerneldensity estimator is defined as follows:

whereK(A is the Kernel function antt > 0 is the smoothing parameter also known as the
bandwidth or Kernel size.

The most significant parameter in Equation (4) isithedwidth 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,aaching 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 célhe larger the radiughe flatter te 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 categomgpresents density values in the first"2rcentile.
Likewise, the very high risk category represents density values in thee8€entile.

Compared to the simple density methadsmoother density surfagee., a well fitted smooth
curve, as shownybthe red curve in Figure-2) is generally producedby the Kernel density
calculationg(Pulugurtha et al., 2007Therefore the Kernelmethod is moreppropriatesince a
smoother surface can better identify hot spots.
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Figure 2-3: Kernel Probability D ensity Curve Smoothing (Zucchini, 2003)

As documented iifruong and Somenaha{k011), while he KDE methodas been successfully
applied to identify pedestrian and vehicle hot sfetg., Pulugurtha et al., 200Anderson
2009) it has two mainssues. Firstconcentratioror clusteringmapscould havedifferent search
bandwidthsand neighborhoodsizeswhich might lead to inconsistent comparisons of clusters
This issue could be addressed using a netwyg& KDE methodSeveral studies have emtked

the KDEmethodto network spacethat estimateéhe density over a unit distance insteaa ahit
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 nueth is that neither of thepan be
tested for statistical significancdhe ®cond main issue with the KDE method is that the
exposure measures (e.g., pedestrian volumes) are neglected in the analysis since clusters are
defined usingabsolutecrash countsThis issue could be addressed by usirgsltfrequencies
per unit exposure or crashtes stratified bylifferent injuryseveritylevels, 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 @IS tool
study the spatial patterns of pedestrian crashes to idgmedgstrianhot spots. The authors
created crash density maps using the simple and KDE methods and prioritized hot spots using
ranking methodssuch as crash frequency, crash density, crash rate, as wetoasbination of
methods such as the stofitheranks and the crash score methofise authors used fivgears
(19982002) ofcrash data from theas Vegas metropolitan areBhey concluded thahe KDE
methodis better than the simple method since it resultssmaotler density surfaceThe esults
obtained from ranking pedestrianhot spotsshowed a significant variation in ranking when
individual methods werapplied However, rankingsof high pedestrian crash zones were
relatively consistent with little variation when the sofrtheranks method andhé crash score
methodwere usedThe authors furtherecommended combination of methods whilanking
pedestrian hot spoisstead ousingindividual methods.
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Jang et al. (2013pentified pedestrian hospots and theisk factorsaffecting pedestriacrash

injury severityusing sixyear crash daté20022007) fromSan FranciscoThe authors used the
KDE method in GIS to generapedestrian crastiensitymaps It was found thathe pedestrian
crashfrequencywas higher in the vicinity of theentral bumess district, while th@edestrian
crashrate (crash frequency normalized by pedestrian exposure)hwgher in the periphery of

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

2.4.2Clustering 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 anay#-means and latent class (LC) are the two examples of
clustering methods that have been used in safety analysis.

K-Means Clustering Method

K-mean<lusteringis one of the simplest clusteringethods and it works in an iterative process
K-means clugrsrely on thedistance between the dataa#tibutes andittempt to maximize the
similarity within each cluster and the dissimilarity between clugtdichamed et al., 2013). The
procedure can be explained in the following four main steps:

1. The dataseis partitioned into K clusters and the data points are randomly adsigrihe
clusters, so thatlusters have roughly the sas@mple size

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

3. For each data point in a clustdre distance from theath point tahe mean point aéach
clusteris then calculatedf the data point is closest to its own cluster, leave it where it is
and if not move it into the closest cluster.

4. Repeathe previous stepntil no data pointan bemovedfrom one clusteto another. At
this stagethe clusters arsaid to bestable.

There are four main properties of themkeansclusteringmethod:

There are always K clusters.

At least one itens assigned teach cluster.

The clusters do not overlap.

Every member of a cluster is closer to its cluster tbamy other cluster.

PwnE

Note that the Kmeansalgorithm aims at minimizing aobjective functionor a squared error
function. The objective functioffJ) is defined as follows (Likas et al., 2003):

where,
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Xi =  attribute value of data point i,

n = total number of data points,

¢ =  centroid or mean value of cluster j, and
K = total number of clusters.

Latent Class Clustering Method

Latent clasgLC) clusters argrobabilisticandconsider that thelata comdrom a mixed model

of several probabilitydistributions. This clusteris similar to fuzzy clustering as it considers
uncertainty in the analysis (Mohamed et al., 2013). According to Vermunt aggddvia2002),
the basic LC cluster functional form is as follows:

"QUY “ "Q UY
where
Z = vector of observed variables of the ith crash,
K = total number of clusters,
"k = prior probability of being assigned to cluster Kk,
Jk ) = vector of parameters of the kth latent class cluster model, and
AU = probability density function.

The parameter estimatioof the LC models based on maximum likelihoastimation. The best
LC model(or optimumnumber of clusterdy obtaineddy trying multiple models and computing
various information criteria such as Bayesian Information CoiteriBIC) and Akaike
Information Criterion (AlG. The optimum number ofclusters is the one that minimizes the
scores of these criteriaAs indicated inMohamed et al. (2013),C is advantageous over the K
means methodince itdoes not depend ame distance betweethe elements anthere is no
need to normalize the dabeefore processing-urthermoreaccording to Depaire et al. (2008)
and Mohamed et a(2013),variables of different types(g.,ordinal, nominal, continuous) can
be included in the analysigithout speciatonsideration.

Relevant Studies

Several studies have successfully applied clustering analysis, sdchamgy and Somenahalli
(2011), Mohamed et al. (2013), and the method adopté&dioigla Department of Transportation
(FDOT) District 6. Truong and Somenahall2011) proposed severity indices instead of
traditional crash counts in analyzing and ranking pedestrian hot spotsnaaté bus transit
stops. The authors usdle ArcGIS software forthe spatialand clusteranalysesThe authors
used 13 years(19962008) of pedestriancrash data &om the Adelaide metropolitan area
Australia and concluded thtdte approachvas reliable in identifying pedestriahot spotsand in
ranking unsafe bus stopsvlohamed et al. (2013)sed cluster analysis by applyingrifeans
clusters and LC clusters. The authors genereltestermaps based on crash characteristics such
as traffic controllighting conditions, vehicle typ@ndland use
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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 thfe following steps:

1. Aggregate crash data and identify groupings of crasiggly an ArcGIS applicationto
identify groups of crashes based on a predeterminedt Z8@rch radius. Nexexclude
groups containing fewer thdive pedestrian crashes from further investigation.

2. ldentify pedestrian crash clusterRerun the ArGIS applicationusing a larger search
radius of 600 feet to identify larger pedestrian crash clusters.

3. Normalize crash frequency for each clustBiormalizecrash counts by segment length
along each roadway segment within a cluster to yield pedestrian fceagtencyper
mile.

4. Rank locationsRankroadway segmentsased on pedestriamash frequencypormalized
per unit length

As part of the study, gdestian crash data for the latest available fygar period for all state
roads within FDOT Daresused.tlwas obsetved thptdor smaldciustersi o n
(i.e., roadway segments less than 0.2 miles), normalized crash frequencies were anflhted,
these segments were ranked among the highest. Clusters were then categorized into intersections
and corridors using a 560 threshold. Segments shorter than the threshold were identified as
intersections, while those longer than the threshold wenrdifigel as corridors. Pedestrian crash
frequency was used to rank intersections, and pedestrian crash rate (crashes per mile) was used to
rank corridorsA total of 116 pedestrian crash clustessre first identified, where majority of

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

2.5 Evaluation of Pedestrian Countermeasure

2.5.1 Examples of Pedestrian Countermeasures

An essentiastep in the pedestrian safety investigation is to evaluate countermeasures to alleviate
pedestrian crashes and injuridsvo major publicationghat detail pedestrian countermeasures
are Volume 10 of the National Cooperative Research Program (NCHRP)t BépdiZegeer et

al., 2004) and the PEDSAFE Handbook (Harkey and Zegeer, 2004). For exima®E&DSAFE
Handbookdiscussed severpkdestrian countermeasures tiabuld be used in specific locations

to besuccessfully implementedt.includes the followng sevencategories o€ountermeasures

Pedestriariacility design
Roadwaydesign
Intersectiordesign
Traffic calming

Traffic management
Signak andsigns
Othermeasures

NoohswNpE
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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 HamkeyZegeer (2004),

appropriate wal ki

ng

areas

fyioTip FlaridadDeppremene aft r i a n

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

of a sidewal k or

wa l

k way

I's 75 %. Designing ¥

vehicles provides a safe and effist way for pedestrians to travel égeer and Seiderman,
200])). Adding buffers to sidewalks give pedestrians a safer and more comfortable space
separating them fromaehicles onthe road. Curb rampsas shown in Figure-2, give disabled
patrors an easyaccess to the sidewadind are mandatory by federal legislati&yimericans with
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Figure 2-4: Curb Ramps (Harkey and Zegeer, 2004)

Marked crosswalksvarn driversthat pedestriangight 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@ash modification factor (CMF) of 0.35 can besad for crash
predictons at usignalized intersection (Haleem and Abdé¢y, 2012). The Manual on Uniform

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

2-5 shows examples of the differegpes ofcrosswalkmarking patterns.

Salid

Figure 2-5: Crosswalk Marking Types (Harkey and Zegeer, 2004)

Standard Continental Dashed
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20

\
\
\

Ladder



The study by Richards (1999) found that crosswalk markings at unsignalized intersections were
associated with highedestriarcrash rateddarkeyandZegeer (2004) stated that motoristsld

see the ladder pattern more than the conventgiaatlard typeand should generally be insel

with additional enhancemengsich as pedestriasignsfor bettersafety performance-igure2-6

shows a example of a laddearosswalk

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
pedestrian The walking facility has to be safe and provide adequate lighting and amenities so
that pedesians feel comfortable. Roadway lighting makthe pedestrian path safdry
increasing pedestrian visibility. Illlumination of interseciads an importantcountemeasure
when designing a good pedestrian facility. A CMF of 0.62 can be used for sandusnor
injuries at night (Blik and Vaa2004) when prelicting pedestrian crasheBahar et al. (2005
developedCMFs for lighting improvements for fat¢0.22) and injury (0.58) pedestrian crash
severities.

Roadway Design

Roadway design affects ped@mt safetyin multiple ways, e.g., the impact adde width and
direction of traffic For example,he time it takes for pedestrians to cross the sttepéndon

the lane width and number of lanes, and the direction of traffic directly implaetnumber of
conflicts between vehicles and pedestrigdeme of thecountermeasures related to roadway
design include bicycle lane installatipnlane narrowing reduction in number of lanes,
installation of pedestrian refuge areas suchagsed medias) conversion otwo-way streetsto
oneway strees, andreduction incurb radius.

Bicycle lanes are exclusive lanes for bicyclidtat provide separation betweenlnerable road
usersand motoristsand shorten the crossing distance fmdestriansUsing a beforeandafter

study, Jensen2008 found that the installation of bicycle lanes resulted iGMF of 0.9 for

pedestriarcrashes involvingight-turning vehicles
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Narrowing a roadway can be done by removing travel lanes, narrowing lane \auifing, on-

street parking, or by curb relocatioMarrowing a roadwaywill provide safer pedestrian
movements by reducing vehicle spe@dll Engineers, 2012Distributingthe available spade
othercomponent®of the roadwaysuch as bicycle lanes, sidewalks;.ewill likely enhance the

safety of allroadusers The othercountemeasurelane reductionshould only be used if there is
excessoad capacity. Reducing the number of lanes can provide pedestrians a shorter crossing
distanceand mighthelp optimizesignal timing(ITE, 2010).

Constructing raised medians isaadher countermeasure that can be implemetdeninprove
pedestrian safetyRaised medians provide a place of refuge for pedestrians crosswdg a
intersection ofa midblock section(ITE, 2010). High speed and high volume roads can benefit
from raised medians withespect to pedestrian safeyan 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 twway dreets to onavay streets reduce conflicts between the
motorists and pedestrians, this countermeasure is generally expensive and requissalarge
implementation. It generally reduces speed, but can also increase travel distances for drivers.
Another padway design countermeasure is reducing the turning radius of the curb, which will
lower the turning speed of the vehicles, reducing pedestrian crashes that invohiarnigigf
vehicles. A larger curb radius encourages vehicles to turn at a higherasgealdo increases the
crossing distance for pedestrigiitarkey and Zegeer, 2004yigure 27 shows an example of a
location with tighter corner radius.

(b) Compérison of Different Raas Curbs

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

Curb extensions extend the sidewalk out to the parking,lame help reducéhe crossing

distance, impros visibility between motorists and pedestrians, and redwogssingtime. Curb

extensions alsoeduce vehicle turning spee@TE, 2010). Figure2-8 shows an example of a

curb extension.

Adding on-streetparkingon urban corridorgould improve pedestrian safemceit creates a
buffer between vehicles and pedestriaml narrows the crossingistance(VN Engineers,
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2012) This countermeasurelecreases the pedestrian exposure time earaburages slower
speeds However, restricting ostreet parking near intersections improves intersection sight
distance anaouldimprove overall safetfITE, 2010) For exampleGan et al. (2005)ound a
30% reductionn pedestriarcrashes when parking is restricted near intersections.

Ry

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

Crossing islands are used as pedestriamgeshreas at intersections andradiblock locations.
These give the pedestrians the advantageragsingonly one direction of traffic at a time.
According tothe National Highway Traffic Safety AdministratioNlITSA, 2012) a crossg
island and a curlextension, if used together, could improvedestriansafety. Furthermore
crossing island facilities have proven to show substamédlctionin the percentage of
pedestrian crashe&or example, Zegeer et al. (2005) found theised mediansesulted in
significantly lower pedestrian crash rates on rdaltie roads, compared ttherroads with no
raised mediam Figure2-9 givesan example of aefuge centeisland.

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

Roundabowt often improve boththe safety and mobility of pedestriai{fShen et al., 2000)
Roundabouts reduce speadd number of conflict points, eliminate left turns, and improve
traffic flow effectiveness. However, roundabsuthave to be carefully designed
Accomnodations for pedestrians using splitter islands for crossing can make a roundabout safe
andmoreefficient for drivers, pedestrians, and bicyclisfanstructing a roundabout resulted in

a CMF of 0.73compared to an unsignalized intersectibe BrabandeandVereeck, 200Q). In

order to observe positive pedestrian safetynpact, roundabowt should have a low design
speed. Figur@-10 shows a roundabout constructesla traffic calming measueadto improve

safety.

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

Rightturn slip lane design is mostlysedon large arterial streetgith large volume ofight-turn

traffic. This design gives pedestrians an advantage to only have to worry about tternigiot
vehicles first. Itreduces conflictsvhen trying to cross multi-lanearterial street andhorten the
crossingdistance. Theright-turn slip also slows down motorstand allows drivers tesee
pedestrians clearlfHarkey and Zegeer, 2004igure2-11 shows an example ofraght-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
increasemotorist® a w a ofa peslestsian crossing. A CMF of 0.95 was usedifban and
suburban areas (Bk and Vaa, 2004). Speed humps have to be designed cornectlyo
increase noise due to truck traffic andt to cause drainage problems. Additionally, special
attention must be pladen constructing the speed hump to mimmpotential discomfort to
motorists. Figur@-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
reduce speeds of motorists, but also enhanite pedstrian crossing. A CMF of 0.58an be

usedin urban areas (#k andVaa, 2004); however, ishould not b used in areas with bus
routes Figure2-13 shows an example of a raised pedestrian trgss

Figure 2-13: Raised Pedestrian CrossingHarkey and Zegeer, 2004)

25



Traffic Management

The PEDSAFEHandbook(Harkey and Zegeer, 2004)ates that traffic managemesitould be
assessed from an aregde perspective. For traffic management to be successéhioiild be
complemented with traffic calmindevices Figure2-14 shows an example ofteaffic diverter
from the PEDSAFE HEndbook.

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

Traffic control devices such as traffic signalsd pedestrian signals can be used to improve
pedestriansafety. For example, crosswalk marking and a pedestrian signal together would
substantially enhance pedestrian safety. Using traf§jnals to create gaps for pedestrians to
cross atmidblock locations on higktspeedmulti-lane arterials will also increase pedestrian
safety. MUTCD states that pedestrian signals should be installed wherever warranted. Pedestrian
signals are importarib providepedestriansvith the necessary clearance time to cross the street
andto provide an indication of when it is safe to cross.

Pedestrian signalsielinate the conflict between vehicles and pedestriaftfiough fixed time

signals increase safetyhey can decrease the efficiency of timersection Traffic signal
enhancemestsuch as automatic pedestrian detectors, large signals, and countdown signals are
being used in some cities in the U.S. to reduehiclepedestrian conflict High intensity
Activated crossValKs (HAWKS) are traffic signals that are used to allow pedestrians to cross
safely (Fitzpatrickand Park, 2010). Fitzpatricknd Park (2010) deveped a CMF of 0.31 for
vehiclepedestrian crashes in urban areath HAWK signals Figures2-15, 2-16, and 2-17

show an example oHAWK, enhanced signal diagramand countdown signal, respectively.
Reddy et al. (2008) conducted a befarelafter analysis to evaluate the effectiveness of
countdown pedestrian signdlg comparing pedesémn behavior before and after the installation

of countdownsignals.The pedestrian behavior measures includedg#reentage of pedestrians
initiating crossing durindglashingn Don 6t Wal ko and nodegaawel asthieDo n 6 t
percentage of succdsgk crossings.lt was foundthat the pedestrian countdown signals were
effective in increasing the percentagfesuccessful crossings and decreasing the percentage of
pedestrians who initiatec r o s si ng dur i ngWatl hkedef | ashi ng fADonad
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Figure 2-17: Countdown Signal (Harkey and Zegeer, 2004)
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Charness et al. (2011) conducted a study ekiatuated pedestrian signals usmgnan factors
approach. They found that pedestrian signals at interseatidnsot assist drivers ideciding
whether or not toyield/stop to pedestrian®\dditionally, mddle-aged pedestrians were more
likely to complywith pedestriansignalscompared toyounger pedestriandn another study,
Charness et al. (2009) investigated different materials for pedestrian warning asigns
intersections. They concluded that there was negligible advaimaggng the more expensive
micro-prismatic fluorescent sheeting compared to the diamond grade sheeting.

Crashes involving vehicles turning right on red are very common at intersectionstuRnghd
vehicles often do not yield to pedestrians crossing the intersection. Manysdtoveot 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 behavi@darkey andZegeer, 2004)Figure 218 shows an example

of standard NO TURN ON RED and blank out signs.

(b) Blank out Sign

Figure 2-18: Standard and Blank out SigngHarkey and Zegeer, 2004)

Red light cameras aran Intelligent Transportation System (ITS) based countermeasure that can
be implemented at intersections. Bechtel et al. (2003) conducted a study which showed that
althoughinstalling cameras has reduced the number of violations for running a reditigh,

not reduce the number of crash&sis could be becauseolations often occurredin a short
duration immediately after the signal turned to red.

llluminated push buttongan also be implemented in areas where pedestrian crossings are
frequent. Tle Light Emitting Diode (LED) light that turns on when the push button is pushed lets
the pedestrian know that the device is working. Huand Zegeer(2001) showed that this
measure was ineffective in almost all the areas where it was implemented.

Flashirg crossing lights have had a positive impact on pedestrian crashes, with an 80% reduction
in pedestriarcrash frequencieKatz, Okitsu & Associate2001). These illuminated crosswalks
were found to increase the driver braking distance by 17% duringmeasind 53%during
nightime (Weinberger, 1997). Findings suggest timstalling flashing crossing lighisicreases
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the compliance of pedestrian rigbf-way and decreases thehiclepedestriarconflicts (Huang
and Zegeer20Ql). Figure2-19 givesan example of a flashingedestriarcrossing lighs.

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
potenti al conflicts surroundi ndgromtshletnside Tohe e
prompt pedestrians to look both ways. FDOT (2000) found that the implementation of the
ani mated eye c¢hange dandrdsdtedpaeredecson impedastridrgasies havi o
Similarly, Van HoutenandMalenfant(2001)observel changesimot or i st s6 behavi o
animated eye was implemented. Fig@r0 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 Figw212help 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 crgkarkey and Zegeer, 2004n summay, Table 26 gives

the most common pedestrian countermeasure and their corresponding CMFs.

Figure 2-21: Signalized Intersection with Advanced Stop LinegHarkey and Zegeer, 2004)
2.52 Relevant Studies

Studies that have evaluated pedestrian @orgasures includ@afiso et al. (2011)yasudevan

et al. (2011)Pulugurthaet 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, Spainséithéyeu

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
measureThe PRI could reveal a significant improvement iadestrian safety and wa$ective

in highlightng enhancements n  dr i ver s6 behavipeed imps astam i n s |
alternative to zebra crosswalks.

Vasudevaret al. (2011) conducted a pilot study to evaluate the effectiveness of pedestrian call
buttons, pedestrian countdown signals with animated eyes, pedestrian activated flashing
yellow signas. The treatments were deployadhe Las Vegas metropolitan area in Nevadd

were installed at three sitesyo intersections and omaidblock loation The evaluationsvere

based on field observations of pedestrian and driver behavior before and after the installation of
thesecountermeasuresSeveral measures of countermeasure effectiveness were used, such as
number ofpedestrians trapped in theadway, number ofcycles in which call button was
pushed, frequency of signal violationumber ofpedestrians who lo@kl for vehicles before
crossng, number ofpedestrianavho began to crossinduring the WALK phasenumber of
drivers yielding to pedeséms, andnumber ofdrivers makingRTOR who came to complete
stop.In generalthe authors observed thae pedestrian cragtountermeasures were successful
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in enhancing safety and there weaadety enhancemenits n

three

Table 2-6: Common PedestrianCountermeasures and Corresponding CMB

countermeasur es

di

Crash

d not

Crash

p e d dehavioriHaweweR the
dr i

affect

ver so

Category Countermeasure . CMF  Source
Type Severity
Convertunsignalizedntersection to . De BrabandeandVereeck
Intersection | roundabout Ped |Fawlinjury| 0.73 (2009)
Design Convert intersection to roundabout| Ped All 0.11 a%hgoi;mndvan Minnen
Install pedestrian overpass Ped |Fatal/lnjury| 0.10 | Gan et al. (2005)
Install raised median Ped All 0.75 | Gan et al. (2005)
Install raised median (marked .
Roadway crosswalk) Ped All 0.54 | ZegeerandSeiderman (2001)
Design Install raised median (unmarked .
crosswalk) Ped All 0.61 | Elvik andVaa (20@)
Install refuge island Ped All 0.44 | ITE (2004)
Bicycle lanes (veh w/ped from rightf Ped All 0.90 | Jensen (2008)
Bicycle lanes (veh w/ped from left)| Ped All 1.05 | Jensen (2008)
Permitright-turnon red (New York) | Ped All 1.43 | Bahar et al. (2003
Permitright-turnon red (New
Orleans) Ped All 1.81 | Bahar et al. (2003
Permitright-turn on red (Ohio) Ped All 1.57 | Bahar et al. (2003
Permitright-turn on red (Wisconsin)| Ped All 2.08 | Bahar et al. (2003)
Sians and Prohibit left turn Ped All 0.90 | Gan et al. (2005)
Signals Install pedestrian signals Ped All 0.47 | Gan et al. (2005)
9 Modify signal phasing Ped Al 0.95 | ITE (2004)
Ihnesatﬁi pedestrian countdown signal Ped |Fatal/lnjury| 0.75 | Markowitz et al. (2006)
Add exclusive pedestrian phasing | Ped All 0.66 | ITE (2004)
Install HAWK Ped All 0.31 | FitzpatrickandPark (2010)
Restrict parking near intersection Ped All 0.70 | Gan et al. (2005)
Trafi Install speed humps Ped All 0.95 | Elvik andVaa (206}
Calm?n Install raised pedestrian crossing Ped All 0.92 | Elvik andVaa (20@)
9 Install raised intersection Ped All 1.05 | Elvik andVaa (206}
Install dewalks and walkway Ped All 0.25 | Gan et al. (2005)
Pedestrian | Install marked crosswalks (minor
Facility intersection) Ped All 0.35 | HaleemandAbdel-Aty (2012)
Design Improve lighting at intersection Ped Fatal 0.22 | Elvik andVaa (20@)
Improve lighting at intersection Ped Injury 0.58 | Elvik andVaa (20@)

On the same metropolitan area las VegasNevada Pulugurtha et al. (2012) evaluated the
safety effectiveness of pedestrian infrastructure countermeassuel, as high-visibility
crosswalk andpedestriarrefugearea. The authors usefield observations of pedestrian and

driver behavior before and aft the

installation of the countermeasutes evaluate the

countermeasure#\ total of aght sites were evahtedand measures of effectivenesmilar to
Vasudevaret al. (2011) were used.idgh-visibility crosswalkwas found tamprove behavior of
both pedestrians and motoristand was considerashe of themost economical treatments
addition, pedestrianrefuge islands showed significantsafety improvementsin the yielding
behavior ofbothpedestrians and drivers.
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Similar to Pulugurtha et al. (201, Zhen 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 twestage 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 witbBubject correlation. They found thihte

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 gldddsgtrians.

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, implenmenpedestrian recalls, and increasing the
WALK interval duration. They collected video recordings of abaB0@ pedestrians crossing

the path of a lefturning vehicle, of which 100 conflicts between pedestrians andulgiing

vehicles were observed dlg the 24 hours of recording. A befemadafter 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 fo
pedestrian treatments at rhidck crossingspedestriaractuated (PA), pedesn lightcontrolled
(PELICAN), HAWK, and pedestrian uséiendly intelligent (PUFFIN).The authors used the
VISSIM (VerkehrIn Stadten- SIMulationsmode)l and SSAM (Surrogate Safety Assessment
Model) simulation packageand foundthat pedestrian signaliolations during the clearance
interval reducd pedestrian delay, bwin the other hand resultéda rapid increase pedestrian
vehicle conflicts, especially fahe HAWK -type crosswalkin addition, they found tha®@A led

to high delay of both pedestrians and vehidieg less conflictsPELICAN was foundbeneficial

for vehicular traffic by reducingehicle delay; however, unbeneficial pedestrian traffic since
pedestrian delaywas always high. HAWK and PUFFINvere found better thanPA and
PELICAN for balancingboth safety andmobility for all road users. HAWKiad an acceptable
safety performance atflowd pedestrianvolumes, but more conflictswere observed when
pedestriarvolumes turned téi mi d d | enigho &urtiderndie, PUFFIN ha a bettersafety
performance than HAWK when pedestiam | umes wer e c¢cl assified as 0

FDOT has been involved in multiple research projects sponsored by the Federal Highway
Administration (FHWA) that investigated the safetfypedestrian 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 propgssach as pedestrian signals, no Aghih on red signs, and

LED transpondey for blind pedestrians. The FHWA (2008) study evaluated several
countermeasures, e.g., pedestrian push buttons, midblock traffic signals, elimination of
permissive left turns asignalized intersections, and reduction of minimum green time at
midblock crosswalks controlled by traffic signdiswas found that inexpensive pedestrian safety
engineering measures could produce a significant reduction in crashes if accompaniedcby publ
education and enforcement progsaimat focuson pedestrian safety.
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Hagen (2005ronducted a studip identify pertinent information on ITS applications related to
pedestrian safety. It was found that the use of countdown displays-padement lightg were
very well received by the publi€ompared to the flashing handse tcountdown displaywere
found to beeasier for pedestrians to understahdpavement lighting was found to reduce
vehicular speeds in the crossing area, making it much &afahe pedestriarcrossing the
roadway

2.6 Pedestrian Safety Programs
An important approach to improve pedestrian safety is involving citizens themselves in the

safety management process such many communities have sponsored programs to enhance
pedestrian safetyi-or example, FHWA sponsoré@o programsiit How t o Devel op

Safety Acti on Pl ano (Zegeer et al ., 2009)
Recommendati ons for Research and Pr oduat Deve

(2010) set a Iyear strategic pedestrian plan by developing dissemination activities and
innovation strategies. Examples of the dissemination activities were event markepegsan

and webkbased training, and software development, whereas somtheofrecommended
innovative strategies included convening interactive webinars and developing &lhvateo
website. Other programs include tGe@mmunity Pedestrian Safety Engagement Workslmps
California (Babka et al., 2011), the evaluation of a compreilie destriansafety programin

the City of Detroit (Savolainen et al., 2011), and the identified barriers in pedestrian safety
programs in large central cities (Shin et al., 20Turner (2000) evaluated the yielding behavior
of motorists to pedestmia in crosswalks ifTampa, Forida. It was concluded that 60% of
motorists at signalized intersections have successfully yielded to pedestransswalks. 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 actioiha@an.
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, ach as specific types of pedestrian crashes to be
reduced (e.g., watko-school) and the target percent of
reduction (e.g., 20% severe injury reduction).

2. ldentify highcrash locations:A list of areas with high concentrations of pedestrian
crashes has tobe identified, e.g., at signalized
intersections, unsignalized intersections, and midblocks.

3. Select countermeasures: After identifying the list of higkcrash 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 reg islands for high pedestrian
mi dbl ock crashes and adding
at signalized intersections with higbedestrian crashes
involving right-turning vehicls.
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4. Prioritize countermeasures: After selecting a list of countermeasures, the listthase
prioritized based on a pspecified benefito-cost (B/C)
ratio or a net present value (NPV). For example, if a B/C
ratio of 2 is desired, theanly the countermeasusawith
an estimated B/C rati®2 will be included

5. Implement strategy: This isa crucial step of the safety action plaxolving all
the stakeholders. Stakeholders could include citizens,
public agencies, law enforcement agencies,thagrivate
sector. In this step, stakeholders will be informed about
the intended countermeasutesbe 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 f®vided.
Furthermore, the Department of Transportation could
collaborate with the Department of Health on conducting
education programsuch agocus group studies.

7. Evaluate results: The final step is tevaluate thelan through beforand
after safetystudies or public surveys. A final conclusion
on whether or not the anticipated safety benefivas
achievedshould be determined

Babka et al. (2011) discussed the strategies used to engage residents and local professionals in
the Community Pedesin Safety Engagement WorkshojpsCalifornia These workshops were
designed to engage amdlucate residents to ensure they havektimvledge they needl to

improve pedestrian safety in their neighborhood. Several case studres highlightedthat
focusedon a variety of engagement techniquesich asoutreach and working witlgroups,

working with youth volunteers, Video Voice, and peer learning and sharhmgy.workshops

resulted in enhancing theesidentd understanding about potential directions to improve
pedestrian safety in communitigsCalifornia

Savolainen et al. (2011) documented a series of activities performed in the City of Detroit,
Michigan t h a't ai med at i mproving pedestrian safe
Pedestrian Safety Foc@ty 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 K8, and implementation of enforcement programs. Titerventions 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
populdion groups, and institutional barriers in 13 large central cities inUtse (Chicago,

[llinois; Columbus,Ohio; Denver, Coloradq Indianapolis,Indiana Los Angeles,Californig
Milwaukee, Wsconsin New York City, New York Philadelphia, Pennsylvania Phoenix,
Arizong San FranciscaCaliforniag San JoseCalifornia Seattle Washington and Washington,

District of Columbig. Large cities were defined as cities with oagpopulation 0600,000. To
achieve the study objectives, planning officials fribra 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 pedestrianountermeasures 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.

2.7Summary

This chapter reviewed studies on pedestrian safety, inclugigactors affecting frequency and
severity of pedestrian crashegdestrian exposure measuygsdestriarvehicle conflict analysis
techniques pedestrian hot spot identification methpgedestrian crash countermeasusesl

their evaluationand pedestrian safety prograri$ie review of literature has shown that there
has beerabundanteffort in analyzing pedestrian crashes and identifying pedestrian risk factors.
Severalstudies haveconcludedthat higher pedestrian crashes were observecbmmercial
areasin dense road networks, aathonguneducated populations. On the other hand, residential
areas were associated withatively fewermpedestrian crashes.

The majority of studies that identified significant predictors of pedestrian injury severity have
observedan increasedikelihood of a fatalityrisk amongelderly pedestrians (individuals older
than 55 years adge) and young pedestrians (individuals ygenthan 15 years of age). A higher
risk of fatality was alsmbservedor pedestrians whorossed the road compared to those who
walked along the roadrurthermore, pedestrian crashes involving trucks, buses, and tractor
trailers had a higher fatalityjsk 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 dgnealculation methods. A&ircular search area is used to
calculate densityn each of the two methods and the variation in the search realilglead to
inconsistent pedestrian high crash clusters. However, among these two methods, the Kernel
method isegarded 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 predetdreearch 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 thméans and latent class methods.

The third method of hot spot identification is espre estimation. This includes statistical
regression models, sketch plan and network models, gsicrolation models, and computer

vision technigues. These models have been used by researchers to estimate pedestrian exposure,
e.g., pedestrian volumes, alto the difficulty and high cost associated with collecting pedestrian
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volumes, especially in urban areas. Common measures of pedestrian exp@suopulation

density, number of pedestriansymber 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 igndhe amount of walking peopldo. The other mdelsto estimate
pedestrian volumes, such as misimulation and computer vision techniques, are not
extensively used as regression models. Specifically, the 1siicnalation approach is relatively
complex and requires extensive data; thus, not preferred

There have been studies that applied the pedesteiaicular 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 pedestnamicle conflids, e.g.,conflicts that occurred between
right-turning or leftturning vehicles and crossing pedestriaiftiese studies could also
successfully identify the safety performance of the locations of interest.

Severalpedestrian countermeasures have h@eposed in the literature to improve pedestrian
safety. These include barenot limited to, converting intersections to roundabouts, installing
raised medians and refuge islan@&lding on-street parking, installing pedestrian signals,
modifying signal phasing, installing pedestrian countdown signals, improving lighting at
intersections, and illuminating crosswalks. The majority of these countermeasuesfound to
have been effective in reducing pedestrian crashes and fatalities.

In addition to pedddan crash investigations, some studies and communities have proposed
pedestrian safety action plans that involved citizamdstakeholders in the safety management

process to enhance pedestrian safety through education and enforcement programs. The two
programs sponsored by FHWA, AHow to Develop
APedestrian SafRetcymSendtéeéegoaosPfan: Research at
are two good examples of these programs. During the evaluation phase of these pragrams
reduction in pedestrian crashes and injuwese observeds a result of the proposed safety plan.
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CHAPTER 3
DATA PREPARATION

This chapter describes the data collection and preparation efforts undertaleralyae

pedestrian crashekat occurrd on state roads iRlorida. It discusses the police repomsview

process used to identifiynderlying pedestrian crash patterns and crash cdtusd¢so describes
an effort undertaken to collect data on the presendetygre of pedestrian facilitiespéluding

crosswalks and pedestrian signalssignalized intersections.

3.1 Pedestrian Crash Data

Three years of crash data from 26880 was used to identify pedestrian crashes on state roads.
In total, 7630 crashes were identified from the Crashafysis Reporting (CAR) system as
vehiclepedestrian crashes. Police reports of the6807¢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 vpkbstrian crash, the
following information was collected:

1 Birth year of the pedestrian.

1 Injury severity of the pedestrian.
A Fatal injury
A Incapacitating injury
A Non-incapacitating injury
A Possible injury
A None

A Pedestrian
A Driver

A Both

A Notsure

1 Where did the crash happen?
A Signalizedocation
A Nonsignalizedocation
A Notsure

1 Are there any types of pedestrian signals in the vicinity?
A Yes, which type?
A No
A Notsure

I Is there a raised median/a pedestrian refuge area in the vicinity?
A Yes
A No
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A Notsure

1 Is there a crosswalk in the vicinity?
A Yes
If yes, what type of crosswalk?
Solid
Standard
Continental
Dashed
Zebra
Ladder
Other

Z0 0000 O0O0o

(0]
Not sure

> >

If a crosswalk is present, is the pedestrian walking in the designated area?
A Yes

A No

A Notsure

1 Is the pedestrian crossing the street or walking along the roadway when hit?
A Crossing the street
A Walking along the roadway
A Notsure

All the above information was collected by reviewing descriptions and illustrative sketches in the
police reports andht aerial images of crash locatidParticularly, the afault road user was
identified from thedescriptions For exampleFigure 31 gives the description of a pedestrian
crash (crash ID105745350) where the driver was cited for careless driving, and therefore, was
considered to be at fault.

Dn 10/06/2010, I, Ofc Cooper was dispatched to the intersection of 17th Street and Orange Avenue in reference to a vehicle vs
edestrian car crash. Upon arrival | made contact both the driver, Elease Siplin, and the pedestrian, Mariann Goggin.

Mrs. Goggin had sustained a bump on her head from'the crash and was transported to-Lawnwood-Emergency-Room by St-Lucie
County Fire Rescue. Mrs. Siplin stated that she was at the traffic light at N. 17th Street and Orange Avenue facing Southbound when
he tumned left to head Eastbound on Orange Avenue. Mrs. Siplin stated that she did not see Mrs. Goggin, who was crossing Orange
\venue at the crosswalk, and that Mrs. Goggin had fell into her car.

made contact with Mrs. Goggin at the emergency room and asked what had happened. Mrs. Goggin stated she was headed to S.
7th Street and Delaware Avenue. Mrs. Goggin stated that as she was crossing Orange Avenue Mrs. Siplin had sideswiped her with
he vehicle causing her to fall to the ground.

Mrs. Siplin was issued a UTC (2852-WAV) for careless driving due to the fact she struck a pedestrian while driving.

Figure 3-1: Description in Police Report Crash ID: 105745350
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As another example, in Crash:IB0438654, the pedestrian was found to be at fau the

pedestrian stepped into the middle of the road in front of tréddigeire 3-2 gives the description
of this crash.

On 09/08/09 at 1600 hours | reported to the 1300 block of Orange Avenue for a traffic crash with a pedestrian.

The vehicle was traveling east on Orange Avenue when the pedestrian just walked out into the middle of the street. The driver then
crashed with the pedestrian. The pedestrian was then taken to Lawnwood ER. | was informed from a nurse at the ER that the

pedestrian had been involved in a similar accident where he had walked out into traffic a few years back. Nothing further to add at
this time.

Figure 3-2: Description in Police Report Crash ID: 90438654

An existing inrhouse wekbased 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 F&j@reThe tool helps to quickly
navigate from one police report to the next b

or by typing the crash number in the Search box. The tool also has the capability to query crashes
based on roadway ID and nplests.
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Figure 3-3: A Web-based Tool Customized to Review Police Reports

40





































































































































































































































