Analysis of Driver’s Performance on a School Zone
Using a Driving Simulator and an Eye Tracker
by
Enid Marie Colón Torres
A thesis submitted in partial fulfillment of the requirements for the degree of
MASTER OF SCIENCE
in
CIVIL ENGINEERING
UNIVERSITY OF PUERTO RICO
MAYAGÜEZ CAMPUS
2019

Approved by:
_____________________
Didier M. Valdés Diaz, PhD
President, Graduate Committee

____________
Date

____________________________
Alberto M. Figueroa Medina, PhD, PE
Member, Graduate Committee

____________
Date

____________________________
Saylisse Dávila Padilla, PhD
Member, Graduate Committee

____________
Date

____________________________
Mauricio Cabrera Ríos, PhD
Representative of Graduate Studies

____________
Date

____________________________
Ismael Pagan Trinidad, MSCE
Chair, Department of Civil Engineering and Surveying

___________
Date

ABSTRACT
Road safety and speed limit compliance in school zones are critical problems in the United States
(US), Puerto Rico, and other places around the world. Research has shown that drivers do not
comply with speed limits around school zones. This thesis presents the evaluation of a new
combination of signage and pavement markings developed to improve drivers’ compliance with
school zone speed limits. The methodology included an online survey of road users, an experiment
with the driving simulator of the University of Puerto Rico at Mayagüez, and an eye-tracking
device to study scenarios that evaluate the proposed and current traffic control devices. The survey
results indicated that 52% of the subjects did not identify correctly the signs and 48% did not
identify correctly speed limits related to school zones. Based on the survey results, a combination
of overhead signage and pavements markings was selected to study its potential impact using a set
of driving simulation experiments with the conditions present at a school zone located on highway
PR-2 in Aguadilla, Puerto Rico. Twelve scenarios were evaluated. A linear mixed model (LMM)
was fitted to understand the factors that affect each response variable speed and acceleration noise.
Nevertheless, it must be noted that the most relevant factor in the LMMs for mean speed is the
variability between drivers, which explains 89% in the variability of the response variable. The
proposed configuration of traffic control devices provided reductions in mean speeds and
acceleration noise while increasing compliance with the speed limit. These reductions in speed
and acceleration noise can be associated with improved operations and safer conditions at school
zones.
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RESUMEN
La seguridad vial y el cumplimiento con la velocidad rotulada en zonas escolares son problemas
críticos en Estados Unidos (EE. UU.), Puerto Rico y muchos otros lugares alrededor del mundo.
Estudios han demostrado que los conductores no cumplen con los límites de velocidad alrededor
de las zonas escolares. Esta tesis presenta la evaluación de una nueva rotulación y marcado de
pavimento que fueron desarrollados para mejorar el cumplimiento de los límites de velocidad
rotulados en zonas escolares. La metodología utilizada incluye una encuesta en línea a usuarios
del sistema vial, un experimento utilizando el simulador de conducción de la Universidad de Puerto
Rico Recinto de Mayagüez y el uso de un equipo de rastreo ocular. Los resultados de la encuesta
indicaron que 52% de los conductores no identificaron correctamente la rotulación y el 48% de los
conductores no identificaron correctamente los límites de velocidad de las zonas escolares. Con
base en los resultados de la encuesta, se seleccionó una combinación de rotulación sobre la
carretera y marcado sobre el pavimento para estudiar su impacto mediante experimentos que
refleja las condiciones presentes en una zona escolar ubicada en la carretera PR-2 en Aguadilla,
Puerto Rico. Doce escenarios fueron evaluados. Se desarrolló un modelo lineal mixto (LMM) para
comprender los factores que afectan cada variable respuesta velocidad y ruido de aceleración. No
obstante, debe tenerse en cuenta que el factor más relevante en el LMM para la velocidad media
es la variabilidad entre los conductores, lo que explica el 89% de la variabilidad de la respuesta.
La configuración propuesta de dispositivos de control del tránsito tiene un impacto positivo en la
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reducción de velocidades y el ruido de aceleración, en donde aumento el cumplimiento con los
límites de velocidad en la zona escolar.
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1.1

CHAPTER –INTRODUCTION

Overview

The World Health Organization (WHO) predicts that traffic crashes related injuries would rise
from the ninth cause of mortality in 2004 to the fifth cause by 2030 (1). This estimate is becoming
a reality, as crash rates are increasing in most countries. In the United States (US), the largest
increase in crash fatalities was for non-occupants, increasing from 14% in 2008 to 19% in 2017
(2). The Puerto Rico Strategic Highway Safety Plan (PRSHSP) indicates that road fatalities
increased by 6.21% for 2018 as compared to 2017 (3). A total of 20 pedestrians and two cyclists
died in 2018 as a consequence of road crashes in Puerto Rico (4). This is an increase of 53.2% of
pedestrian crashes compared to 13 in 2017. These numbers generate much concern for vulnerable
road users.
The Safe Kids Worldwide Organization indicates that there has been an increase in the fatality rate
for young pedestrians. Five teenage pedestrian fatalities occur every week in the United States,
and there has been a 13% increase in the pedestrian fatality rate of 12-19 years old since 2013 (5).
Contributory factors to these fatality rates include distracted walking, unsafe street crossing, unsafe
drop-off or pick-up zones, and poor signage and pavement markings delimiting the school zone
area (5).
One of the programs that have been successful in facilitating physically active commuting to and
from school is the Safe Routes to School (SRTS) program from Federal Highway Administration
(FHWA) that was established in Moving Ahead for Progress in the 21st Century Act (MAP-21)
(6, 7). The SRTS program provides guidance for developing safe non-motorized paths for students.
1

A walking and bicycling school route map not only provides way-finding for students to walk and
bicycle to and from school, it can identify where engineering treatments may be needed and where
adult school crossing guards, curb ramps, and traffic control devices (TCDs) such as signs,
crosswalks, and traffic signals should be provided (8). Integrating these facilities in many
communities is crucial, especially in those where no infrastructure is present. Developing safe
routes for pedestrian and cycling in Puerto Rico is vital because so little infrastructure exists for
them.
Speed limit compliance in school zones is a critical road safety issue in the United States and
around the world. Crashes in school zones have been related to speed limit non-compliance (9). A
study performed in the city of Calgary, Alberta found that mean speeds in school and playground
zones were significantly lower than 50 km/h but higher than the legal speed limit of 30 km/h (10).
It leads to safety issues involving reduction in speeds. Safety around school zones is significantly
affected by the lack of effective road signage and markings that indicate the presence of school
zones, the presence of pedestrians, and the high vehicle speeds in the school zone. Article 5.02 of
Law 22-2000 (called the “Vehicles and Traffic Law of Puerto Rico”) states that school zones in
rural areas must have a speed limit of 25 mph, while school zones in urban areas must have a speed
limit of 15 mph (11).
Correct and consistent pavement markings and signage can prevent crashes, especially in school
zones where the number of vulnerable pedestrians (school kids and teens) is very high. For this
reason, speed reduction countermeasures are needed to provide pedestrians, especially kids, with
a safer traffic operation within school zones of significant pedestrian activity. Part 7 of the Manual
on Uniform Traffic Control Devices (MUTCD) provides the rules and guidelines for the selection
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and application of signs and pavement markings for school zones. The 2009 version of the
MUTCD with revision 1 and 2 updated school zone signs by changing their colors from yellow to
fluorescent green along with other measures to make them more relevant and alert drivers they are
entering a school zone (12). Nevertheless, there are differences in the actual implementation of the
TCDs and speed limits in school zones, depending on the state or territory. It is essential to evaluate
possible solutions to address speed compliance and provide in-depth solutions in school zones.
1.2

Objectives

The objective of this research study was to evaluate drivers’ performance and compliance with the
operating rules in school zones by using a driving simulator. The study evaluated if a combination
of new signage and pavement markings for school zones can contribute to achieving higher
compliance with posted speed limits.
This research focused on three main areas: previous knowledge, stated preference, and drivers’
performance. A spot speed study was used to determine the actual level of compliance of drivers
with the posted speed limit on a segment before the school zone and on a segment inside the school
zone. This research used a driving simulator to evaluate the effectiveness of TCDs as a
countermeasure for achieving lower speeds in school zones. The strategy evaluated was an
overhead school sign design with a combination of flashing beacons and pavement symbols. A
group of drivers was presented with different situations that occur in a school zone. The
recommendations of this research are based on the drivers’ performance and feedback. Subjects’
compliance with the speed limit in the school zones was also evaluated using the driving simulator,
in conjunction with an eye tracker which allowed researchers to identify whether the driver looked
3

at the road signage and pavement markings. The condition presented to the subjects are typical for
Puerto Rico school zones; this condition includes, the presence of pedestrians and vehicles parked
near the road.
1.3

Hypotheses

The hypotheses that were tested in this research study were the following:
1. Subject drivers exposed to the proposed road condition with the enhanced TCDs show
higher compliance with the 25 mph school zone speed limit than those subjects exposed
to the current condition.
2. More subjects exposed to the proposed road condition with the enhanced TCD look at
the signs, than those exposed to the existing condition.
3. Subject drivers would have lower speed and less acceleration noise when traveling
through scenarios with the enhanced TCD than those subjects exposed to the existing
conditions.
1.4

Thesis Organization

This thesis is divided into five chapters. The remainder of this document is organized as follows.
The second chapter presents a literature review that focused on four topics: school zones, signage
and pavement markings, speed limit compliance, and driving simulators. The third chapter presents
the methodology used for this research. The fourth chapter presents the analysis and results from
an online survey conducted in Puerto Rico, the eye-tracking experiment, and simulator study. The
evaluation of the driving simulator data includes speed limit compliance and acceleration noise.
4

Chapter five presents the conclusions and recommendations based on the findings of the online
survey, driving simulator study, and eye-tracking data.
1.5

Scope of Study

The scope of this research is to evaluate the effectiveness of an overhead sign and pavement
marking using the roadway characteristics of a selected school zone located in a suburban area of
the municipality of Aguadilla, Puerto Rico. The selected school zone used for the experiment
performed in this research might not include all the conditions that could be present in other school
zones, particularly in urban areas. The application of the combination of enhanced TCDs used on
the simulation experiments on an actual road must follow the new TCD experimentation procedure
established in the MUTCD.
1.6

Contribution

The main contribution of this thesis is the development of a combination of pavement markings
and signage for school zones that help reduce operational speeds and bring them closer to the speed
limits. The configuration developed was evaluated by analyzing the speed distribution and
acceleration noise in five zones of interest that encompasses the whole school zone (from free flow
conditions before the school zone to the end of the school zone). An important advantage of using
driving simulation is that it allows us to evaluate possible solutions without endangering human
life. In this thesis, the study of the effects of the new signage configuration was performed by
simulating real-life characteristics of a school zone in the UPRM’s simulation laboratory.
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Another contribution corresponds to using a linear mixed model (LMM) to evaluate and better
understand the changes of the mean speed including the effects of the variables used in the
experiment such as configuration, traffic, vehicles parked on shoulder, presence of pedestrians,
gender, and age of the subjects evaluated.
Finally, the eye tracker used in this thesis contributed to the understanding of driver behavior. A
comparison of the eye tracker data for the current signage and the new signage configuration was
conducted. The analysis of the eye tracker data complemented the analysis of the explanatory
variables to better understand the relationship between looking at the signage and the speed
reduction. The evaluation of the proposed combination of signage and pavement marking reveals
the need for modifications to the usual road elements to obtain a positive effect on driver
performance.
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2

CHAPTER- LITERATURE REVIEW

This chapter presents the literature review for this study. It focuses on four major topics: definition
of a school zone, signage and pavement markings, speed limit compliance, and the use of driving
simulators.
2.1

School zone

The MUTCD defines a school zone as a “designated roadway segment approaching, adjacent to,
and beyond school buildings or grounds, or along which school-related activities occur” (12). The
length of school zones, criteria for signage and pavement markings, and speed limit regulations
used in school zones vary by state and territory. These can also vary for different types of roads.
The MUTCD recommends but does not require the use of speed limit signs for school zones.
The Puerto Rico Highway Design Manual (PRHDM) indicates that school zones are “established
by painting a yellow line 30 cm wide at a distance of 50 meters from both sides of the entrance to
a school adjacent to a street or highway.” Law 22-2000 of Puerto Rico established that for rural
areas the speed limit is 25 mph, and for urban areas, the speed limit is 15 mph. The PRHDM has
not been updates since 1979, to address changes it includes a disclaimer that every modification
made to the MUTCD must be followed, and the Puerto Rico Highway and Transportation
Authority (PRHTA) have develop design guidelines, and blueprints models for substantial
modifications that must be followed. The PRHDM manual also states that S1-1 signs shall be
installed in advance of established school zones in each direction of travel at no less than 90 meters,
nor more than 120 meters. A school crossing is established by using a School Cross Walk (S2-1)
7

sign alongside regular pedestrian crossing pavement markings. An S1-1 sign shall be used in
advance of the School Crossing sign (11, 13).
The State of Florida stipulates school zone speed limits as follows:
A school zone speed limit may not be less than 15 miles per hour except by local regulation.
No school zone speed limit shall be more than 20 miles per hour in an urbanized area, as
defined in s. 334.03. Such speed limit may be in force only during those times 30 minutes
before, during, and 30 minutes after the periods of time when pupils are arriving at a
regularly scheduled breakfast program or a regularly scheduled school session and leaving
a regularly scheduled school session (14, 15).
Nevertheless, the two jurisdictions presented all included school signage at the beginning of the
school zone and the end of the school zone as established by the MUTCD.
2.2

Signage and Pavement Markings

The MUTCD states that if a school zone area is designated under state or local statute, an S1-1
school zone sign shall be installed at the beginning of the zone and the End School zone (S5-2)
sign, shall be installed at the end of the school zone (12). The S1-1 sign also has an optional
complementary sign that indicates a school zone is ahead. It may include an arrow and the distance
left before entering the zone. Table 2-1 shows the signs mentioned across this document. The
school zone speed limit sign or S5-1 is considered as complementary to the required school zone
signs in the MUTCD, specifically to standardize signage for the school zone areas. The MUTCD
incorporates the use of the pavement marking word “SCHOOL” as an option for the designer as
shown in Figure 2-1. The minimum height of the text is 10 ft, and it can occupy the lane approach,
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or if there is more than one lane per approach, it can be accommodated for each lane or occupy
both lanes as shown in Figure 2-1. Every school zone should be identified as established by the
MUTCD, but it is not required by regulatory speed limit signs and pavement markings. Every state
or territory has the choice to implement the regulations as suitable for the existing geometric and
operational conditions in the school area. This choice deviates from the uniform essence of the
MUTCD and could result in different signs and pavement marking configurations used by every
state. Another important concept for signage evaluation is the sight distance and perception and
reaction time, both crucial to life-threatening situations. Drivers need decision sight distances
whenever there is a likelihood for error in either information reception, decision making, or control
actions (16).

Figure 2-1. Accommodation Options of the Pavement Marking “SCHOOL”
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Table 2-1. Typical Signs for School Zones
Name

Code

Image

School

S1-1

MUTCD

School Ahead

S1-1 with
supplementary
plaque
W16-9p

MUTCD

School Crosswalk

S2-1

PRHDM

School Crosswalk
Warning Assembly

S1-1 with
Supplementary
plaque
W16-7P

MUTCD

Speed Limit

R2-1

MUTCD-PRHDM
(Spanish Language Sign)

S5-1 with
supplementary
School Speed Limit
plaque
S4-3P and
S4-1P

End School zone

Established by:

MUTCD-PRHDM
(Spanish Language Sign)

MUTCD-PRHDM
(Spanish Language Sign)

S5-2
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2.3

Speed Limit Compliance

Speeding in school zones is a significant and sensitive safety issue and is considered as aggressive
driving (17). The consequences of speeding in school zones make it particularly important that
additional resources be allocated to reduce speeding (18). Researchers have concluded that the
safety of a school zone requires not only the use of effective signage and strict enforcement but
also the establishment of reasonable school zone speed limits (19). In Puerto Rico, pavement
markings in school zones include a yellow line, and due to the lack of maintenance, in some cases,
they are in poor condition (20). Grant Ash suggests that a combination of effective TCDs, public
education, and appropriate law enforcement are necessary to improve speed-limit compliance in
school zones (21).
The definition and area of school zones merit consideration. One study performed in Texas found
that extended school zones do not result in lower speeds for a long distance; instead, the speeds
increased approximately 0.9 mph for every 500 ft of school zone length (22). North Carolina
placed flashing beacons on school zone signs, and results showed that there is no practical
difference in vehicle speeds between the flasher and no flasher locations during school-time hours
(23). Also, a study from North Carolina found that "Your Speed" signs have a significant reduction
in speed from 3.0 mph to 4.5 mph over a 12-month post-installation period (24). Another study
conducted by Schrader found that the speed-monitoring displays reduced an average speed of 5.1
mph in the short-term and a total of 3.6 mph in the long-term (25). A study performed in Illinois
explored the effects of a total of five school zone TCDs, namely fiberoptic signs, span wiremounted flashing yellow beacons, post-mounted flashing yellow beacons, transverse lavender
11

stripes, and largely painted legends, each one at a unique site. From these countermeasures, only
the site with the fiber-optic signs experienced a significant speed reduction at the 0.05 significance
level (26). A study from Western Michigan University found that the flashing beacons help reduce
the drivers’ speeds by 20% in the study area (27).
The AAA Foundation for traffic safety performed a survey and a study where half of the drivers
(50.3%) reported driving 15 mph over the speed limit on a freeway, and 47.6% reported driving
10 mph over the speed limit on a residential street (17). The speeding issue can be due to the
practices performed to select or determine the operational speed of a road. Currently, the 85th
percentile is defined as the operational speed, but it has been found that speed limits lower than
85th percentile speed discourage drivers’ compliance with the posted speed limit (28, 29). This
practice leads to the increase of the posted speed limit that as well increase over time the
operational speed of the road.
2.4

Driving Simulators

Driving simulators have been used to study road safety issues involving human reaction and human
responses to situations. These simulators offer researchers the opportunity to investigate how the
human performance and decisions affect the potential of crashes, and to evaluate the effectiveness
of new and future roadway elements in a secure manner, bypassing the high risk involved in field
investigations of highway fatalities (30). Different types of driving simulators are currently on the
market. Simulators vary depending on the different screen systems, the adapted audio systems,
and the simulation software that employs each element to recreate the driving experience; these
elements determine the cost, fidelity, and ambient created for the simulator. Simulation systems
12

without motion, such as desktop and cockpit simulators provide a visual experience that is close
to real life (31). This simulator does not provide drag feedback to the subject, neither movement,
but some subjects experience a movement sensation due to the visual movement of the
environment presented.
Desktop simulators consist of a set of monitors, a steering wheel, pedals, and a sound system;
cockpit simulators include these features and a vehicular seat positioned along with controls like
those found in a real vehicle. Cockpit simulators can have movements or be static. Simulation
systems with motion provide movement feedback like the one that driers feel driving.
One of the most realistic simulators that present the “real” driver experience is the National
Advanced Driving Simulator (NADS)-1 located in the University of Iowa in Iowa City. This
simulator utilizes an actual vehicle cab and projects scenery 360 degrees around the driver on the
interior walls of the dome that houses the cab. The vehicle cab is mounted on four independent
actuators that provide vibration associated with driving on different road surfaces. The entire dome
is mounted on a motion base that can independently provide yaw, roll, pitch, turning, lateral, and
longitudinal cues to the driver. All in all, the NADS-1 has a 13 degree-of-freedom motion base
(32). The driving simulator that was used in this thesis is the UPRM Driving Simulator that is
described in more detail in Chapter 3.
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3

CHAPTER – METHODOLOGY

This research evaluated the impact of the implementation of a new type of signage and pavement
marking combination and examined if it is an effective countermeasure to improve subjects’
driving behavior and overall safety in the school zone. The new signage and pavement marking
configuration was evaluated using the University of Puerto Rico at Mayagüez (UPRM) Driving
simulator. This research used various methods for the development of the research elements that
were evaluated. Figure 3-1 shows the 10 processes that were used during the development of this
research. Also, a description of the equipment used to collect the data for this research is presented
in this chapter, as well as the scenario development process, a description of the survey, and the
experimental design.

Figure 3-1. Research Methodology Flowchart
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3.1

School Selection

The school screening was performed using engineering judgment based on concepts of road safety
audits and the Highway Safety Manual (HSM). One school zone was selected for the study. A
detailed evaluation of the existing conditions at the school was performed to identify relevant
factors that affect safety. These factors were used to generate the scenarios for the simulation
experiments.
There were 1,128 public schools in Puerto Rico the year 2017. These schools provide education
from Pre-Kindergarten through 12th grade. A total of 159 or 14% of these schools are in the western
region of Puerto Rico. This region consists of 12 out of 78 municipalities of Puerto Rico, see Figure
3-2.

Figure 3-2. Puerto Rico Regions
[Source: http://www.topuertorico.org/maps/regions.gif]
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Two research projects carried out speed studies at nineteen school zones in the western region of
Puerto Rico (20, 33). These studies found a speeding problem or lack of compliance with the
school speed limits. Table 3-1 presents a summary of the results of both speed studies performed.
Considering the speeds stipulated in article 5.02 of Law 22, the results of these studies showed that
in 68% of the school zones the average speed was higher than the posted speed limit and that in
89% of the school zones the 85th percentile of the speed was higher than the posted speed limit.
Figure 3-3 show the location of the 19 schools. These authors suggested that measures to improve
speed compliance at school zones were necessary, some of the improvement suggested educational
campaigns, uniformity in the location and quantity of signage implemented in the school zones,
and maintenance of the signage and roadsides.
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Table 3-1. Spot Speeds of School Zones Located in Western Puerto Rico
Speed
Municipality Limit
(mph)

Average
Speed
(mph)

85th
Percentile
(mph)

ID

School

1

Casa del Joven

Añasco

15

25.9

29.0

2

Luis Muñoz Marín

Añasco

15

21.55

27.0

3

Charles T. Irizarry

Mayagüez

15

25.8

30.0

4

Elemental Miradero II

Mayagüez

25

22.6

28.0

5

S.U. Samuel Adams

Aguadilla

25

25.6

30.9

6

Jorge Seda Crespo

Rincón

25

21.7

26.1

7

Aurea E. Quiles High

Mayagüez

25

22.2

29.0

8

Teresita Nazario Middle

Mayagüez

25

20.2

25.0

9

James Garfield Elemental

Cabo Rojo

15

26.1

27.0

10

Monserrate León de Irizarry High

Cabo Rojo

15

20.9

35.0

11

Severo E. Colberg Ramírez

Cabo Rojo

15

20.7

31.0

12

S. U. Mildred Arroyo

Cabo Rojo

15

27.9

30.8

13

Rafael Martínez Nadal

Mayagüez

15

24.5

28.7

14

Octavio Cumpiano Font

Rincón

25

28.3

30.8

15

Conrado Rodríguez

Rincón

25

24.7

28.7

16

Dr. Carlos González

Aguada

15

24.7

28.5

17

Escuela Juana Rosario Carrero

Aguada

15

25.1

28.9

18

Secundaria Eladio Tirado López

Aguada

25

19.9

23.5

19

María D. Faría

Mayagüez

25

30.5

37.2

17

Figure 3-3. Locations of Schools Selected for Speed Studies
[image adapted from Google Maps]
3.1.1

Site Evaluation and Selection

To determine which school was going to be selected for this study out of the nineteen schools
identified in Table 3-1, crash history data with information from 2014 to 2016, AADT, maps,
results from the previous speed spot studies, and the information provided by the PR government
on which schools were slated to close were the elements examined in the selection process. The
criteria used to remove schools from consideration were the following:
18

•

schools that where closed by the Department of Education prior to 2018,

•

schools that did not have crashes during the school operating hours on weekdays and school
operating hours,

•

schools that the nearest road has an AADT of less than 20,000 vpd or that no AADT was
not available, and

•

schools that did not have direct access to the main road were the speed studies were
conducted.

A table with the information used is presented in Appendix D. Sixteen of the schools were
removed because of the type of crashes, the day when the crash occurred or if there were no
crashes in the period. Primary data included site visits to remaining schools after the initial
screening process was conducted. Using additional data a more in-depth analysis was carried
out for the remaining three schools (#5, #15 and #19). Applying concepts from Road Safety
Audits, site inspections were carried out at the schools that passed the screening process. Data
was gathered for each school including characteristics related to the signage around the school
area, pavement markings, sidewalks, the student’s drop-off/pick-up dynamics, roadways
geometry, faculty parking availability, and pavement condition, among others. This analysis
was based on the exposure of children to the main road and access to the school. Also, it was
taken into consideration the speed of the main access of the school and if the road is part of the
National Highway System (NHS). These details were used to determine which school was
going to be evaluated:
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•

Second Unit Samuel Adams (#5) only has one access point that directly leads to the PR-2.
The posted speed limit in the segment adjacent to the road is 45 mph. It is located on an
NHS roadway.

•

Conrrado Rodríguez (#15) has two access to the school both not on a local road. The speed
limit on those is 35 mph. It is not located on an NHS roadway.

•

Maria D. Faría (#19) it only has access by an adjacent local road and the school zone area
it is not directly associated with the access of the school. It is not located on an NHS
roadway.

With these details, the school selected for evaluation was #5 Second Unit Samuel Adams.
3.1.2

Description of School Selected

The Second Unit Samuel Adams school was selected for in-depth evaluation. The S.U. Samuel
Adams is located in the municipality of Aguadilla, in an area classified as rural. This school
provides education from Pre-Kindergarten to 9th grade and has an enrollment of 900 students.
Figure 3-4 shows a top view of the area where the school is located, a square demarks the school,
the oval demarks a pedestrian bridge, and the arrow demarks the entrance and only access from
the main divided arterial highway.
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Pedestrian
Bridge

School
Driveway

School
Figure 3-4. S.U. Samuel Adams School Area
[image adapted from Google Maps]

This school has direct access from the arterial highway PR-2. In this section, this highway has 2
lanes per direction, a median barrier, and a posted speed limit of 45 mph. The school is located in
a rural area. Sidewalks are only provided in the block in front of the school and on the other side
of highway PR-2 in the vicinity of the pedestrian bridge ramp. There is a pedestrian bridge with
ramp access in front of the school to allow the crossing of the PR-2 and connects the school with
its surrounding area. Also, the two directions of the PR-2 are separated by a concrete barrier that
has a 5 ft tall fence on top to eliminate the possibility for pedestrians to cross the street in that
point, forcing them to use the bridge. The cross-section of the roadway segment section of interest
of the PR-2 from 121.3 km to 123.1 km is shown in Figure 3-5.
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School

Figure 3-5. Cross-section of Highway PR-2
(Adapted from Street Mix source: https://streetmix.net)

Inside the school, there is a drop-off area that is not used as expected. The designated drop-off area
is not convenient for parents with small children because they must walk their child to the
classroom and there are no parking spots available for parents. Therefore, parents park their cars
on the shoulder of PR-2, where sometimes parents and students walk along the shoulder or near
the right lane on sections where there are no sidewalks and with vehicles parked in the shoulder
(see Figure 3-6). The main problem found in this school zone is the long line of vehicles that are
formed by parents waiting to drop-off or pick-up their children. In addition, once the child is inside
the vehicle, each driver must maneuver reversing onto the right lane of the arterial street or
unexpectedly merge onto the arterial from the shoulder, see Figure 3-6. All these maneuvers create
additional congestion and endanger the safety of all the users. Another risk is that some drivers
stop in the right lane; this is a safety concern with the high volume of trucks that travel through
the PR-2, see Figure 3-6.
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Figure 3-6. Typical Situations Observed in the SU Samuel Adams School Zone
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3.1.3

Spot Speed Study

To understand the behavior of the drivers in the school zone selected, a spot speed study of freeflow vehicles was performed. Only passenger vehicles and pick-up trucks were included in the
study. The sample size needed for the speed spot study was calculated with Equation 1, which is
used to calculate samples in traffic studies (34). This equation assumes normally distributed data
and a 1 mph maximum allowable error. Based on a 95% confidence level the sample size, n, was
calculated as:
𝑧0.95 𝜎 2
)
𝑑

𝑛=(

(1)

where:
z0.95 = 95% percentile from the normal distribution;
σ = standard deviation (mph); and
d = maximum allowable error = 1 mph.

A total of 176 observations were collected from the field. The standard deviation (σ) of the
measured speeds is 6.41 mph. Using Equation 1, a total of 158-speed measurements was required.
Since the sample size of 176 is more than 158, the minimum sample size was met. The data for
this spot speed study was collected in the east direction of the PR-2 where the main access of the
school is located. A normality test was performed to determine if the residual of the data collected
had issues with normal distribution; the results are shown in Figure 3-7. The test results confirmed
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that the speed data follows a normal distribution. The raw speed data is presented in Appendix E.
The 85th percentile for this data collected is 39 mph, see Figure 3-8.

Figure 3-7. Spot Speed Study Normality Test Results
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Figure 3-8. 85th Percentile Speed Diagram at School Zone

Based on the findings, 85% of drivers selected speed of 39 mph or lower. The mean speed of the
data collected is 33 mph. This represents an issue because the speed limit at the school zone is 25
mph, and the operating speed is 14 mph over the speed limit. The average of drivers drove 8 mph
above the speed limit. Only 10% of drivers selected a 25 mph or lower, representing 90% of noncompliance in a school zone.
A one-sample t-test was performed to verify that the data was different to 25 mph. Equation 2
presents the hypothesis tested. The results showed that there is a significant difference with respect
to 25 mph, and is was larger than 25 mph, see Appendix E for detailed results.
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𝐻0 : 𝜇 = 25
(2)
𝐻1 : 𝜇 ≠ 25

3.2

Survey

A survey was conducted in Puerto Rico to assess the knowledge of the driving population about
signage and pavement markings, school zones, and driver speed compliance. In this survey, several
options were presented with combinations of signage and pavement markings to understand the
preferences of the surveyed on which they get better informed. The survey had six sections; these
sections included questions related to demographic information, school transportation information,
school zones related information, road sign knowledge, preference of signage alternatives, and
preference of combination of alternatives. Puerto Rico drivers were the target population for this
survey. According to the 95% confidence interval on the normal approximation to a binomial
proportion and a 5% margin error, the sample size required was 385 subjects based on Equation 3,
𝑧0.95 2 × 𝑝(1 − 𝑝)
𝑒2
𝑠𝑎𝑚𝑝𝑙𝑒 𝑠𝑖𝑧𝑒 =
2
𝑧
× 𝑝(1 − 𝑝)
1 + ( 0.95 2
)
𝑒 𝑁
where:
N= population size=3,000,000;
e= margin error,
z0.95= z-score, and
p= proportion=0.5.
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(3)

The two main information elements extracted from the survey answers where the knowledge of
drivers about the safe operation along a school zone and their stated preference about the
effectiveness of road signs and pavement markings in the school zone. The results are presented
in Chapter 4, and a sample and the summary of the survey is presented in Appendix F.
3.3

Equipment

This section presents the details of the equipment used for different sections of the research. The
equipments are: speed radar, a driving simulator, and an eye tracker.
3.3.1

Speed Radar

A speed radar Pro 30 Laser III by Kustom Signals was used to collect data to understand the road
user behavior at the school zone. This speed gun has a speed-accuracy or precision of +/- 1 mph
(+/- 2 km/h).
3.3.2

Driving Simulator

The UPRM driving simulator used in this study is shown in Figure 3-9. The driving simulator
consists of a desktop simulator configured as a portable cockpit simulator with three main
components: a driving cockpit, visual display, and a computer system. The driving cockpit consists
of a car seat, steering wheel, gear shifter, two turn signals, and the acceleration and braking pedals
all mounted in a wooden base that has six wheels; making it compatible with mobile applications.
The visual display consists of three overhead projectors and three screens that generates 120
degrees of road visibility at 1080 pixels resolution. Finally, the computer system uses a laptop and
a desktop computer with Realtime Technologies Inc. (RTI) SimCreator/SimVista version 3.0
simulation software and an audio system that represents the vehicle and environment noises. This
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equipment can recreate a real-life roadway scenario. The variables that were used from the
simulator are speed, acceleration, and position. This variable help understand the driver behavior
while driving through the scenarios.

Figure 3-9. UPRM Driving Simulator
3.3.3

Eye Tracker

A Pupil Headset was used in this study to capture eye movements of subjects using the driving
simulator. The frame holds two cameras on the right side of the glasses, one to record the field of
view and the second one to record the eye movements (35). A representation of the eye-tracker
equipment is shown in Figure 3-10. It was used to identify if the drivers looked at the simulated
road signage and pavement markings presented to them in the simulator. The data recorded from
the eye tracker was a response of 0 if it did not look at the element or a 1 if the subject looked at
the element. The elements of interest were: 45 mph sign, advance school zone sign, speed limit
sign of 25 mph, and the pavement marking at the beginning of the school zone.
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Figure 3-10. Pupil Labs Eye Tracker Equipment
[Source: Pupil-Labs®, 2019]

3.4

Experimental Design

The experimental design is based on a general full-factorial design with a block. The factorial is
based on a 2x2x3 design with block and a random factor. The three factors are traffic, the presence
of pedestrians, and vehicles parked on shoulder. The block is the signage and pavement marking
that is called configuration. The combination of TCDs that were used for Configuration 2 was
identified using the survey responses. Within these scenarios, the traffic flow, pedestrian presence,
and roadside vehicles vary as presented in Table 3-2. These parameters assist us in better
understanding the behavior of the drivers in different real-life scenarios without endangering
subjects. A total of 24 scenarios were developed to explore the effectiveness of the proposed
signage and pavement marking countermeasures. These scenarios are divided into two sets: 12
scenarios for the current road conditions (Configuration 1) and 12 scenarios for the proposed
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signage and pavement markings (Configuration 2). The summary of the scenarios is shown in
Table 3-3. The order of the scenarios observed by each subject was random. This was done to
eliminate the effects of the learning curve and fatigue.
Table 3-2. Description of Factors for Simulation Scenarios
Variable
Name

Description

Factor,
Block or
Response

Traffic

Ambient traffic
(presence of
other vehicles in
the simulation.)

Factor

Categorical

Fixed

1. Yes
2. No

Pedestrians

The presence of
kids and adults.

Factor

Categorical

Fixed

1. Kids
2. Kids with
Adults
3. No
Pedestrian

Vehicles
parked in
shoulder

Vehicles stopped
in shoulder to
represent the
behavior of a
parked vehicle to
drop/pick
students.

Factor

Categorical

Fixed

1. Yes
2. No

Configuration

N/A

Block

Categorical

Fixed

1. Actual
2. Proposed
Condition

Subject

Driver that is
being evaluated
or studied.

N/A

Numerical

Random
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Numerical or Fixed or
Categorical Random

Levels

1 to 36

Table 3-3. Experimental Scenarios

Scenario
1
2
3
4
5
6
7
8
9
10
11
12

Pedestrians
Kids and Adults
Kids and Adults
Kids and Adults
Kids and Adults
None
None
None
None
Only Kids
Only Kids
Only Kids
Only Kids

Factors
Parked
Vehicles
Yes
Yes
No
No
Yes
Yes
No
No
Yes
Yes
No
No

Traffic
Yes
No
Yes
No
Yes
No
Yes
No
Yes
No
Yes
No

The zone of interest is the area where the drivers were evaluated, based on the response variable.
There are five zones of interest. Zone 0 refers to the segment of the road where the subjects are
traveling at 45 mph, before the school zone signage and pavement markings. Zone 1 is the area
prior to the school zone warning sign. Zone 2 corresponds to the area between the school zone
warning sign and the school speed limit sign (roadside or overhead, respectively). Zone 3
corresponds to a location near the school driveway where one pedestrian walks on the shoulder
near the right travel lane in the direction toward the oncoming traffic. Vehicles parked at an angle
in the right shoulder are also present in this zone. Zone 4 represents the end of the school zone
identified with the last traffic control device on each configuration. Figure 3-11 shows the relative
location (in meters) of the five zones of interest for the two configurations evaluated in the
simulation experiment. The traffic flow of the subjects is presented from right to left in the figure,
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as indicated with black arrows. The descriptions of the response variables are shown in Table 3-4.
This research focused on three main variables: speed, acceleration noise, and speed differential.
Speed is a variable that allows to understand how subjects behave with respect to other vehicles
since speeding is one of the top concerns that affect crashes. The acceleration noise variable helps
understand how subjects accelerate and decelerate across the scenario and has been related to
highway safety by previous researchers, has been used as a surrogate measure for crash frequency
and a potential indicator of traffic flow quality that can be experienced by individual drivers (36,
37). The acceleration noise it is used to understand the variance of the acceleration. The effect of
sudden decelerations or accelerations is dangerous to other drivers. Speed differential is
determined to understand the effect of the proposed combination and if there is a change in speeds.
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Figure 3-11. Zone of Interest in Each Configuration
(A) Configuration 1, B) Configuration 2)
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Table 3-4. Description of the Responses
Variable
Name

Description

Numerical or
Categorical

Speed

Mean speed of each individual vehicle inside the zone of
interest (in miles per hour).

Numerical

Acceleration
Noise

Standard deviation of the acceleration of each individual
vehicle inside the zone of interest (in meter per second2).

Numerical

Speed
Differential

Difference between the mean speed of the individual
vehicle and the posted speed limit in the zone of interest
(in miles per hour).

Numerical

3.5

Scenario Development

The virtual scenario development process is completed in six steps. Figure 3-12 shows the six steps
process used to create the base scenario.

Figure 3-12. Scenario Development Flowchart
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First, the site inspection was conducted, video and pictures were recorded to identify road
characteristics and traffic signage. Second, aerial images were obtained from Google Maps; these
images help generate road geometry in the AutoCAD software. After the road geometry is
completed, the file is imported to Sketch-Up. Sketch-Up allows to add the corresponding textures
to the road elements, and to incorporate pavement markings. 3D elements are also created in
Sketch-Up like sidewalks, pedestrian bridges, and walls. When the model is completed, the SketchUp file is exported as a Collada File (.dae) which is then imported into Blender. In Blender, the
Sketch-Up file (.dae) is converted into a (.wrl) file extension, which is the file extension that the
simulator software, Internet Scene Assembly (ISA), supports. After the model is converted the
ambient elements like trees and buildings are added to the ISA program. Once all these 3D
elements are finished, the ambient traffic is added to the model alongside any element that may be
required for the study. Figure 3-13 shows the final geometry completed in AutoCAD. Figure 3-14
shows the top view of the design in Sketch-Up. Figure 3-15 shows the top view of the scenario in
ISA.
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Figure 3-13. Top View of Scenario in AutoCAD

Figure 3-14. Top View of the Base Scenario in Sketch-Up
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A.

B.

C.
Figure 3-15. Top View and Simulation Perspective of the Configurations in ISA
(A. Simulation Top View, B. Configuration 1, C. Configuration 2)
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3.6

Data Collection and Subject Recruitment

As part of the experiment, subjects were recruited from the UPRM Community. For the process
of subject recruitment, an informative communication was sent via email through the UPRM email
system and flyers were posted around Campus. The flyer is presented in Appendix A. Also, the
information was shared via social media. For participation, the subjects had to schedule a visit to
the Transportation Laboratory, and when they arrived they were presented with instructions. The
consent form is presented in Appendix B.
3.7

Analysis

The analysis performed for this research were done using R and Minitab. R was used to manage
the data and evaluate linear models for Mean Speed, Acceleration Noise, and the Eye Tracker.
Minitab was used to perform the hypothesis testing.
3.8

Conclusions and Recommendations

After the corresponding analysis were completed, the corresponding conclusions and
recommendations about the user preferences and performance on school zones were discussed.
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4

CHAPTER –ANALYSIS AND RESULTS

This chapter includes the analysis performed for eye-tracking data and simulation data. The
analysis would include the results with the factors that affect the response variables. Also, it would
include the results and discussion corresponding to each variable for the eye tracker and the
simulation data.
4.1

Online Survey

An online survey was distributed via email to the UPRM community and on social media to
evaluate drivers’ knowledge and behavior around school zone areas. The survey consisted of four
sections: demographics, school transportation, school zone, and signage. A total of 196 responses
were received for the survey during a period of 45 days. Invitations were sent twice to all the
UPRM community using the university email system and social media outlets. A minimum
requirement of 385 responses was calculated using Equation 2 to meet a 95% confidence level and
5% margin of error. The number of responses received explains the population representation with
90% confidence and an error of 6%. None of the questions were mandatory; for this reason, the
total responses for each question may vary. The survey questionnaire and summary of responses
are shown in Appendix F.
4.1.1

Demographics

The subject demographics section includes questions about age, gender, and other information
regarding their usual daily driving. This section also inquired if the survey subjects drove through
a school zone on their daily commute.
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The gender distribution included 32.1% males and 67.9% females. Age was categorized into three
groups: 18-25 years old, 26-40 years old, and 41-75 years old. The subjects’ age distribution was:
32.6% for the group of 18-25 years, 24.5% for the group of 26-40 years, and 42.9% for the group
of 41-75 years. See Table 4-1 for details.
Table 4-1. Age and Gender Distribution
Age Group
18-25
26-40
41-75
Total

Female
40
29
64
133

Male
24
19
20
63

Total
64
48
84
196

Only 1% of the subjects indicated not having a valid driving license, or they did not provide an
answer. Most of the respondents (83.7%) indicated they drive through a school zone daily;
whereas, 13.8% do not drive through a school zone, and 2.5% did not answer the question.
4.1.2

School Transportation

This section of the survey was answered only by the subjects that indicated having school-age kids
or those who indicated they transport children to a school. Only 50 subjects that indicated having
children of school age were asked to answer the questions of the following section. The first
question asked the type of school the kids currently go to. A summary of the responses is presented
in Table 4-2. In this case, 100% of the children are exposed to road traffic situations, either as
pedestrians, bicyclists or as vehicle passengers.
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Table 4-2. Survey Response About School Type

Elementary School
Middle School
High School

Public School
9
7
9

Private School
17
13
10

Homeschooling
0
0
0

Pick-up & drop-off zones in schools is a safety concern. Fifty-six percent of the subjects surveyed
stated that there is a pick-up & drop-off zone in the school. What happened to the rest of the schools
of the 44% of the sample? This situation is of concern due to the exposure kids will have to the
main road or access to the school. This endangers not only the students but also teachers and
parents that must be extra cautious in these areas. In general road users are exposed to dangerous
situations that could be prevented with a structured pick-up and drop-off system in all schools.
Taking into consideration crashes it was asked if they were involved in a crash traveling to or from
school, and 75.1% did not answer the question. Only 1.5% answered that they have been involved
in a crash. Do the surveyed try to hide if they have been involved in a crash on their way to school
or they just have not been on a crash traveling to and from school? Either way, understanding those
crashes could help in the decision of implementing possible solutions. No one should be involved
in any crash, and much less if those crashes can be prevented (e.g. human errors).
4.1.3

Operating Rules on School Zones

This section presents the results of the questions related to the school zone to understand the needs
and understanding of road users. The drivers were asked if they think that applying a reduced speed
limit in the proximity of a school would be an effective road safety measure. This question was
focused on understanding the perception of safety based on the academic level of the school. A
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summary of these responses is shown in Table 4-3. The respondents recognize that if a school is a
high school the effect of a speed limit signage is reduced. This can be because young adults are
perceived to be more capable of recognizing road dangers.
Table 4-3. Perception of the Effectiveness of Applying a Reduced Speed Limit in the
Proximity of a School

Elementary
School
Middle School
High School
K-12

Yes (%)

No (%)

Not Sure (%)

Total of
Answers

87.34

8.86

3.80

158

80.65
75.00
80.79

12.90
17.11
11.26

6.45
7.89
7.95

155
152
151

Regarding questions about traveling habits in school zones, the subjects surveyed answered that
for urban areas, 51% travel above the speed limit and, for rural areas, 9% indicated traveling above
the speed limit. Regarding their knowledge about the statutory speed limit for school zones, 25%
did not know the statutory speed limit in urban areas, and 70% did not know the statutory speed
limit in rural areas. This situation is of concern because lack of knowledge about reductions of the
speed limit could lead to higher variability of speeds causing rear-end crashes if a vehicle reduces
its speed, while the driver behind does not reduce. Figure 4-1 and Figure 4-2 show the summary
of responses to the three questions discussed for urban and rural school zones. Based on these
responses, it is noticeable that there is a driver lack of knowledge about school zones speed limits.
There is a need for educational training for speeds in school zones.
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Urban School zone

100%
95%
90%
85%
80%
75%
70%
65%
60%
55%
50%
45%
40%
35%
30%
25%
20%
15%
10%
5%
0%

Speed They Travel

Statutory Speed Limit

Their Recommended Speed
Limit

10mph

15mph*

20mph

25mph

30mph

Higher than 30mph

Don't Know/didn't answer

Figure 4-1. Stated Preferences and Knowledge of Speeds Along Urban School Zones

Rural School zones
100%
95%
90%
85%
80%
75%
70%
65%
60%
55%
50%
45%
40%
35%
30%
25%
20%
15%
10%
5%
0%

Speed They Travel

Statutory Speed Limit

Their Recommended Speed
Limit

10mph

15mph

20mph

25mph*

30mph

Higher than 30mph

Don't Know/didn't answer

Figure 4-2. Stated Preferences and Knowledge of Speeds Along Rural School Zones
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4.1.4

Road Signage on School zones

This section includes the responses to the survey questions addressing signage understanding and
effectiveness of combinations. It includes school zone signage, pedestrian crossing signage, and
speed limit. Subjects were shown three different roadway signs and asked to identify the correct
meaning out of five options. Two of the signs were related to school zones, and the third sign was
the crosswalk sign. Table 4-4 shows each sign with the participants’ responses to each option. The
School Zone and the School Crosswalk signs were identified correctly by 48.9% and 43.8% of the
participants, respectively. In contrast, the Pedestrian Crosswalk sign was identified correctly by
98.5% of the participants.
The subjects’ preference of four different combinations of signage and pavement markings for
identifying a school zone were also evaluated in the survey. Figure 4-3 shows the types and
sequence of the TCD’s included:
•

Pavement marking before the school zone with the word “SCHOOL” or no pavement
marking,

•

Fluorescent-green school sign or yellow school sign,

•

Overhead speed limit sign with flashing beacons or roadside speed limit sign, and

•

End of school zone sign alone, or the “END OF SCHOOL ZONE” sign with a yellow
pavement line.
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Table 4-4. Knowledge About Meaning of Roadway Signs
Participants Responses per Roadway Sign (%)

Options
School zone
Sign

Pedestrian
School
Crosswalk Sign Crosswalk Sign

Presence of a
Crosswalk
School
school zone
ahead
crosswalk here
ahead
Pedestrian Crosswalks
16.3
98.5
21.9
School zone
48.9
0.0
18.4
Family Crosswalk
9.2
0.0
10.7
School Crosswalk
24.5
0.5
43.9
Other/Didn’t Answer
1.1
1.0
5.1
Note: The shaded cells correspond to the correct meaning of the sign.
Correct Meaning
of the Sign

Figure 4-3 shows the combination of TCD’s used in the survey. Subjects were asked to rate each
combination as desirable, neutral, or undesirable on whether the combination conveyed the most
useful information to the driver regarding the school zone.
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Figure 4-3. Combinations of Signage and Pavement Markings

Figure 4-4 shows the responses for each combination of TCD’s. For Combination C, 87.4% of the
subjects indicated that was the most informative. This combination included the “SCHOOL”
pavement marking, the fluorescent-green school sign, the overhead speed limit sign, and the “END
OF SCHOOL ZONE” sign.
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Figure 4-4. Stated Preference for the Combinations of Traffic Control Devices

Based on these results, an overhead regulatory sign was designed using the MUTCD as guidance.
The sign is presented in Figure 4-5. The regulatory sign has the white background color with a top
stripe with the fluorescent green background color identifying the sign related to a school zone as
established in the 2009 MUTCD. The legend is written in Spanish as “ZONA ESCOLAR” in the
top stripe and “VELOCIDAD MAXIMA 25 CON LUZ INTERMITENTE” in the main sign body.
This legend is translated to English as “SCHOOL ZONE”, and “MAXIMUM SPEED 25 WHEN
FLASHING,” respectively. The sign was complemented with four flashing beacons (two on the
top and two on the bottom) and pavement markings as established in the MUTCD Part 7 Traffic
Control for School Areas.
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Figure 4-5. Proposed Overhead Sign

4.2

Eye Tracking Response Evaluation

A total of 17 subjects were evaluated using the eye tracker, eight for Configuration 1 and nine for
Configuration 2. The age and gender distribution of the subjects used for the eye-tracker
experiment were: one female and four males in the 18-25 years old range, three females and four
males in the 26-40 years old range, and four females and one male in the 41-75 years old range.
The eye-tracking data was collected for subjects that did not use eyeglasses to drive. For
Configuration 1 a total of 88 observations were collected from 8 subjects and for Configuration 2,
95 observations were collected. Figure 4-6 shows a screen capture of a video of a simulation run
with the eye-tracking process. The red dot with a green circular shade presents the location of the
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right eyesight of the subject. The red dot represents the center of the pupil, and the green shade
represents the error accepted of the 20mm radius.

Figure 4-6. Screen Capture the Eye-Tracking Data Collection
The eye-tracking data recorded for this project is a binary response of yes (1) or no (0). Considering
that the data has a binary format, success was defined as 1 if the subjects saw the element;
otherwise, it was defined as a 0 (Failure). Four road elements were included in this experiment:
•

the 45 mph highway speed limit,

•

the school zone warning sign,

•

the 25 mph school speed limit (roadside location vs. overhead location with flashing
beacons), and
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•

the pavement markings indicating the start of the school zone (yellow traverse line vs.
SCHOOL pavement word marking.)

Table 4-5 presents the summary of the data gathered for the posted speed limit sign of 25 mph.
Table 4-5. Eye Tracking Data for the 25 mph Speed Limit Sign
Configuration 1
45
43

Success
Failure

Configuration 2
53
42

A generalized linear mixed model (GLMM) based on the logit transformation was generated for
the evaluation of the overhead sign to identify which factors affect the probability of seeing the
TTC. A model was generated using the general form presented in Equation 4. This model only
takes into consideration the main factors from the experimental design and information from the
age and gender of the subjects. All the factors considered in the model are fixed. The detailed
outputs of the model are presented in Appendix G. The model is used to explain the factors that
affect the response variable. The model should not be used to predict the response, these models
where used to access the effect of the factors on the response. The general form of the model is
presented in Equation 4 states the probability of a driver seeing the element:
𝑦̂ =

1

,

1+𝑒𝑥𝑝[−(𝛽0 +𝛽1 𝑋1 +⋯+𝛽𝑛 𝑋𝑛 )]

(4)

where: 𝛽0 represents the intercept, 𝑋𝑖 represents the main effect, and 𝜀𝑖𝑗 is the error term. The
coefficients for the model that explains the probability of drivers seeing the 25 mph school zone
speed limit are presented in Table 4-6. The only fixed effect that affects seeing the sign is traffic.
The presence of traffic reduces the chance of seeing the sign. This could be due to drivers paying
attention to the vehicles interacting with them. The marginal R2 does not take into consideration
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the random effect of the subject, in the conditional R2 takes into consideration the random effect
of the subject. This allows to explain the significant effect of the driver-to-driver variability in the
model. The random effect of subject explains 65% of the total variability.
Table 4-6. 25 mph Sign Estimates for Linear Predictor
25 mph School zone Speed Limit Sign
Predictors
(Intercept)
Traffic Yes
Random Effects
σ2
τ00 Subject
ICC
N Subject
Observations
Marginal R2 / Conditional R2

Estimates
0.68
-0.81

Odds Ratios
1.99
0.44

CI
(0.83, 4.78)
(0.22, 0.89)

p-Value
0.125
0.022

3.29
2.15
0.40
17
183
0.030 / 0.414

Based on this analysis, it can be determined that different factors affect where the drivers focused
their sight on the road. Table 4-7 presents a summary of the factors that affect significantly seeing
the elements of interest. The factors evaluated were age, gender, traffic, and configuration. The
models were reduced to include the factors that affect seeing the signage or markings at a 0.10
significance level. The simulation presents different events drivers encounter in his or her journey,
different situations or presence of elements may intervene with the attention of the drivers. For the
posted speed limit sign of 45 mph, the significant factor that affects seeing the element is traffic.
In terms of pavement markings at the beginning of the school zone, there is no difference if it is
the word “ESCUELA” or if it is the yellow line across road lanes. The probability of seeing this
element is significantly affected by the gender of the subjects. The negative sign in this case,
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indicates that males look less at the pavement marking than females. The R2 conditional includes
the random effect of the subject. The analysis for these elements are presented in Appendix G.

Table 4-7. Significant Factors that Affect the Probability of a Subject Seeing a Roadway
Element

Element
45 mph Highway Speed Limit
Sign
School Zone Roadside Warning
Sign
25 mph School Speed Limit
(Roadside vs Overhead)
School Zone Pavement Marking
(Traverse Line vs. Word
Message)

Significant Factors
that Affects the
Response Element in
the GLMM

Coefficient

R2
Conditional

Traffic

-0.65

0.19

Intercept

-0.94

0.36

Traffic

-0.81

0.41

Intercept
Gender

2.33
-1.62

0.28

A proportion hypothesis test was performed to evaluate the effect of the overhead sign comparing
configurations with the 25 mph sign, to determine if there is a significant difference in the instances
the subjects successfully see the signage, see Equation 5. There was not a significant difference
when comparing configurations for the speed limit sign of 25 mph (e.g. Configuration 1, side of
the road sign (C1, 25); Configuration 2, Overhead sign (C2, 25)).
Table 4-8 present the data used for this comparison. There is an increase of 9% of seeing the
overhead sign in Configuration 2 when compared to the side of the road sign in Configuration 1.
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𝐻0 : 𝑝C1,25 − 𝑝C2,25 = 0
(5)
𝐻1 : 𝑝C1,25 − 𝑝C2,25 ≠ 0

Table 4-8. Eye-tracking Between Configurations Speed Signs Results
Element
Speed School Zone Sign 25 mph Side of the
Road (Configuration 1)
Speed School Zone Sign 25 mph Overhead
(Configuration 2)

Successes

Failures

45

43

53

42

Also, a proportion test was performed to evaluate the side of the road sign vs the overhead sign
within the Configuration 2, see Equation 6.

Table 4-9 present the eye-tracking data for Configuration 2 for the 45 mph sign (e.g. C2, 45) located
at the beginning of the simulation and the 25 mph sign (e.g. C2, 25) located at the beginning of the
school zone.
𝐻0 : 𝑝C2,45 − 𝑝C2,25 = 0
(6)
𝐻1 : 𝑝C2,45 − 𝑝C2,25 ≠ 0

Table 4-9. Eye-tracking Configuration 2 Speed Signs Results
Element
Posted Speed Limit Sign 45 mph
Speed School Zone Sign 25 mph Overhead

Successes
31
53

Failures
64
42

The comparison was made between the speed limit sign of 45 mph located at the side of the road
at the beginning of the simulation vs the overhead school speed limit sign, the result show that
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there is a significant difference at a 0.05 significance level on the instances the subjects see the
overhead sign, the p-value of the result is 0.001. There is an increase of 70.9% of seeing the
overhead sign vs the side of the road 45 mph sign. This result represents that when evaluating the
same individual, not individuals across samples, there is a higher probability of the driver seeing
the overhead speed limit sign with flashing beacons than the roadside speed limit sign. The
overhead sign was designed with dimensions of 22.5ft wide and 9.5ft height to provide a size that
captures the attention of drivers. The overhead sign dimensions were on MUTCD specifications
and developed with the software GuideSIGN®. The proposed sign used for Configuration 2 is
presented in Figure 4-7. Additional details are presented in Appendix H.

Figure 4-7. School Zone Overhead Sign Dimensions
To evaluate in which configuration subjects see more the four elements of interest a large sample
z-test approximation was performed. The results are presented in Table 4-10. There is a statistical
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difference between configurations, in Configuration 1 the subjects see more the signage and
pavement markings.
Table 4-10. Z-test Results for TCDs Between Configurations
Z-Test: Two Sample for Means
Variable 1
Mean
0.4914
Unknown Variance
0.0796
Observations
88
Hypothesized Mean Difference
0
z
2.0789
P(Z<=z) one-tail
0.0188
z Critical one-tail
1.6448
P(Z<=z) two-tail
0.0376
z Critical two-tail
1.9599

4.3

Variable 2
0.4052
0.0773
95

Simulation Results

This section includes an analysis to understand the behavior of individuals throughout the
simulation. This section presents the analysis performed on the data collected from the simulator.
The analysis presented in this section are for the variables mean speed, speed compliance, and
acceleration noise. For the simulation study, a total of 36 subjects were evaluated, 18 for each
configuration. Table 4-11 shows the contingency table for the distribution of age group and gender
among participants.
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Table 4-11. Subject Demographics
Age Range
18-25
26-45
>46
Total

4.3.1

Female
6
6
6
18

Male
6
6
6
18

Total
12
12
12
36

Mean Speed by Zone

To evaluate mean speeds in the simulator, data was recorded for five zones; these zones were
previously explained in detail in Chapter 3. A LMM with random effects was estimated to evaluate
the effect of the factors in the mean speed of drivers (38). For the evaluation of the factors, a
traditional approach was followed, the predictive performance of the model was poor and its
underlying assumptions (more specifically, constant variance) were not satisfied. Then the
evaluation of the following model reduced the need for strict assumptions and allow us to introduce
the mixed effect and interactions. This model was generated in R using the “lmer” in the ‘lme4’
library (39, 40). The model is used to explain the factors that affect the response variable. This
model should not be used to predict the response, because this model is focused on simulated data
of the situations encountered in the school studied, further analysis should be made to generate a
predictive model. The model for mean speed is given by:
𝑦 = (𝛽0 + 𝑏0𝑖 ) + 𝛽1 𝑋1 + ⋯ + 𝛽1,2 𝑋1 𝑋2 + ⋯ + 𝛽𝑛−1,𝑛 𝑋𝑛−1 𝑋𝑛 + 𝜀𝑖𝑗 ,

(7)

where: 𝑏0𝑖 represents the random effect of the subject as an intercept, 𝛽0 represents the intercept,
𝑋𝑖 the main effect, and 𝜀𝑖𝑗 is the error. In terms of the effects that were included in the model, the
main effect terms that are not significant were included if the two-way interaction was significant.
This model is generated for free-flow speeds and, thus, none of the scenarios with traffic were
57

included. This model is presented in Equation 7 with main effects, random effects, and two-way
interactions with a significance level of up to 0.10. Table 4-12 presents the model results with
detailed coefficients.

Table 4-12. Mean Speed Linear Mixed Model Results

ID
β0
X1
X2
X3
X4
X5
X6
X7
X8
X9
X10
X11
X12
X13
X14
X15
X16
X17

Mean Speeds (mph)
Predictors
Estimates
CI
(Intercept)
43.64
37.87 – 49.41
Configuration 2
-0.18
-4.24 – 3.88
Zone 1
-2.96
-6.18 – 0.27
Zone 2
-7.66
-10.88 – -4.43
Zone 3
-9.22
-12.44 – -5.99
Zone 4
-8.64
-11.86 – -5.41
Vehicle Parked on Shoulder Yes
-1.05
-1.78 – -0.33
Ped None
2.12
1.24 – 3.01
Ped Kids and Adults
-0.02
-0.91 – 0.86
Age
-0.02
-0.16 – 0.12
Configuration2:Zone1
-1.28
-3.57 – 1.00
Configuration2:Zone2
-0.10
-2.38 – 2.18
Configuration2:Zone3
0.88
-1.40 – 3.17
Configuration2:Zone4
3.11
0.82 – 5.39
Zone1:Age
-0.12
-0.20 – -0.04
Zone2:Age
-0.13
-0.20 – -0.05
Zone3:Age
-0.16
-0.24 – -0.08
Zone4:Age
-0.15
-0.23 – -0.07
Random Effects
σ2
36.51
τ00 Subject
32.50
ICC
0.47
N Subject
36
Observations
1076
Marginal R2 / Conditional R2
0.322 / 0.641

p
<0.001
0.931
0.072
<0.001
<0.001
<0.001
0.004
<0.001
0.956
0.828
0.270
0.931
0.448
0.008
0.004
0.002
<0.001
<0.001

In terms of the model, positive signs indicate an increment in mean speed and negative signs
indicate a reduction in mean speeds. In terms of the main effects, vehicles parked on shoulder help
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reduce the mean speed. In terms of the interaction effects, the interaction between each zone with
gender as male indicates an increase in mean speeds for male subjects. In the interaction between
each zone and age, the mean speed decreases with driver age. In terms of the interaction of
Configuration 2 and each zone, the mean speed decreases for Zones 1 to 3 and increase for Zone
4 at the end of the school zone, this is due to the speed limit in the main road of 45 mph. The
configuration is not statistically significant, but the coefficient in the model indicates a reduction
in mean speed.
A representation of the combination of variables is shown in Figure 4-8. This figure presents
Scenario 10, which has no traffic, Vehicles parked on shoulder, and the presence of pedestrians as
only kids; comparing both Configurations 1 and 2 for the five zones of interest across the scenario.
Figure 4-8 also presents the mean speeds for each subject in the location of each zone. The speed
difference is used to compare the mean difference of subject between configurations for each
scenario. It can be noticed that more subjects in Configuration 2 lower their speeds to 25 mph or
lower. Also, it can be seen the tendency of reducing their speed as they travel through the school
zone. Lower speeds on the school zone can be related to a reduction in the severity of potential
crashes, therefore reducing the probability of fatalities. On the other hand, higher variability in
vehicle speeds is related to a higher possibility of interactions between vehicles, which could cause
more crashes (41).
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Figure 4-8. Subject Speeds by Configuration for Scenario 10
4.3.2

Speed Compliance

For the speed compliance analysis, a one-sample t-test was performed for each configuration in
Zone 0 and Zone 3. Zone 0 corresponds to the free-flow conditions at the posted speed limit of 45
mph. Zone 3 represents the area after the location of the school speed limit sign, where the highest
activity and conflicts take place in the vicinity to the school driveway. The school zone speed limit
was 25 mph. The t-test for Zone 0 compared each configuration to 45 mph, the hypothesis
evaluated is presented in Equation 8.
𝐻0 : 𝜇 = 45
(8)
𝐻1 : 𝜇 ≠ 45
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The significance level for this analysis was 0.05. The outcome of this test result on a nonstatistically significant difference for Configuration 1 and a significant difference for
Configuration 2. For both configurations, the average value was below 45 mph, 44.6 mph for
Configuration 1 and 43.9 mph for Configuration 2. The p-value for Configuration 1 was 0.168,
and for Configuration 2 it was 0.007. Evaluating Zone 3, the hypothesis evaluated is presented in
Equation 8.
𝐻0 : 𝜇 = 25
(9)
𝐻1 : 𝜇 ≠ 25
For Zone 3, both configurations were statistically different when compared to 25 mph. The
average speed for Configuration 1 was 28 mph and for Configuration 2 was 26.9 mph, both over
the posted speed limit of 25 mph. In general, with the evaluation performed speed compliance in
school zones continues to be a safety issue. Drivers lower their speed into the school zone, but they
do not comply with the speed limit. The expected compliance by law is that all drivers select a
speed at or below 25 mph when traveling along the school zone. The violation of the speed rule
puts in danger the life of students and parents in case of a crash. Table 4-13 shows the mean speed
for Zone 0 and Zone 3, for each configuration. Comparing Zone 3 between configurations on
66.6% of the scenarios the mean speed is lower for Configuration 2 than for Configuration 1. For
Configuration 2 in Zone 3 the mean speed was below 25 mph on 16.6% of the scenarios evaluated.
On the 33.3% of the scenarios on Zone 3 the mean speed was higher for Configuration 2 than for
Configuration 1. Additional strategies needed to further reduce mean speed such as educational
campaigns. The proposed TTC help increase speed compliance for school zone by 16.4%,
although, it was not a statistically significant difference. This percentage was calculated by
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counting the total number of instances drivers drove at a speed of 25 mph or less for each
configuration. Scenarios where Configuration 2 had lower speed in Zone 3 than Configuration 1
are marked with an asterisk in Table 4-13.
Table 4-13. Mean Speeds for Each Scenario

Scenario
1
2
3
4
5
6
7
8
9
10
11
12

Configuration
1
Zone
0
3
44.07
25.62
42.21
26.61
45.71
28.04
44.03
26.08
44.23
28.29
43.94
27.81
44.69
29.56
44.32
31.01
43.94
28.20
43.20
28.01
44.70
27.52
42.90
25.85

Configuration
2
Zone
0
3
44.59
27.32
41.33 26.23*
45.71 25.41*
42.92
26.76
46.80 26.52*
43.22 27.07*
43.42 28.28*
43.17
32.69
42.39 26.20*
42.75 24.11*
42.87 24.42*
41.59
26.28

Also, a z-test two sample for means was performed to confirm that there was not a statistically
significance difference between configurations when comparing speeds at the school zone. The
results are presented in Table 4-14.

62

Table 4-14. Z-test Results for Mean Speed at Zone 3 Configuration 1 vs Configuration 2
Z-Test: Two Sample for Means
Configuration 1 Configuration 2
Mean
28.579
28.416
Unknown Variance
49.059
94.441
Observations
215
216
Hypothesized Mean Difference 0
z
0.199
P(Z<=z) one-tail
0.421
z Critical one-tail
1.644
P(Z<=z) two-tail
0.842
z Critical two-tail
1.959

4.3.3

Acceleration Noise

To analyze acceleration noise by scenario and to have a general idea of how the variable affects
each scenario a pairwise two-sample t-test was performed with a Bonferroni correction for each
scenario in each zone of interest for the acceleration noise variable to identify if there were
significant differences between Configurations 1 and 2. Figure 4-9 presents the profile of the
acceleration noise for Scenario 10 for Configurations 1 and 2. The results of the t-test are presented
in Table 4-15. To comply with the normality assumption of residuals and constant variance a
logarithmic transformation was applied to the data. The bold indicates the significant differences
at a 0.10 significance level. The results show that there is a significant difference in acceleration
noise in Zone 2 for scenarios 3, 5, 10, and 12. Zone 2 is where drivers are expected to reduce their
speed from 45 mph to 25 mph to enter the school zone. For the four scenarios in Zone 2, subjects
in Configuration 2 had a lower acceleration noise.
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Figure 4-9. Acceleration Profile for Scenario 10

Table 4-15. P-values of the Difference of Acceleration Noise Between Configurations
Scenario
1
2
3
4
5
6
7
8
9
10
11
12

1
0.894
0.931
0.294
0.668
0.736
0.454
0.683
0.584
0.596
0.434
0.610
0.626

Zones of Interest
2
3
0.252
0.076
0.289
0.263
0.045
0.238
0.894
0.241
0.037
0.396
0.199
0.172
0.183
0.052
0.218
0.368
0.231
0.947
0.016
0.069
0.375
0.369
0.084
0.801

4
0.180
0.350
0.294
0.057
0.085
0.064
0.050
0.067
0.946
0.282
0.026
0.434

In general, Zones 2, 3, and 4 are the most significant when evaluating acceleration noise. Subjects
accelerate and decelerate for different reasons but most of all when there is a change in behavior
of traffic and condition of the road. A z-test was performed to compare Configuration 1 vs
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Configuration 2 along the school zone, the result show that there is a significance difference
between configurations. Drivers in Configuration 2 had a lower acceleration variance than driers
in Configuration 1, the result is presented in Table 4-16. Lower variance in acceleration means
that drivers do not made changes in acceleration drastically, instead they made smooth changes in
their acceleration.

Table 4-16. Z-test Results for Acceleration Noise Configuration 1 vs Configuration 2
Z-test: Two Sample for Means
Configuration 1 Configuration 2
Mean
0.0619
0.0364
Known Variance
0.0211
0.0151
Observations
1076
1080
Hypothesized Mean
0
Difference
z
4.3803
P(Z<=z) one-tail
5.92E-06
z Critical one-tail
1.6448
P(Z<=z) two-tail
1.18E-05
z Critical two-tail
1.9599
To evaluate acceleration noise in more detail a LMM with random effects was generated to
evaluate the effect of the factors in the acceleration of drivers (38). To comply with the assumption
for the linear model a transformation to the acceleration noise variable was performed using the
square root function. The following factors were considered in the analysis: configuration, traffic,
vehicles parked on shoulder, pedestrians, gender, age, and zone. The model is used to explain the
factors that affect the response variable; however, this model should not be used to predict the
response. The summary of the output is presented in Table 4-17.
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The generalized form of the model is presented in Equation 10. The model for acceleration noise
is given by:
𝑦 = (𝛽0 + 𝑏0𝑖 ) + 𝛽1 𝑋1 + ⋯ + 𝛽1,2 𝑋1 𝑋2 + ⋯ + 𝛽𝑛−1,𝑛 𝑋𝑛−1 𝑋𝑛 + 𝜀𝑖𝑗 ,

(10)

where: 𝑏0𝑖 represents the random effect of the subject as an intercept, 𝛽0 represents the intercept,
𝑋𝑖 the main effect, and 𝜀𝑖𝑗 the error. In terms of the effects that were included in the model, main
effects terms that are not significant were included if the two-way interaction was significant.
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Table 4-17. Acceleration Noise Linear Mixed Model Results
ID
β0
X1
X2
X3
X4
X5
X6
X7
X8
X9
X10
X11
X12
X13
X14
X15
X16
X17
X18
X19
X20
X21

log (Acceleration Noise)
Predictors
Estimates CI
(Intercept)
-6.36
(-6.93, -5.80)
Configuration 2
-0.12
(-0.63, 0.40)
Zone 1
0.79
(0.32, 1.27)
Zone 2
0.18
(-0.29, 0.66)
Zone 3
-0.43
(-0.91, 0.05)
Zone 4
3.00
(2.52, 3.48)
Traffic Yes
0.17
(-0.00, 0.35)
VehParkedShoulder Yes
0.42
(-0.04, 0.89)
Ped None
-0.11
(-0.32, 0.11)
Ped Only Kids
0.15
(-0.06, 0.37)
Gender M
0.22
(-0.30, 0.74)
Age
0.01
(0.00, 0.02)
Configuration2:Zone1
0.20
(-0.36, 0.75)
Configuration2:Zone2
-0.32
(-0.87, 0.23)
Configuration2:Zone3
0.86
(0.31, 1.41)
Configuration2:Zone4
-1.99
(-2.54, -1.44)
Configuration2:GenderM
-0.55
(-1.07, -0.03)
Zone1:GenderM
0.41
(-0.14, 0.96)
Zone2:GenderM
0.69
(0.14, 1.24)
Zone3:GenderM
0.14
(-0.41, 0.69)
Zone4:GenderM
0.07
(-0.49, 0.62)
Vehicles.parkedYes:Age
-0.01
(-0.02, -0.00)
Random Effects
σ2
4.28
τ00 Subject
0.07
ICC
0.02
N Subject
36
Observations
2156
2
2
Marginal R / Conditional R 0.187 / 0.201

p
<0.001
0.647
0.001
0.452
0.077
<0.001
0.056
0.074
0.324
0.158
0.396
0.022
0.487
0.253
0.002
<0.001
0.038
0.147
0.014
0.624
0.817
0.037

This model includes the subjects as a random effect due to the variability between them. In terms
of the model, positive signs indicate an increment in acceleration noise and negative signs indicate
a reduction in acceleration noise. Acceleration noise is the standard deviation of the acceleration
of the subject. In terms of interaction there is an increment in acceleration noise when the
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Configuration 2 is present for Zone 1 and Zone 3, meanwhile for Zones 2 and 4 there is a reduction
of acceleration noise. Negative signs imply a reduction in the change in acceleration, this implies
a constant acceleration throughout Zone 2 a reduction in speed, and for Zone 4 an increment in
speed to traverse out of the school zone. For the interaction between zone and gender as male,
there is an increment of acceleration noise for Zones 1 to 4. Male drivers have an increment in
acceleration noise through the zones of interest, this can be due to male drivers been more
aggressive drivers, instead of lowering their speed with small changed the drastically stop or
accelerate. This model helps us understand how the different factors affect drivers’ acceleration
across a school zone. Comparing these results with the driver’s performance the three main effects
that change in our simulation have an effect on driver’s performance this can be a threat in the real
environment due to the lack of attention of drivers.
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4.4

Summary

The Table 4-18 presents a summary of the hypothesis testing process presented in this thesis.
Table 4-18. Summary of Hypothesis
Hypothesis

Analysis

1. Subject drivers exposed to the
proposed road condition with
the enhanced TCD show
Large sample
higher compliance with the
approximation
25 mph school zone speed
z-test
limit than those subjects
exposed to the current
condition.
2. More subjects exposed to the
proposed road condition with
the enhanced TCD look at the
signs, than those exposed to
the existing condition.
3. Subject drivers would have
lower Speed and less
Acceleration Noise when
traveling through scenarios
with the enhanced TCD than
those subjects exposed to the
existing conditions.

Conclusion

There is an increase
of 16.4% on speed
compliance, but this
difference is not
statistically
significant.

There is statistical
Large sample
difference between
approximation
configurations, to
z-test
the evaluation in
general of the TCDs.

LMM
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Interpretation
It means that there is
an increase in
compliance but to be
effective it should be
exploring additional
options and an
educational
campaign to
significantly
improve compliance.
In Configuration 1,
subjects saw more
the elements of
interest than in
Configuration 2.

For both variables
For Acceleration
there is a positive
Noise there is a
effect with the
reduction with the
Configuration 2.
enhanced TCD. In
There is a tendency
terms of Speed there
that the enhanced
is a reduction in
TCD provide the
mean speeds with
information but there
the enhanced TCD.
is not a significant
evidence.

5
5.1

CHAPTER – CONCLUSIONS AND RECOMMENDATIONS

Conclusions

This study successfully evaluated the effects of a proposed design of a combination of signage and
pavement markings on driver performance in school zones using a driving simulator and an eyetracking device. This section presents the main conclusions of the analysis performed in this thesis.
The study included a spot speed study to determine the free-flow speed behavior at the selected
school zone and a survey to determine driver preferences. Based on the results obtained from the
data collected in the surveys, more than 50% of the people have incorrect knowledge about the
speed limits in school zones, whether rural or urban. Also, there are people who do not know the
difference between pedestrian crossing signs and proximity to a school zone sign. These results
present a significant safety concern for school zones because elementary students are not aware of
dangerous situations and do not recognize the risk when crossing the road or walking along the
road in the school zone. Middle or high school students are typically more prone to take more risk
on the road, which can result in serious injuries or fatalities, especially when speeding drivers and
distracted users are involved.
Based on the spot speed study the mean speed of drivers on the school zone was 33 mph, this
represent 8 mph over the speed limit. The operating speed at the school zone was calculated as 39
mph, based on the 85th percentile of the observed speeds. The operating speed is 14 mph over the
speed limit in the school zone evaluated. Driver speeding in school zones are a concern for the
potential of having more severe crashes.
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For the simulation study, the variables evaluated were the mean speed and acceleration noise. A
total of 36 subjects, 18 per configuration, participated in the experiment. In terms of speed and
speed compliance, there is a reduction in mean speed on 66% of the scenarios evaluated when
using the overhead school zone speed sign with flashing beacons. According to the current
regulations, drivers must reduce their speed from a maximum of 45 mph in the normal arterial
segment to 25 mph (20 mph reduction) in this school zone. In the spot speed study, drivers lower
their speed on average 12.5 mph, while on the simulator the average reduction was 16 mph. The
hypotheses presented for this thesis were studied. In terms of Hypothesis 1: Subject drivers
exposed to the proposed road condition with the enhanced TCDs show higher compliance with the
25 mph school zone speed limit than those subjects exposed to the current condition, but no
statistically significant difference was found at a 95% confidence level when comparing both
configurations. Nevertheless, the compliance of subjects with the 25 mph school zone limit
improved by 16% in Configuration 2. Therefore, the new design for signage and pavement
markings have a positive impact in terms of speed compliance, but additional studies and law
enforcement activities should take place.
Regarding Hypothesis 2: More subjects exposed to the proposed road condition with the enhanced
TCD look at the signs, than those exposed to the existing condition. Subjects that were presented
Configuration 1 looked more the roadside elements. Nevertheless, the presence of traffic affects if
subjects look at the signage and pavement marking. The effect of the traffic distracts drivers from
looking to the TCDs, because they are more focused on the interaction with other vehicles. When
comparing the results of the eye-tracking data and the mean speed, drivers in Configuration 2
focused less in the signage and pavement markings, but they travel at lower speeds. This maybe
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because drivers in Configuration 2 are more focused in their speed, and drivers in Configuration 1
are more focused on the TCDs. The subjects see more the signage and pavement markings in
Configuration 1. Therefore, combining this result with those previously presented for changes in
speed and acceleration noise, the proposed overhead sign not only captures the drivers’ attention
but also compels them to reduce speed and acceleration noise in the zone of interest even if driver’s
see more all the other signs in the current configuration.
In terms of Hypothesis 3: Subject drivers would have lower Speed and less Acceleration Noise
when traveling through scenarios with the enhanced TCD than those subjects exposed to the
existing conditions. There is an observed reduction in mean speeds for subjects in Configuration
2, but the result was not statistically significant at a 95% confidence level. With regards to
acceleration noise drivers in Configuration 2 had lower variability in acceleration when compared
to Configuration 1. For the acceleration noise variable, there exists a significant difference in
acceleration for Scenarios 3, 5, 10 and 12 in Zone 2; Scenarios 1, 7, and 10 in Zone 3, Scenario 11
in Zone 4. Zone 2 is where subject drivers are encouraged to change their speed from 45 mph to
25 mph since this zone is where the subjects are about to enter the school zone therefore, it was
expected a significant difference in acceleration noise. In terms of the LMM, subjects that drove
Configuration 2 had a lower acceleration noise compared to those in Configuration 1. This means
that the changes in acceleration where less drastic than in Configuration 1. Also, understanding
how elements of the road environment affect drivers is crucial to provide a better solution. This
means that gradual changes in speeds across the school area can be made with the proposed TCDs.
5.2

Recommendations
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The main recommendation is to implement a strict law enforcement plan focused on school zone
speed limit compliance. Also an educational campaign should be developed, and it should be
evaluated in combination with simulation to analyzed driver’s performance and compare it with
the results presented in this thesis. Concerning survey evaluation, it should be taken into
consideration the gender distributions to understand surveyed preferences. Additional strategies
should be tested in the field. For example, the implementation of speed displays radar signs that
have been successful in reducing the speed in other US jurisdictions. Evaluating additional
strategies to improve speed limit compliance on school zones should be tested using the driving
simulator. One of those strategies could be the two-step speed limit reduction that was developed
by the University of Central Florida (UCF) using micro-simulation and should be tested using the
driving simulator.
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APPENDIX E. SPOT SPEED DATA
Table D-1. Raw Data for the Spot Speed Study in the School Zone
Raw Speed Data
39

31

28

36

39

41

26

16

34

26

34

38

32

34

29

37

27

30

35

33

39

42

36

17

30

36

29

37

39

34

39

31

29

25

30

32

29

34

37

35

39

23

37

30

54

28

29

23

33

30

35

44

39

28

39

40

27

20

32

41

32

36

27

31

27

28

48

36

39

35

30

35

29

32

27

45

28

37

38

29

25

22

39

21

33

43

44

40

23

41

28

26

37

31

27

33

34

31

37

28

27

29

29

34

30

36

29

32

29

31

26

26

30

31

28

30

28

30

29

23

36

38

35

35

35

30

42

40

27

19

48

44

24

29

32

34

33

37

35

29

48

51

32

29

29

23

30

39

46

38

30

31

23

26

36

31

27

28

34

24

26

35

37

25

32

30

37

41

29

35

26

39

31

24

35

35

86

One-Sample T: Spot Speed SZ

Test of μ = 25 vs ≠ 25

Variable

N

Mean

StDev

SE

95% CI

T

P

(31.597,

15.62

0.001

Mean
SpotSpeed SZ

176

32.551

6.411

0.483

33.505)
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APPENDIX F. ONLINE SURVEY

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

Survey Response Summary
Do you accept to participate in this study
voluntarily

Yes:196
Blank: 1

Do you have a valid driver license
No : 1
Yes :194
State or territory where you usually drive

Puerto Rico:196
Min :18 00

Age

Indicate your gender

1st Qu:22 00
Median:36 00
Mean :36 95
3rd Qu:51 00
Max :68 00
Female:133
Male: 63
Hispanic or Latino:178

Indicate your ethnicity

White: 12
Black or African American: 1
Blank: 1
(Other): 4
Bachelor degree :72

Indicate the highest education level achieved

Do you travel through a school zone in your
daily trips

Blank: 2
Doctorate degree :20
High school no Diploma: 1
Associate degree: 8
High school graduate, diploma or the equivalent (for example:
GED):49
Master degree:44
Blank: 5
No: 27
Yes :164
0:144

How many school age kids do you take to school

1: 32
2: 15
3+: 5
Blank:168

Indicate the type of school the kids currently go
to Elementary School

Other: 2
Private School: 17
Public School: 9
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Indicate the type of school the kids currently go
to Middle School

Blank:175
Private School: 13
Public School: 8
Blank:174

Indicate the type of school the kids currently go
to High School

No: 1
Other: 1
Private School: 11
Public School: 9
Blank :145
Don’t Know/ not sure: 2

Does the school have a pick up or drop off
Zone?

Select the travel methods the kids typically use
to or from school

Have you been involved in a crash while
traveling to or from school?

Other: 3
No: 17
Yes: 29
Pre School
Blank:175
Private Car: 18
Private Car, School-Bus: 2
School-Bus: 1
Elementary School
Blank:167
Other: 1
Private Car: 20
Private Car, School-Bus: 6
Walk, Private Car, School-Bus: 2
Middle School
Blank :170
Private Car : 17
Private Car, School-Bus : 3
School-Bus: 1
Wal: 3
Walk, Cycling, Private Car, School-Bus: 1
Walk, Private Car, School-Bus: 1
High School
Blank :170
Private Car : 16
Private Car, School-Bus : 3
Walk : 2
Cycling, Private Car, School-Bus: 1
No: 1
(Other) : 3
Blank:145
No : 48
Yes : 3
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Do you think that applying a reduced speed
limit in the proximity of a school would be
an effective road safety measure

Elementary School
Blank: 7
No: 14
Not Sure: 9
Yes:166
Middle School
Blank: 11
No: 20
Not Sure : 12
Yes:153
High School
Blank: 12
No: 28
Not Sure: 15
Yes:141
K 12
Blank: 14
No: 17
Not Sure: 15
Yes:150
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Assume that school activities were limited
to occur from 8 AM to 3 PM, how
appropriate you think be to apply a
reduced speed limit on the school zone
during the following time periods?

At all times
Absolutely appropriate:18
Absolutely inappropriate:70
Blank :35
Neutral :22
Slightly appropriate: 21
Slightly inappropriate: 23
Totally appropriate: 7
From 6 AM to 7 PM
Absolutely appropriate: 42
Absolutely inappropriate: 22
Blank :30
Neutral:33
Slightly appropriate :30
Slightly inappropriate :25
Totally appropriate :14
From 6 to 8 AM and from 3 to 5 PM
Absolutely appropriate: 51
Absolutely inappropriate:22
Blank :29
Neutral :25
Slightly appropriate :31
Slightly inappropriate: 20
Totally appropriate :18
From 7 to 9 AM and from 2 to 4 PM
Absolutely appropriate: 49
Absolutely inappropriate:26
Blank :35
Neutral :20
Slightly appropriate: 38
Slightly inappropriate: 17
Totally appropriate: 11
Only when students are present at the roadside
Absolutely appropriate: 62
Absolutely inappropriate: 24
Blank: 30
Neutral: 25
Slightly appropriate :23
Slightly inappropriate: 12
Totally appropriate :20
Only when flashing beacons are active
Absolutely appropriate: 23
Absolutely inappropriate:50
Blank :41
Neutral :43
Slightly appropriate: 18
Slightly inappropriate: 13
Totally appropriate : 8
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At what speed do you usually drive on a
school zone?

What is the statutory speed limit in a school
zone in your jurisdiction?

Which is the safe speed limit you
recommend for a school zone?

Urban Area
10mph: 16
15mph: 75
20mph: 56
25mph: 37
30mph: 4
Blank: 2
Higher than 30 mph: 6
Rural Area
10mph: 13
15mph: 77
20mph: 55
25mph: 29
30mph: 13
Blank: 4
Higher than 30 mph: 5
Urban Area
10mph: 13
15mph: 135
20mph: 9
25mph: 29
Blank : 1
Don’t Know: 9
Rural Area
10mph: 7
15mph: 119
20mph: 13
25mph: 40
Blank: 5
Dont Know: 11
Higher than 30 mph: 1
Urban Area
10mph :43
15mph :85
20mph :35
25mph :24
30mph : 7
Blank : 1
Higher than 30 mph: 1
Rural Area
10mph :38
15mph :85
20mph :36
25mph :25
30mph : 6
Blank : 5
Higher than 30 mph: 1
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What do you understand by this sign?

School zone Sign
Blank : 1
Family Crosswalk :18
Pedestrian Crosswalk:32
School Crosswalk :48
School zone :96
Teachers crosswalk : 1
Pedestrian Crosswalk
Blank : 1
Peatones en el area : 1
Pedestrian Crosswalk:193
School Crosswalk : 1
School Crosswalk Sign
School Crosswalk :86
Pedestrian Crosswalk:43
School zone :36
Family Crosswalk :21
Blank : 4
Dont Know : 2
(Other) : 4
B :143

Which pavement marking option delimits
best the school zone?

A : 42
Ambas : 1
Ambas marcas en el mismo sitio : 1
Ambas, una lÃnea y la palabra escuela : 1
B pero que diga escuela en el caso de PR: 1
(Other) : 7
Blank : 1

Overhead Signage with Flashing Beacons:

Extremely effective :141
Muy inSlightly effective: 1
Neutral : 15
Slightly effective : 4
Slightly effective: 34
Extremely effective

Roadside signage with supplementary
plaque:

:43

Extremely ineffective : 1
Muy inSlightly effective: 2
Neutral :42
Slightly effective :16
Slightly effective:89
Slightly ineffective : 3
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Neutral

Roadside signage

:68

Slightly effective:52
Slightly effective :42
Extremely effective :21
Muy inSlightly effective: 6
Slightly ineffective : 4
(Other) : 3
Blank : 1

Roadside Signage with Flashing Beacons

Extremely effective :111
Muy inSlightly effective: 4
Neutral : 7
Slightly effective : 6
Slightly effective: 67
Very Desirable

Signage and Marking Combinations

Blank : 14
Combination A: 21
Combination B: 4
Combination C:132
Combination D: 25
Desirable
Blank :36
Combination A:67
Combination B:25
Combination C:27
Combination D:41
Neutral
Blank :47
Combination A:44
Combination B:28
Combination C:17
Combination D:60
Undesirable
Blank :47
Combination A:21
Combination B:90
Combination C: 6
Combination D:32
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APPENDIX G. ANALYSIS OF THE EYE TRACKER DATA
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114

115

116

117

Configuration 2: 45 mph (Side of the road vs 25mph sign (overhead sign)
Test and CI for Two Proportions
Sample X N Sample p
1
31 95 0.326316
2
53 95 0.557895

Difference = p (1) - p (2)
Estimate for difference: -0.231579
95% CI for difference: (-0.368921, -0.0942368)
Test for difference = 0 (vs ≠ 0): Z = -3.30 P-Value = 0.001
Fisher’s exact-test: P-Value = 0.002
Configuration 1 vs Configuration 2 School Zone Speed Sign
Test and CI for Two Proportions
Sample X N Sample p
1
45 88 0.511364
2
53 95 0.557895

Difference = p (1) - p (2)
Estimate for difference: -0.0465311
95% CI for difference: (-0.191034, 0.0979721)
Test for difference = 0 (vs ≠ 0): Z = -0.63 P-Value = 0.528
Fisher’s exact test: P-Value = 0.556

Configuration 1 vs 2 in General:
Test and CI for Two Proportions
Sample X N Sample p
1
173 352 0.491477
2
154 380 0.405263

Difference = p (1) - p (2)
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Estimate for difference: 0.0862141
95% upper bound for difference: 0.146522
Test for difference = 0 (vs < 0): Z = 2.35 P-Value = 0.991

Test and CI for Two Proportions
Sample X N Sample p
1
45 88 0.511364
2
53 95 0.557895

Difference = p (1) - p (2)
Estimate for difference: -0.0465311
95% CI for difference: (-0.191034, 0.0979721)
Test for difference = 0 (vs ≠ 0): Z = -0.63 P-Value = 0.528
Fisher’s exact test: P-Value = 0.556
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APPENDIX H. PROPOSED SIGN DETAILES
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APPENDIX I. MEAN SPEED RESULTS

121

122

APPENDIX J. SPEED GRAPHICS
Scenario 1

Scenario 2

Scenario 3
123

Scenario 4

124

Scenario 5

Scenario 6

125

Scenario 7

Scenario 8

126

Scenario 9

Scenario 10

127

Scenario 11

Scenario 12
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APPENDIX K. COMPLIANCE IN ZONE 0 AND ZONE 3
Results for: C2 of Zone 3
One-Sample T: MeanSpeed
Test of μ = 25 vs ≠ 25
Variable

N

Mean StDev SE Mean

MeanSpeed 192 26.781 7.535

95% CI

T

P

0.544 (25.709, 27.854) 3.28 0.001

Results for: C1 of Zone 3
One-Sample T: MeanSpeed
Test of μ = 25 vs ≠ 25
Variable

N

Mean StDev SE Mean

MeanSpeed 192 28.034 6.884

95% CI

T

P

0.497 (27.054, 29.014) 6.11 0.000

Results for: C1of Zone 0
One-Sample T: MeanSpeed
Test of μ = 45 vs ≠ 45
Variable

N

Mean StDev SE Mean

MeanSpeed 193 44.599 4.028

95% CI

T

P

0.290 (44.027, 45.171) -1.38 0.168
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Results for: C2 Zone 0
One-Sample T: MeanSpeed
Test of μ = 45 vs ≠ 45
Variable

N

Mean StDev SE Mean

MeanSpeed 192 43.997 5.124

95% CI

T

P

0.370 (43.267, 44.726) -2.71 0.007

130

APPENDIX L. ACCELERATION NOISE
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