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Abstract: Although pedestrian countdown signals (PCSs) are meant for pedestrians, they give cues to drivers on the remaining amount of
green as the timer counts down. This study focuses on the evaluation of safety effectiveness of PCSs to drivers in the cities of Jacksonville and
Gainesville, Florida, using the before-after study with the empirical Bayes method. This analysis explored 110 intersections with PCSs and
their respective 93 comparison sites. The findings indicate that PCSs significantly improve driver safety by 8.8% reduction in total crashes,
8.0% in rear-end and 7.1% in property-damage-only crashes, where both of these results were significant at the 95% confidence level. Results
for angle crashes as well as fatal and injury crashes were not significant at the 95% confidence level. Also discussed in this study are the crash
modification functions developed to show the relationship between the estimated crash modification factors and total entering traffic volume
at the intersection. In summary, the results suggest the usefulness of PCSs for drivers. DOI: 10.1061/JTEPBS.0000130. © 2018 American
Society of Civil Engineers.
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Introduction

Pedestrian countdown signals (PCSs) were first approved and
included in the 2003 version of the Manual of Uniform Traffic
Control Devices (MUTCD) (FHWA 2003). Since then, they have
been widely used by different transportation agencies as a preferred
pedestrian treatment at signalized intersections. For pedestrians,
PCSs provide convenient information that helps them to cross
the street safely. Although the safety benefits of PCSs on pedestrian
safety are well established by research (Huang and Zeeger 2000;
Markowitz et al. 2006; Chen et al. 2015; Lambrianidou et al.
2013; Schmitz 2011; Scott et al. 2012; Vasudevan et al. 2011;
Eccles et al. 2004), the effects of PCSs on driver safety are still
debatable.

Pedestrian countdown signals incorporate countdown timer
clocks, which display the amount of time remaining in seconds
for pedestrians to clear the intersection before their crossing time
is terminated. The remaining time is displayed in descending order

using Arabic numerals. The MUTCD requires PCSs to be used
when the pedestrian change interval is more than 7 s (FHWA
2009). Normally, PCSs are installed at a distance that ranges be-
tween 0.5 and 1.8 m (1.5 and 6 ft) away from the curb face accord-
ing to MUTCD (FHWA 2009). Furthermore, the MUTCD requires
PCSs’ heads to be installed at a height that ranges between 2.1 and
3.0 m (7 and 10 ft) above the sidewalk level (FHWA 2009). Based
on the location and height of PCSs at signalized intersections, some
drivers are able to see the countdown timing displayed as they
approach intersections. Hence, the cues that PCS timers provide
to drivers may affect their safety at signalized intersections. This
situation needs to be evaluated for the safety effects of these signals
to drivers.

Most transportation agencies promote the use of crash modifi-
cation factors (CMFs) for evaluating safety effectiveness of
improvements made on roadway facilities. In fact, CMFs for count-
down signals are included in the CMFs’ most-wanted list on the
clearinghouse website (HSRC 2013). A CMF is an amplification
factor that represents potential variation in the anticipated number
of crashes following implementation of a specific countermeasure.
Implemented treatments include changes in the geometric and traf-
fic characteristics of roadway facilities. Variation in safety changes
are measured relative to a reference value that is assigned a CMF
of 1.0. For example, for an improved treatment such as intersec-
tions with PCSs, if the CMF is 0.98 and the comparison site is
intersections without PCSs, an intersection with PCSs is expected
to experience a 2% reduction in crashes following the installation
of PCSs. In order to capture the safety effect of the respective treat-
ment, a crash reduction factor (CRF), which is the reverse of a
CMF (CRF ¼ 1 − CMF), is computed. Together CMFs and CRFs
are important measures of effectiveness commonly used for analy-
sis of the costs and benefits of proposed safety countermeasures
(NCHRP 2008). Specifically, they assist in the assessment of
the safety effects of different installed countermeasures and com-
pare safety effects among numerous alternatives and locations
(AASHTO 2010). Further, CMFs and CRFs can be used to catego-
rize cost-effective strategies and locations based on crash effects
(Gross et al. 2010).
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The main objective of this study is to appraise the safety effect
of installing PCSs at signalized intersections to drivers. In order to
fill the knowledge gap identified on the CMFs’ clearinghouse
website, this study develops CMFs for PCSs. In the process, the
study develops crash modification functions (CMFunctions) for to-
tal entering traffic through an observational before-and-after study
using the empirical Bayes (EB) method.

Literature Review

Limited research has been done on safety implications of PCSs to
drivers at intersections. According to the study that evaluated the
engineering improvements of older drivers in Michigan, it was ob-
served that the presence of PCSs at signalized intersections reduce
not only pedestrians’ crashes, but also total crashes for all drivers
by 5% (Kwigizile et al. 2015). This indicates that drivers utilize
information provided by PCS timers to make informed decisions
when approaching and crossing signalized intersections (Chen
et al. 2015; Schmitz 2011; Elekwachi 2010; Nambisan and
Karkee 2010). While some of the drivers use the information on
the PCS timer clock to slow down as they approach the intersection
prior to termination of their green phase, other drivers use the same
information to speed up to clear the intersection. Thus, they avoid
being stopped and waiting for the next cycle. Presented henceforth
is the summary of the literature from studies related to driver behav-
iors toward PCSs.

Elekwachi (2010) conducted an empirical study to investigate
the effect of PCSs on driver behaviors and capacity at signalized
intersections. Pedestrian countdown signals were observed to have
a statistically significant effect on driver behaviors and intersection
capacity. They were further noticed to improve driving decisions
and affect braking or stopping maneuvers at signalized intersec-
tions. Another study conducted by Pulugurtha et al. (2010) found
that drivers use the information on PCS timer clocks to decide
on slowing down prior to the onset of a yellow phase. On the other
hand, another study has reported the speed decrease by 1.6 km=h
(1.0 mi=h) at locations with PCSs compared with locations without
PCSs (Schmitz 2011).

Conflicting results have been reported by researchers Chen et al.
(2015) and Nambisan and Karkee (2010), indicating that some
drivers, upon spotting countdown timing, are encouraged to speed
through the intersection in order to clear it before the termination of
their green phase. In a research study that evaluated the influence of
PCSs on vehicle speeds as they approach the intersection, vehicles
were observed to maneuver at higher speeds on the roadway seg-
ment closer to the intersection than on the segment farther away
from the stop bar (Nambisan and Karkee 2010). The results of
the study by Chen et al. (2015) indicated a prevalence of red-light
violations and early-start maneuvers at signalized intersections with
PCSs as compared with intersections without PCSs. This behavior
was observed to be critical on both drivers and motorcyclists. The
proportion of vehicles entering the intersection late in the yellow
phase and red-light runners increases because some of the drivers
used PCS timer information to speed up in order to clear the inter-
section legally. These conflicting scenarios may create different ex-
pectations among drivers, a situation that might result in rear-end
conflicts. A possible conflict scenario may occur when the leading
vehicle stops while the driver of the following vehicle decides
to accelerate to clear the intersection (Park et al. 2015; Long
et al. 2013).

Apart from safety effects, previous research has documented
the influence of PCSs in operational characteristics. Elekwachi
(2010) reported the influence of PCSs on intersection operational

characteristics such as headway, saturation flow rate, capacity, start-
up lost time, and driver behaviors. According to the study, the pres-
ence of PCSs reduces headway, hence increasing the saturation
flow, in view of the fact that drivers in the queue are aware of
the upcoming phase change. The study also found that PCSs
significantly reduce the amount of start-up lost time. This may
be attributed to the fact that drivers waiting in the queue at an in-
tersection are aware of the number of seconds remaining on the
opposite phase. Thus, they respond more quickly to the changing
phase.

Methodology

Data Description

The analysis required two sets of data: crash data and traffic vol-
umes for before-and-after installation of PCSs. The sites selected
for evaluating the safety effectiveness of a treatment have to be
homogenous as recommended by Section C.5 of the Highway
Safety Manual (HSM) (AASHTO 2010). Among the potential
characteristics that have been proposed to be used in identifying
treatment sites for intersections are traffic control, i.e., signalized
for this case, and a number of approaches, e.g., four-legged or
three-legged intersections. Considering the limit of the number
of three-legged signalized intersections in the study area, the study
was limited to only four-legged signalized intersections. This is be-
cause another vital criterion to consider while collecting sites for
performing safety effectiveness studies is sufficiency of sample size
such that the expected change in safety can be statistically detected
(Gross et al. 2010). Furthermore, site selection process was limited
only to state-maintained roadways due to reliability of traffic vol-
ume data [average annual daily traffic (AADT)] for these sites.

A total of 110 signalized intersections with PCSs in Jacksonville
and Gainesville, Florida, were selected as treatment sites for this
study, where PCSs were installed from 2006–2011. This includes
70 intersections in Jacksonville and 40 in Gainesville. For each of
the treatment intersections, 3 years before the installation of PCSs
and 3 years after the installation of PCSs were used for analysis
of changes in crash frequency due to installation of PCSs. The
respective year in which a PCS was installed at each of the inter-
sections was excluded from the study to allow enough buffer time
for changes brought about by PCSs.

In the site-selection procedure, 93 comparison sites, i.e., inter-
sections without PCSs, 33 in Gainesville, and 60 in Jacksonville,
were carefully selected according to their geographic proximity to
the treatment sites (intersections with PCSs), while keeping the dis-
tance to avoid a spillover effect. In general, the comparison inter-
sections were selected from the area of the same municipality
and they have similar geometric characteristics, traffic volume, and
crash frequencies as the treatment sites. This was to improve the
comparability between comparison and treatment sites.

Data were collected and retrieved from the following databases:
Florida Unified Basemap Repository (crashes) (FDOT 2016),
Florida Geographic Data Library (FGDL) Metadata Explorer
(land-use information) (University of Florida’s Geoplan Center
2016), and Florida Department of Transportation (FDOT) Geo-
graphic Information System (GIS) database (posted speed) (TDA
2016a). Other sources of data included Google Earth street view
and historical imagery tool, both from Google Earth Pro software.
These were used to retrieve geometric information from previous
year’s before-and-after installation of PCSs. The last data source
used in this study was the Florida Traffic Data Online (TDA
2016b), where traffic volume for years 2003 through 2014 were
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obtained. The historical imagery tool in Google Earth Pro software
was utilized in ensuring the quality of the developed safety
performance function (SPF) by checking the treatment sites to
verify that there is no major geometric change during the study
period. The flowchart in Fig. 1 illustrates the strategy employed
in collecting data for this study. The solid and dotted lines indicate
the process for collecting data for treatment and comparison
intersections, respectively.

Crash data were available from the years 2003–2014. Table 1
summarizes the crash data categorized in crash severity [total,
fatal-plus-injury (Fþ I), and property-damage-only (PDO) colli-
sions] and crash types (rear-end and angle collisions). All crashes
that occurred within 76.2 m (250 ft) were considered to be inter-
section related. This radius of 76.2 m conforms to the definition of
intersection-related crashes in Florida (FDOT 2012). In Florida,
crashes occurring 0–15.2 m (0–50 ft) from the intersection are
referred to as intersection crashes, whereas crashes occurring be-
tween 15.2 and 76.2 m are deemed influenced by the intersection.
In Florida, when analyzing intersection safety, all crashes that occur
within a 76.2-m radius from the middle of the intersection are
assumed to be influenced by the presence of the intersection
(Jacob 2015).

The number of lanes variable is by nature an integer. While
some studies (e.g., Agbelie and Roshandeh 2015; Chen et al.
2009, 2016) have considered number of lanes to be a continuous
variable, it was important to examine the effects of assigning cat-
egorical values versus assuming that the number of lanes is con-
tinuous. Table 2 shows the model coefficients obtained by using
the number of lanes as a categorical variable and as a continuous
variable. If the number of lanes is used as a categorical variable in
this study, as can be seen from the results shown in Table 2, it would
not be among the significant variables. The final model included
variables that were significant, hence the number of lanes would
not have been included in the model. If the number of lanes

was considered to be continuous in this model, the variable be-
comes significant, hence fit to be included in the model. Hence,
the number of lanes was considered to be a continuous variable
in this study. Important variables considered for this study include
traffic volumes on the major and minor approaches, geometric
characteristics of major and minor approaches, and the area type
(commercial categorized as 1 and other land-use types categorized
as 0) as illustrated in Table 3.

The number of lanes variable is by nature an integer. While
some studies (e.g., Agbelie and Roshandeh 2015; Chen et al.
2009, 2016) have considered the number of lanes to be a continu-
ous variable, it was important to examine the effects of assigning
categorical values versus assuming that the number of lanes is con-
tinuous. Table 3 shows the model coefficients obtained by using the
number of lanes as a categorical variable and as a continuous var-
iable. If the number of lanes is used as a categorical variable in this
study, as can be seen from the results shown in the top part of
Table 3, based on the P-value the total number of lanes both for
major and minor approaches would only be significant three times
at the 90% confidence level and twice at the 85% confidence level.
The final model results included variables that were significant at
95, 90, and 85% confidence levels for all five models: total, Fþ I,
PDO, rear-end, and angle crashes. Hence, the number of lanes
would not have been included in the model if it was considered
as a categorical variable. On the other hand, the results shown
in the bottom part of Table 3, when number of lanes is considered
to be a continuous variable, are significant for all five models de-
veloped in this study at the 95, 90, or 85% confidence level. There-
fore, in this study, the number of lanes was considered to be a
continuous variable. Other important variables considered for this
study include traffic volumes on the major and minor approaches,
geometric characteristics of major and minor approaches, and the
area type (commercial categorized as 1 and other land-use types
categorized as 0) as illustrated in Table 4.

Fig. 1. Data collected in this study
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Other information retrieved on the major street includes posted
speed [>64.4 km=h (40 mi=h) coded as 1, otherwise 0]. The same
cutoff point of the posted speed has been used by Donnell et al.
(2014) while developing the SPFs. Also, when examining the
data set, it was observed that almost half of the sites used for this
study had a posted speed limit between 48.3 and 64.4 km=h (30
and 40 mi=h) and the remaining group [72.5 km=h (45 mi=h)
and above] also constituted approximately half of the data.

Modeling Approach

This study uses the before-and-after EB method illustrated by
Hauer (1997) to develop CMFs for PCSs. The advantage of the
empirical Bayes approach is that it accounts for the observed
changes in crash frequencies on the before-and-after treatment that
may be due to regression to the mean. In accounting for the regres-
sion-to-the-mean phenomenon, the number of crashes anticipated

before installation of PCSs is a weighted mean of information from
two sources. The first source is the number of crashes observed in the
before period at intersections where PCSs have been installed. The
second source is the number of crashes predicted at signalized in-
tersections with PCSs based on reference intersections without
PCSs, which share similar traffic and physical characteristics.

To quantify the weights and the number of crashes anticipated at
sites with similar traffic and physical characteristics, comparison
intersections without PCSs but with similar traffic and physical
characteristics as the intersections with PCSs were used. This is
similar in principle to the use of a comparison group in the com-
parison group method. Nonetheless, the two methods differ in one
major aspect, i.e., for the before-and-after EB method, data from
the reference intersections without PCSs are used to estimate SPFs
that relate the crash experience of the sites to their traffic and physi-
cal characteristics (Gross et al. 2010).

Table 1. Annual Crash Data Summary for Treatment and Comparison Sites

Scenario
number Type of crash Period

Treatment sites statistics Comparison sites statistics

Mean Standard deviation Minimum Maximum Mean Standard deviation Minimum Maximum

1 Total crashes Before 18.38 17.94 0 87 19.97 20.40 0 69
Total crashes After 14.31 14.56 0 74 13.23 12.25 1 64

2 Fþ I crashes Before 11.73 11.79 0 58 10.79 9.27 0 40
Fþ I crashes After 10.55 9.56 0 40 11.03 10.22 0 32

3 PDO crashes Before 10.50 12.93 0 83 10.91 10.34 0 52
PDO crashes After 9.30 10.08 0 60 9.06 11.93 0 68

4 Rear-end crashes Before 10.09 12.76 0 62 11.65 10.44 0 58
Rear-end crashes After 6.74 8.07 0 44 7.23 8.57 0 46

5 Angle crashes Before 5.29 5.47 0 28 5.00 5.09 0 13
Angle crashes After 4.75 5.16 0 26 3.78 4.82 0 10

Table 3. Number of Lanes Results: Categorical versus Continuous Variable

Street
Total number

of lanes

Total Fþ I PDO Rear end Angle

Coefficient P > z Coefficient P > z Coefficient P > z Coefficient P > z Coefficient P > z

Number of lanes as a categorical variable
Major 4 — — — — — — — — — —

5 0.046 0.213 0.016 0.198 0.044 0.183 0.023 0.193 0.027 0.189
6 0.427 0.137a 0.269 0.314 0.136 0.159 0.556 0.079b 0.151 0.253

Minor 2 — — — — — — — — — —
3 0.217 0.133a 0.130 0.160 0.310 0.205 0.288 0.327 0.027 0.191
4 0.251 0.093b 0.060 0.184 0.400 0.167 0.455 0.193 0.178 0.053b

Number of lanes as a continuous variable
Major Continuous 0.459 0.100b 0.158 0.103a 0.129 0.111a 0.188 0.066b 0.195 0.102a

Minor Continuous 0.507 0.096b 0.508 0.020c 0.152 0.012c 0.240 0.040c 0.076 0.006c

aP-value > 0.15.
bP-value > 0.10.
cP-value > 0.05.

Table 2. Selected Variables in Treatment Intersections

Street Variable Mean Standard deviation Minimum Maximum

Major Land use (1 commercial, otherwise 0) 0.47 0.50 0 1
Average AADT (vehicles=day) 28,894.20 12,281.44 6,034 57,459

Total number of lanes 5.33 0.95 4 6
Posted speed (km=h) 66.3 10.9 48.3 88.6

Minor Average AADT (vehicles=day) 11,427.93 8,120.44 567 36,000
Total number of lanes 2.93 1.00 2 4

Note: AADT = annual average daily traffic.
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Safety Performance Functions

A SPF is widely known as a crash prediction model that relates the
crash frequency to traffic, geometric, and other factors that influ-
ence the change in pattern and crash rates (Gross et al. 2010). It
predicts the mean crash frequency for similar locations with the
same characteristics, mostly referred to as comparison sites. These
characteristics typically include traffic volume, traffic control
devices, geometric characteristics (number of lanes, road surface
widths, shoulder widths, median characteristics), land-use informa-
tion, and sociodemographic characteristics. Generally, comparison
sites are used to account for time trends and changes in other factors
such as traffic volumes and crash reporting systems. Safety perfor-
mance function development may employ two approaches: simple
SPF and full SPF. Full SPF is a mathematical relationship that re-
lates all contradicting parameters that may influence variation in
crash rate, including traffic and geometric parameters as predictor
variables, while simple SPF includes AADT as the only indepen-
dent variable in predicting crash frequency on a roadway facility
(Gross et al. 2010). Thus, full SPFs are developed in this study,
considering that they capture all contradicting attributes that influ-
ence the changes in crash frequency at the respective road entity
because crash frequency is not only affected by the traffic volume.

Choice of Count Model

Development of SPFs commences with the use of a count model
to determine coefficients of model variables. In modeling crash
counts, normally two categories of count modeling approaches
are employed. These are the Poisson and negative binomial (NB)
regression analysis. The choice between the two model types de-
pends on the relationship between the mean and the variance of the
data in hand. The Poisson regression analysis approach is employed
in cases in which the mean and variance of the data are equal.
Due to the possible positive correlation between observed crash
frequencies, overdispersion (variance of the data exceeds its mean)
may occur (Hilbe 2012). The HSM specifically calls for the use of
the NB model in lieu of the Poisson model. This is because the
degree of overdispersion in a negative binomial model is depicted
by a statistical parameter normally called the overdispersion param-
eter. This parameter is estimated along with the coefficients of the
regression equation (AASHTO 2010).

In addition to the NB model, other models that account for the
overdispersion parameter include Poisson-lognormal, multivariate,

hierarchical, Markov switching, Bayesian neural network, and sup-
port vector machine models (Lord and Mannering 2010). The NB
model is generally used because crash data have a mean that
follows a gamma distribution and the variance of the crash data
is normally greater than the mean (Shen 2007). Hence, this study
employs a NB regression analysis, shown in Eq. (1), as described
by Washington et al. (2003). The probability PðyiÞ of intersection i
having Ni crashes in a given time period (yearly) is computed as
follows:

Pðyi ¼ NiÞ ¼
Γðð1αÞ þ NiÞ
Γð1αÞNi!

�
1

1þ αλi

�
1=α

�
αλi

1þ αλi

�
Ni ð1Þ

where ΓðxÞ = value of gamma function; Ni = number of crashes for
comparison intersections; λi = Poisson parameter for intersections
without PCS (comparison sites); α = overdispersion parameter; and
PðyiÞ = probability of intersection i having crashes Ni.

Before-and-After with Empirical Bayes Model
Formulation

The methodology established by Hauer (1997) was adopted to
obtain EB estimates of the overall CMFs as well as CMFunctions
for different predictor variables. The safety effectiveness of a treat-
ment is estimated by comparing the observed number of crashes
to the anticipated number of crashes after installation of PCSs.
The developed SPF for each crash category is used to estimate the
predicted crashes before the installation of PCSs, NpredictedB. Then
the weighted adjustment factor (W) is computed using the total
predicted crashes (by SPF) before installation of PCSs and the
overdispersion parameter α for each crash category, as shown in
Eq. (2)

W ¼ 1

1þ α × NpredictedB
ð2Þ

Then the expected average crash frequency before the installa-
tion of PCSs (NexpectedB) is computed using Eq. (3)

NexpectedB ¼ W × NpredictedB þ ð1 −WÞ × NobservedB ð3Þ
whereNobservedB = total number of observed crashes at the treatment
intersection.

The expected average crash frequency in the after period
for sites with PCSs assuming that PCSs were not installed

Table 4. Safety Performance Functions, Crash Modification Factors, and Crash Reduction Factors Results

Parameters

Total Fþ I PDO Rear-end Angle

Coefficient P > z Coefficient P > z Coefficient P > z Coefficient P > z Coefficient P > z

Overdispersion 0.371 — 0.779 — 0.685 — 0.643 — 0.178 —
Constant −4.179 0.002a −4.651 0.091b −6.062 0.000a −4.063 0.076b −5.221 0.003a

ln AADT (major) 0.156 0.045a 0.235 0.060b 0.331 0.029a 0.294 0.047a 0.331 0.030a

ln AADT (minor) 0.147 0.033a 0.305 0.020a 0.440 0.009a 0.180 0.041a 0.244 0.082b

Total number of lanes (major) 0.459 0.100b 0.158 0.103c 0.129 0.111c 0.188 0.066b 0.195 0.102c

Total number of lanes (minor) 0.507 0.096b 0.508 0.020a 0.152 0.012a 0.240 0.040a 0.076 0.006a

Posted speed (major) > 64.4 km/h 0.113 0.015a 0.117 0.096b — — 0.222 0.001a — —
Commercial land use 0.105 0.013a — — — — — — — —
CMF 0.912 — 0.952 — 0.929 — 0.920 — 0.954 —
CRF (%) 8.8 — 4.8 — 7.1 — 8.0 — 4.6 —
SE of CMF 0.029 — 0.079 — 0.034 — 0.016 — 0.080 —

Note: SE = standard error; bolded CMF are significant at 95% confidence interval.
aP-value > 0.05.
bP-value > 0.10.
cP-value > 0.15.

© ASCE 04018011-5 J. Transp. Eng., Part A: Syst.

 J. Transp. Eng., Part A: Systems, 2018, 144(5): 04018011 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

FL
O

R
ID

A
 S

T
A

T
E

 U
N

IV
E

R
SI

T
Y

 o
n 

11
/0

9/
18

. C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.



(NexpectedA) is computed by multiplying the expected number of
crashes before the installation of PCSs with r, Eq. (4)

NexpectedA ¼ NexpectedB × r; where r ¼ NpredictedA

NpredictedB
ð4Þ

where r = crash adjustment factor computed using predicted
crashes (in SPF) after installation of PCSs and before installation
of PCSs.

The CMF is then computed using Eq. (5)

CMFð%Þ ¼

2
64

P
NobservedAP
NexpectedA

1þ
P

all PCS intersections
r2×NexpectedB×ð1−WÞP
N2

expectedA

3
75 × 100 ð5Þ

In addition, the CRF is computed using Eq. (6)

CRFð%Þ ¼ 1 − CMF ð6Þ

Standard error of the CMF (ϑ) is then computed using Eq. (7)

ϑ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1P

NobservedA
þ
P

all PCS intersections
r2×NexpectedB×ð1−WÞP
N2

expectedA�
1þ

P
all PCS intersections

r2×NexpectedB×ð1−WÞ
P

VarP
N2

expectedA

�
2
×CMF2

2

vuuuuut ð7Þ

The 95% confidence interval (CI) is then computed using
Eq. (8). The CMF is considered significant when the 95% CI does
not include 1.0 in its interval. This is because the value of 1.0 of
CMF indicates no effect of the treatment on crash frequency at the
treatment site

95%CI ¼ CMF� ð1.96 × ϑÞ ð8Þ

Model Results

The results discussed in this section are based on the CMFs for the
safety effects PCSs have on drivers at signalized intersections. The
CMFs were estimated using observational before-and-after study
with empirical Bayes method. The SPFs used for predicting crash
counts are discussed next.

Safety Performance Functions Results

Florida-specific full SPFs for four-legged PCS intersections on
a major street were developed. The SPFs were developed based
on crash severity levels, i.e., total crashes, Fþ I, and PDO. Addi-
tional SPFs were developed using different crash types: rear-end
and angle crashes. Variables to be included in the SPF models were
selected based on their confidence interval (P-values). In general,
the SPF models had variables, which were significant at the 95 and
90% confidence interval, with the exception of one variable, which
was significant at the 85% confidence interval. It is possible that the
variable total number of lanes on the major approach is not that
significant because of possible correlation with the traffic volume.
The computed results for the five SPF models developed indicate
the increase of crash frequency for intersections with higher traffic
volumes. In addition, crash frequency was observed to be higher
for intersections with higher speed limits (above 64.4 km=h) and
commercial land-use areas.

Crash Modification Factors for Effect of PCSs on
Drivers

After computing the predicted crash counts from SPFs, the before-
and-after study with the empirical Bayes method was used to
estimate the CMFs. The results of SPFs, CMFs, and CRFs are pre-
sented in Table 4. The results are provided for five crash categories,
including crash severities (total, Fþ I, and PDO), and crash types
(rear-end and angle crashes). All crash categories have CMF less
than 1.0, indicating safety improvements on drivers’maneuverabil-
ity at signalized intersections. Bolded CMF values for crash catego-
ries, i.e., for total, PDO, and rear-end crashes, are statistically
different from 1.0 at the 95% CI.

The CMFs for different crash categories represent the expected
changes in crashes for four-legged intersections with PCSs com-
pared with the expected crashes on four-legged intersections
without PCSs. The CMF for total crashes is 0.912, indicating a re-
duction in total crashes by 8.8%. This finding is found to be con-
sistent with the CMF obtained in Michigan of 0.946, estimated with
before-and-after with comparison group method (Kwigizile et al.
2015). The CMF for Fþ I crashes is 0.952, with a percentage re-
duction in Fþ I crashes due to the presence of PCSs as 4.8%. For
the case of Fþ I crashes, the Michigan study found a CMF of 0.927
(Kwigizile et al. 2015).

The difference in the CMFs between the ones obtained in this
study and the one in Michigan might be attributed to a number of
factors. This includes use of different CMF estimation methods,
with this study using the before-and-after with empirical Bayes
method while the Michigan study used the before-and-after with
comparison group method.

Other factors may include differences in traffic, geometric,
weather, and land-use characteristics. The CMF for Fþ I crashes
was not significant at the 95% confidence interval, a fact that may
be attributed to a higher value of standard error for this crash cat-
egory. For the PDO crash category, the obtained value of CMF is
0.929, indicating an improvement in safety because of the presence
of PCSs (7.1% CRF).

Rear-end crashes were observed to be reduced by 8.0%
(CMF ¼ 0.920), an improvement that is made due to the presence
of PCSs. Rear-end crashes are associated with unsafe stopping or
reduction in speed of the leading vehicle. Information that PCSs
provide to drivers enhances safety at signalized intersections be-
cause it enables drivers to have a prior decision when approaching
signalized intersections. Pedestrian countdown signal timers pro-
vide drivers with an important cue, i.e., time remaining for their
right of way at the intersection. This may in turn reduce the number
of vehicles exposed to an intersection approach dilemma zone.
Consequently, drivers can start decelerating early if they realize that
they cannot make the green, when the PCS timer approaches zero,
promoting comfortable and safe deceleration maneuvers when they
are required to stop at the intersection. Finally, the CMF of angle
crashes is found to be 0.954, indicating safety improvements of
angle crashes by 4.6%. In addition, the CMF for this crash category
was not significant at the 95% confidence interval because of a
large standard error. Among other factors, angle crashes are influ-
enced by illegal continuation to cross the intersection during the
onset of the red phase.

Estimation of CMFunctions

Crash modification functions explain the changes in safety effects
while accounting for variation in geometric characteristics and
other influential factors at the treatment sites. Traffic volume
(AADT) has been observed to be one of the prominent factors
influencing the increase of crash frequency (Park et al. 2015).
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In this study, total entering traffic volume was used as a continuous
variable in developing the CMFunctions for each signalized
intersection with PCSs used as a treatment site for this study.
The CMFunctions developed in this study are known as simple
CMFunctions (Park et al. 2015) and are mostly used to show how
the effectiveness of a certain treatment would vary with a change of
one model variable, for this case AADT. Eventually, the relation-
ship between the CMFs and total entering traffic volume for each of
the treatment sites was developed using functions shown in Table 5.
The function with the highest R-square value was selected for each
scenario. Average annual daily traffic was used for demonstration
purposes of how a CMF would change with the change increase or
decrease of a model variable. In the same manner, graphs and func-
tions could be created for other model variables such as number of
lanes, posted speed limit, and land use.

Inverse, quadratic, and exponential nonlinear regression models
have been observed to be the best-fitted functions for different
roadway characteristics (Park et al. 2015). Linear, inverse, quad-
ratic, power, and exponential functions were compared, and the

best-fitted function was selected based on the R-squared value. Ex-
cept for PDO crashes, whose CMFunction is a power function, the
other three crash types have exponential CMFunctions (Table 5 and
Fig. 2). This is because for PDO crashes the power CMFunction
has the highest R-squared value (0.323 for power CMFunction
versus 0.287 for exponential CMFunction), while for the other
three crash types the exponential CMFunctions yield the highest
R-squared values. These R-squared values are comparable with
those obtained by previous studies on CMFunctions (Elvik 2009;
Park et al. 2015).

Conclusions and Recommendations

In view of the fact that PCSs are meant to help pedestrians cross the
intersection safely, the same signals could give cues to drivers as
they approach the intersection. This study focused on evaluating
the safety effectiveness of PCSs to drivers at signalized intersec-
tions using the state-maintained intersections in Florida (cities of

Table 5. CMFunctions for Different Crash Categories

Crash category Equation R-square Adjusted R-square

Total CMFi ¼ 0.969 × expðTotal entering traffic × −0.000000462Þ
þ −0.4638 × expðTotal entering traffic × −0.0000914Þ

0.247 0.226

Fþ I CMFi ¼ 12.88 × expðTotal entering traffic × −0.00000772Þ
þ −12.05 × expðTotal entering traffic × −0.00000803Þ

0.333 0.305

PDO CMFi ¼ 0.549 × Total entering traffic0.051 0.323 0.313
Rear end CMFi ¼ −0.207 × expðTotal entering traffic × −0.0000599Þ

þ 0.9475 × expðTotal entering traffic × −0.0000000199Þ
0.313 0.279

Fig. 2. Crash modification function curves for different crash categories: (a) total crashes; (b) fatal and injury crashes; (c) property-damage-only
crashes; (d) rear-end crashes
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Gainesville and Jacksonville). In total, 110 sites with PCSs and
their respective comparison sites (without PCSs), 93 in total, were
examined, using data collected from the years 2003–2014.

The before-and-after empirical Bayes with comparison group
method was employed in developing the CMFs considering its abil-
ity to produce reliable and robust estimates. The CMFs were de-
veloped based on crash severity including total, Fþ I, and PDO
crashes. In addition, the study developed CMFs for two crash types,
i.e., rear-end and angle crashes. Moreover, to observe the relation-
ship between the CMFs and traffic volume, CMFunctions for dif-
ferent crash categories used in this study were developed.

Full safety performance functions for each of the aforemen-
tioned crash categories were developed from comparison intersec-
tions based on heterogeneous factors. These include additional
factors that influence changes in crash frequency and severity pat-
terns at the treatment sites independent of the installed treatment,
PCSs for this case. The heterogeneous factors incorporated in
this study include traffic volume, geometric characteristics, traffic
conditions, and adjacent land use.

According to the CMFs obtained in this study, PCSs have safety
benefits to drivers. The results suggest that cues provided by PCS
timers to drivers as they approach intersections may help them
in reducing conflicts that may lead to rear-end and angle crashes.
In summary, this study demonstrated that apart from aiding pedes-
trians, installation of PCSs improves the safety performance of
drivers at signalized intersections.

Moreover, the CMFunctions developed from this study prove
that CMFs vary at different treatment sites and with distinct road-
way characteristics, area type, socioeconomic characteristics, and
time. Hence, more work is required to improve the developed
CMFunctions by incorporating more roadway and other pertinent
characteristics. The developed CMFs can be applied in other areas
apart from the study sites by applying respective location calibra-
tion factors.

Unavailability of traffic volume data especially on non-state-
maintained roadways limited the sites selected for the study to
state-maintained intersections only. Further, because the minor
street roadways for some of the intersection are mostly non-
state-maintained roadways, they also lack reliable traffic volume.
This, in turn, resulted in dropping many sites from the analysis due
to the incompleteness of data. In addition, the process of retrieving
information on the installation dates of PCSs was long and tedious.
This was due to the absence of a database with the dates of PCSs
installation. Maintaining a database with the records of the instal-
lation dates for traffic control devices such as PCSs is necessary to
aid continued efforts in evaluating the effectiveness of such devices.
To the authors’ knowledge, the only geometric change that was
made on the treatment intersections is the installation of PCSs.
It was not possible to collect information on the signal retiming
changes made on the study intersections during the study period
due to frequent retiming efforts that agencies undertake once they
realize a change in traffic patterns.
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