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ABSTRACT
Driving through an un-signalized intersection creates multiple opportunities for missed or
misunderstood information. Stop signs, in particular, can be stolen, covered by vegetation,
or rotated out of place, leading to an absence of information, contributing to inappropriate
decision-making and crashes. Stop controlled intersections have also been shown to be a
source of unnecessary delay and emissions due to their frequent, often inappropriate use.
Using connected vehicle technology, it is possible to place an electronic stop sign within
the vehicle that tells the driver to stop when a conflict in the intersection is imminent, thus
reducing the probability of missed information by the driver, and decreasing the amount of
unnecessary delay, fuel consumption, and emissions. Before implementing any new
technology, it is important to assess it from both a transportation engineering and human
factors standpoint to assess the value of the system.
The objective of this study was to assess several key benefits of an adaptive in-vehicle stop
display as well as to determine if there are any negative safety implications with the use of
this system. This assessment was accomplished through a test track experiment where
participants experienced conditions where a standard R1-1 stop sign was displayed on the
in-vehicle display, as well as an experimental sign, which informed them to proceed
through the intersection with caution. Data collected from in-vehicle sensors was analyzed,
and results indicate that the implementation of this technology reduces delay, decreases
fuel consumption, and does not instigate any safety decrements.
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CHAPTER 1 - INTRODUCTION
BACKGROUND
Intersections are defined as locations where vehicles are required to cross paths to proceed along
their intended route; they are prime areas for the occurrence of vehicle crashes. In recent years, the
general trend of crashes in the United States has been on a steady decline largely due to aggressive
public awareness campaigns and more stringent enforcement. Despite these reductions in overall
fatal crash involvement, there is a significantly less marked decline in the occurrence of fatal
crashes at stop and yield controlled intersections. In 2011, there were 3,985 fatal crashes unsignalized intersections, which comprised 12.3% of all fatal traffic incidents in the United States.
The critical event for crash involvement may be attributed to the driver, vehicle, or environment.
According to crash statistics from the NHTSA FARS database the most frequently occurring precrash event in 2011 was crossing over (running) the stop/yield sign, comprising exactly 50% of all
fatal stop/yield sign related crashes for the year (NHTSA, 2011).
Traffic control devices are, according to the Manual on Uniform Traffic Control Devices for City
Highways and Streets (MUTCD), traffic control devices “notify road users of regulations and
provide warning and guidance needed for the safe, uniform, and efficient operation of all elements
of the traffic stream (MUTCD, 2009).
The basic provisions for implementing traffic control devices to regulate and guide traffic consist
of the following, the traffic control device should:


Fulfill a need



Command attention



Convey a clear, simple meaning



Command respect of road users



Give adequate time for proper response

The conditions under which a multi-way stop sign control is implemented generally fall into two
categories. The first condition is at very low volume intersections, where there is perceived safety
risk; a multi-way stop may be installed to mitigate that risk. The second situation under which
multi-way stops may be installed is in urban environments at low- to mid-volume intersections
where traffic is heavy enough to warrant some degree of control, but not heavy enough to warrant
a traffic signal. Stop signs often have unintended consequences associated with their use (e.g.
reduced compliance, increased delay, and increased fuel consumption and emissions); many of
these can be corrected for using connected vehicle technology.
Connected vehicle technology is a multifaceted initiative that enables a network of wireless
communication among vehicles (V2V), the infrastructure (V2I), and mobile communication
devices (V2X). Connected vehicle technology is currently being used to study and tackle some of
the biggest challenges in the transportation industry, particularly in the areas of safety, mobility,
and adverse environmental impact reduction (ITS Joint Program Office, 2014). Using connected
vehicle technology, it is possible to place an electronic stop sign within the vehicle that tells the
driver to stop only when a conflict in the intersection is imminent, thus reducing the probability of
1

missed information by the driver, and decreasing the amount of unnecessary delay, fuel
consumption, and emissions. Before implementing any new technology, it is important to assess it
from both a transportation engineering and human factors standpoint to assess the value of the
system. The objective of this study was to assess several key benefits of an adaptive in-vehicle
stop display as well as to determine if there are any negative safety implications with the use of
this system.

RESEARCH QUESTIONS
The data collected was used to answer the following research questions about the in-vehicle
display and its impact on driving behavior and safety, overall.
1. Is there potential savings in terms of implementation and maintenance costs compared to
traditional stop signs?
2. Is there user cost savings and does the adaptive sign reduce delay compared to traditional
stop signs?
3. Is there a reduction in fuel consumption compared to a traditional stop sign?
4. Is the cost of CO2 emissions to society less than a traditional stop sign? If so, what is the
impact over time?
5. Is stopping behavior of drivers using the adaptive display significantly different from a
traditional stop sign? If so, are these differences in a direction that may compromise safety?
6. Are drivers proceeding through the intersection when permitted in a way that appears
averse to risk (e.g. decelerating on their approach, crossing the stop bar at a lower speed)?
7. Is stopping behavior of drivers using the adaptive display significantly different from a
traditional stop sign? If so, are these differences in a direction that may compromise safety?
8. Are drivers proceeding through the intersection when permitted in a way that appears
averse to risk (e.g. decelerating on their approaching, crossing the stop bar at a lower
speed)?
9. Are drivers responding in a way that is averse to risk when there is a display malfunction?

RESEARCH CONTRIBUTIONS
This proof of concept study into the futuristic idea of in-vehicle Adaptive Stop Displays has the
potential to demonstrate that many of the safety concerns associated with connected vehicle
technology in the application of an in-vehicle Adaptive Stop Display do not outweigh the benefits
that may be incurred because of increased mobility and decreased fuel consumption.


Increase driver safety at stop controlled intersections



Increase driver mobility by reducing the number of unnecessary stops, and reducing driver
delay



Reduce fuel consumption and associated emissions as a result of reduced delay



Contribute to the body of knowledge of the distraction potential for in-vehicle displays,
particularly those designed to convey safety critical information
2

ORGANIZATION OF DOCUMENT
Chapter 2 describes the methodology used in the evaluation of the in-vehicle Adaptive Stop
Display, a description of the participants, and the process by which they were recruited for
participation in the test track study.
Chapter 3 describes the costs associated with the in-vehicle Adaptive Stop Display compared to
traditional static infrastructure. Cost savings of time, fuel consumption, and emissions are
calculated to determine the potential benefit of this system.
Chapter 4 includes a description of driver behavior at traditional stop controlled intersections
compared to driver behavior using the stop case of the Adaptive Stop Display. Driver behavior for
the Proceed with Caution display and display malfunctions was assessed to determine if any safety
implications were evident in the presence or absence of risk averse behavior.
Chapter 5 includes an analysis of driver distraction measures and the potential safety implications
in in-vehicle Adaptive Stop Display use.
Chapter 6 describes the conclusions and engineering significance of this study for future work in
connected vehicle technology aimed at increasing driver mobility without diminishing safety.
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CHAPTER 2 - METHODOLOGY
The research questions posed were studied with an on-road mixed subject Latin-square design test
testing drivers from high-risk age groups that approached an un-controlled intersection under various
levels of traffic. The state of an in-vehicle display was pre-determined based on the scenario presented
to the participant, traffic levels also varied with scenario.

PARTICIPANTS
Forty-nine participants volunteered for this research, the target age ranges for participants were
between the ages of 18 to 25, and 55 years old and above. It was attempted to have an equal
distribution of males and females. VTTI maintains a database of participants organized by age and
gender. Participants meeting the study requirements for age and gender were selected, previous
involvement in a VTTI study was also considered in participant selection. Prior involvement did
not disqualify anyone, and many participants had not previously participated in a Smart Road study
at VTTI.

TESTING ENVIRONMENT
The Smart Road
The closed test track used during this study was the Virginia Smart Road. It is a 2.2-mile two-lane
roadway built to highway specifications. The Smart Road has four “turn arounds” so experimental
vehicle can be turned around and change direction without having to traverse the length of the
road. Access to the roadway is controlled by a dispatcher and electronic gateways making the test
facility a safe location to conduct research. This allows scientists to complete experiments that would
not be possible on the open roadway.
The Smart Road has a full sized intersection with a high-speed and low-speed approach; allowing
for flexibility of studies conducted on the road. During this study, the four-way intersection was
used as the only location for participant interaction with confederate vehicle traffic and in-vehicle
alert distribution. North and South bound approaches were used for collecting data on participant
stopping behavior; all four legs of the intersection were used for confederate vehicle to interact
with participants.
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Research Vehicle
A 2008 White Chevy Tahoe is the vehicle that was driven by participants in on the test track shown
in Figure 1. An emergency passenger side-brake was added so that the front seat experimenter
could stop the vehicle if needed.

Figure 1: Experimental vehicle

The data acquisition system (DAS) was used to record all relevant kinematic and driver
performance data accurately for subsequent analysis. The DAS located in the back of the vehicle
out of view of the participant in an unobtrusive location. The DAS hardware was contained in
custom housing and was wired to interface with the vehicle data through Controller Area Network
(CAN) protocols accessed at the Onboard Diagnostic II (OBD II) port. The system gathers and
records data streams asynchronously, allowing each sensor to operate at its optimal collection rate.
The DAS records data at millisecond precision at the data collection rate native to each sensor or
CAN network variable. The configuration used for this study is presented below.










4 digital video cameras/views
Forward camera view
Driver face view
Display view
Accelerator/brake pedal view
Accelerometers (3 axes)





Gyroscopes (3 axes)
Differential
Global
Positioning System (DGPS)
Experimenter Interface
Audio
Vehicle network data
o Speed
o Acceleration

Data was collected on an encrypted 256 GB solid-state hard drive for each participant then
subsequently uploaded to a secure server at VTTI.
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A NovaTel DGPS unit was used to provide precise coordinates of the test vehicle for proximity
calculations. A Savari On Board Equipment (OBE) unit was used as the DSRC transceiver in this
study.
A laptop was used for the experimenter interface and was plugged directly into the DAS via an
Ethernet cable (Figure 2). The interface software, SOLEye allowed for the manual input of
participant demographic information, as well as trial specifications such as number, alert type, and
proximity to center of the intersection where the alert would be administered.

Figure 2: Experimenter Interface and SOLEye Program

Confederate Vehicles
During the on road procedure, participants would be interacting with vehicles driven by trained
researchers from the Virginia Tech Transportation Institute. Varying vehicle sizes were selected
for multiple reasons; to simulate real traffic conditions, and to ensure the driver did not have a
false perception of safety due to being the largest vehicle on the road. The confederate vehicles are
shown in Figure 3. All confederate drivers received many hours of supervised training prior to
being put on the Smart Road with a participant.
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3-a: Large Confederate Vehicle

3-b: Mid-size Confederate Vehicle

3-c: Small Confederate Vehicle
Figure 3: Confederate Vehicles

All scenarios were carefully choreographed and confederate drivers were able to communicate
with the experimental vehicle researcher via two-way radios, with a headset. Confederate vehicles
were also able to communicate between one another freely using a second Two-Way Radio on a
separate channel that served as a notification system for surprise events between the research
vehicle and the confederate drivers as well as a communication device strictly between the
confederate vehicles.

EXPERIMENTAL PROCEDURE
Participant Screening and Orientation
Each participant was pre-screened during initial phone interviews to confirm that they: 1)Held a
valid United States driver’s license; 2) had no pre-existing medical conditions that would prohibit
them from taking part in this study; and, 3) met the age and gender demographic requirements.
Eligible and willing participants were scheduled for the study at a mutually acceptable time. Upon
their arrival, participants were greeted in the lobby by a researcher and escorted to a participant
screening room. Participants read then completed the Informed Consent (Appendix B), and a W9 tax form (Appendix H) a Snellen eye test, and the Ishihara color blindness test were conducted
for as well as a general hearing test. The vision test ensured that all participants had a corrected
acuity of at least 20/40 as prescribed by Virginia law. Once these procedures were completed,
orientation began. The scripts used by experimenters for both the in-building orientation and the
test track portion of the study are available in the appendices in Appendices D and E.
All participants were required to pass the pre-drive tests to be eligible to participate in the study.
Participants were compensated at a rate of $30 per hour, if the experiment had to be ended early,
the participants were paid a pro-rated amount commiserate with their time spent.
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Pre-Drive Surveys
Participants completed a pre-drive survey, which gathered demographic information, driving
experience, their primary vehicle type, experience with active safety systems/advanced in-vehicle
technology, experience, and feelings toward connected vehicle technology, and behaviors at stop
signs (Appendix F).
Vehicle Orientation
Participants were then escorted to the research vehicle and allowed to become acclimated to the
vehicle. They were shown how to adjust the steering wheel, seat position, mirrors, and windshield
wipers if they are needed. It was ensured that participants were comfortable prior to driving to the
Smart Road (Appendix E).
On-Road Procedure
Participants were permitted to drive an orientation lap of the testing area which allowed them to
become familiar with the turnarounds, the uphill and downhill starting points, and the intersection
prior to the onset of data collection, and to put them at ease of driving an unfamiliar vehicle on an
unfamiliar road. After the orientation lap, participants were given more information about the study
and the technology being tested. Participants were informed that the study involves testing
connected vehicle technology followed with a brief overview of how connected vehicle technology
works. Participants were also told that they would be testing this technology under conditions
designed to imitate situations encountered on typical roadways. Participants were instructed to
keep the vehicle in third gear on intersection approaches and asked to place the vehicle in park if
stopped for an extended period.
Each subject experienced the experimental conditions in a pre-determined order. The researcher
read the following instructions to participants prior to every scenario:
1. Proceed toward the intersection at about 35 mph
2. Follow the onscreen prompt
3. Researcher provides navigational instructions (e.g. Turn left, Turn right, Go straight at the
intersection), and where they should go after passing through the intersection (e.g. proceed
toward the uphill/downhill cone).
Debriefing
After completing all the experimental trials, subjects were instructed to return to the building,
where they were debriefed. Post-drive surveys were completed during this time, after debriefing
and the post-drive survey was completed, participants were compensated for their participation in
the study.

SCENARIOS
The in-vehicle adaptive display was a 5 inch, HD TFT LCD monitor. The display was positioned
such that it is located slightly offset from the vehicle’s steering wheel in the vehicle’s HVAC
system (Figure 4). This is considered a high head down display. For the purposes of this study, the
change in display and associated auditory alert is triggered by the driver crossing a geo-specific
threshold to active a pre-determined sign state. However, in application the state of the display
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would adapt based on traffic conditions using a Dedicated Short Range Communications (DSRC)
Network and sophisticated algorithms yet to be developed and outside the scope of this effort.

Figure 4: In-vehicle Adaptive Display Location

VISUAL DISPLAY DESCRIPTION
The stop display is an image of the standard R1-1 stop sign (MUTCD, 2009), placed on a
black background. This display was shown to drivers when a stop was necessary and during the
driver’s initial exposure to the system. The “proceed with caution display” (PWC) was developed
by the Virginia Tech Transportation Institute in an earlier stage of this research (Appendix S), the
PWC display was also displayed on a black background. The PWC display was shown to drivers
when the driver should proceed vigilantly through the intersection, but that a complete stop is not
required.

5-a: Stop Display
5-b: PWC Display
Figure 5: Stop Display (5-a) and PWC Display (5-b) were shown to
drivers during the on road portion of the study.

In the interim between presentations of relevant information, the display shown in Figure 3 was
placed on the screen to maintain the authority of the traffic control displays.

Figure 6: Interim Display
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AUDITORY ALERT DESCRIPTION
An auditory alert was coupled with the display of the in-vehicle Traffic Control Device (TCD) to
alert the driver that information had appeared on the screen, and that they should direct their
attention there at a time that they found suitable. The auditory alert that occurred during normal
display functionality (henceforth referred to as alert 1) was comprised of 7 pulses with a pulse
width of 62ms, inter-pulse interval of 39ms, and a frequency of 1500 Hz. In the case of an
emergency switch, the auditory alert began with alert 1 then switched to a signal that was
comprised of 5 pulses with a pulse width of 1690ms, inter-pulse interval of 26ms, and a frequency
of 740 Hz (henceforth referred to as alert 2).

DESCRIPTION OF SIGN STATES
Following a brief orientation to the connected vehicle technology in general, participants
performed a series of 21 unique maneuvers in a research vehicle on the Virginia Smart Road,
located at VTTI. These maneuvers were designed to imitate situations one may experience in the
on live roadways using this technology, including interactions with varying levels of traffic and
equipment malfunctions/failures. A description of events surrounding the presentation of each sign
shown on the in-vehicle display (IVD) is found graphically in Table 1 with discussion following.
Table 1: Summary of Sign and Alert Pairings
Sign State

Image

Alert Pairing

STOP

Alert 1

Proceed with Caution (PWC)

Alert 1

t=1s

Switch

Alert 1 then Alert 2

Blackout

No Auditory Alert

Violation of Expectations- Scenario Descriptions
Scenarios where the display functioned improperly were studied to determine if any unintended
safety consequences are a result of system malfunction. If driver behavior indicates that there is a
negative safety implication, then the potential repercussions for these actions will be considered
prior to implementing this technology in order to minimize driver risk.
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Surprise
The participant approached the intersection with one leg of the intersection blocked with a visual
obstruction in this case; the obstruction is moveable fence with privacy slats. A confederate vehicle
has been positioned behind the obstruction (Figure 7). The driver of the confederate vehicle
receives notification from the researcher when the participant vehicle is approximately 35 m from
the stop bar, at this time; the confederate vehicle drives partly into the intersection in-view of the
participant vehicle (Figure 8- Figure 10).

Figure 7: Confederate vehicle parked behind visual
obstruction

Figure 8: View from perspective from participant
vehicle at 35 m from stop bar

Figure 9: Confederate vehicle encroaching on
participant vehicle

Figure 10: Final stopping location for confederate
vehicle

This case was analyzed as an indicator of driver complacency with the system as well as to
understand any potential safety decrements that result from their behavior.
Switch
During the Switch case, the in-vehicle display unit initially gives the participant the PWC display,
0.10 sec. following, the display switches to STOP with a differentiable auditory alert. Switch cases
occurred both with and without traffic present.
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Figure 11: Participant view of intersection on
approach

Figure 12: Cross traffic for SWITCH case

This type of malfunction was tested in particular due to the dynamic nature of the system; drivers
may receive one command and then receive another command on the same approach a short time
later. If drivers are not able to stop prior to entering the intersection, or are careless about how they
proceed there the potential for serious safety implications.
Blackout
In the “blackout” case, the unit provides no visual or auditory stimulus to the driver, they are left
to their own devices to make a decision regarding whether it is appropriate to proceed through the
intersection. Two confederate vehicles proceed toward the intersection to create a conflict situation
for the participant. Examining the failure mode is important because of the lack of information
presented to the driver. This failure mode is analogous to a stop sign missing at an intersection, it
is important to understand if drivers proceed through the intersection cautiously and examine the
situation or if they are less conservative in their driving behavior.

Figure 13: Perspective of the participant, confederate vehicles approaching head on and on the left.
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DATA REDUCTION
Data generated from the study was downloaded to the secure VTTI server. Reduction of the
parametric data occurred in the MATLab environment, VTTI custom video data reduction
software, Hawkeye was used for the manual reduction of driver eye glance data. The reduction of
face view video collected during the experimental tasks consisted of a frame-by-frame review,
which allows for a time history of glance location around an event/area of interest or the analysis
of a scanning pattern. Eye glance data analysis followed a strict protocol and was spot-checked for
accuracy. Analysis of reduced data was conducted using Statistical Analysis System (SAS)
software.
Data Mining Effort to Capture Baseline Driver Behavior at Traditional Stop Signs
Data for a traditional static STOP sign was collected through a data mining effort of the 100-Car
Naturalistic Driving Study (T.A. Dingus et al., 2006), which tracked the behavior of the drivers of
100 vehicles equipped with video and sensor devices for more than one year. During that time, the
vehicles were driven nearly 2,000,000 miles, yielding 42,300 hours of data. The 241 drivers of the
vehicles were involved in 82 crashes, 761 near crashes, and 8,295 critical incidents. The data
mining effort that was under taken in this study involved using a partial dataset contained
kinematic data and video of the participant and their surroundings. Stop-controlled intersections
from the 100-Car database that were previously identified in the 100-Car database for CICAS-V
Subtask 3.2 (Sudweeks, 2008) using coordinates provided by the Virginia Department of
Transportation were used in the data mining effort for the Adaptive Stop Display analysis.
The data mining effort resulted in 426 observations of drivers approaching traditional static STOP
signs, from 5 intersections (Figure 14). Observations of 100-Car participant behavior at these
intersections were compared to the behavior of drivers using the Adaptive Stop Display.
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Figure 14: Intersections used for comparison to Adaptive Display
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ABSTRACT
Through the advent of connected vehicle technology, changes in the way we drive through
intersections could potentially occur by making it possible for drivers to know when to stop due
to another vehicle coming into the driver’s path, or when to proceed through cautiously. The
research presented in this chapter developed and tested this technology on the Virginia Smart Road
using an adaptive in-vehicle display. 426 observations from the Hundred Car Naturalistic Driving
Study were compared to the 1,225 Adaptive Stop display observations test track conditions that
were suitable for use in the delay analysis. Daily savings of $28.51 in fuel as a result of less delay
being incurred in the adaptive system, and the annual cost of delay induced CO2 that is passed on
to society if the intersection were controlled by Adaptive Stop Display compared to traditional
stop signs is $24,349.14. Though connected vehicle technology is still in its infancy and
researchers have only just begun to explore its capabilities as a tool for safety and mobility, relating
the benefits and costs of using technology back to the consumer indicate that the future of
connected vehicle technology and the adaptive in-vehicle stop display is promising.
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INTRODUCTION
Stop controlled intersections are a source of delay in terms of unnecessary stops, simply because
by stopping, or even decelerating to a degree, it delays drivers and thus reduces the capacity of the
roadway. For example, decelerating and accelerating can incur an additional 2 seconds of delay
per vehicle and thus reducing the saturation flow rate from 1800 veh/h to 900 veh/h, thus producing
a 50 percent reduction in roadway capacity. Vehicle decelerations and accelerations also result in
increased fuel consumption and CO2 emissions as drivers proceed through the intersection. The
purpose of this effort was to investigate the impact of reduction of delay possible through use of a
more intelligent control for intersections leveraging future connected vehicle technologies.
Delay associated with Stop Signs
The magnitude of the delay incurred at stop signs depends on the type of junction, traffic volumes,
and turn percentages. Delay at multi-way stop signs results from a set of complex interactions
between the flows on all approaches to the intersection. The delay experienced on any given
approach leg of an intersection is predominately influenced by flow on that approach and the flows
on the conflicting approaches and opposite approaches. Turning percentages are believed to play
a role in the performance of all-way stop controlled intersections. According to Chan et al. an
increase in right turns at four-way-stop intersections decreases delay, however an increase in left
turn percentage does not alter the level-of- service or capacity at an intersection (Chan, Flynn, &
Stocker, 1989). Unnecessary delays arise from vehicles stopping at an intersection when no
conflict is present, which adds to overall travel times, this is something that could be corrected for
with the use of an Adaptive Stop Display.
Fuel Consumption and Emissions
There is a correlation between fuel consumption and emission levels; the more fuel a vehicle
consumes the more emissions it produces. Stop signs increase fuel consumption by requiring
drivers to stop even when another vehicle is not present at the intersection. In the United States
alone, the annual estimate for fuel wasted due to unnecessary stops is somewhere between
1.587×109 and 2.489×109 gallons and greenhouse gas emissions is approximately 25.7×106 tons
(Zhang, 2011). Emissions and fuel consumption levels are highly dependent on traffic volume and
the vehicle mix. The Texas State Department of Highways and Public Transit found that approach
volume has a very strong effect on fuel consumption and emission levels, apart for CO emissions
(Lee, 1983).
Connected vehicle technology can be used to address the issues of stop sign delay and increased
fuel consumption and emission levels. With connected vehicle technology, it will be possible to
eliminate unnecessary stops by informing drivers when they need to stop due to another vehicle
coming into the path or when they can proceed through cautiously. It is postulated that this system
would result in a net reduction in road user delay, fuel consumption, and CO2 emissions.
The goal of this paper is to infer some of the benefits and costs of the Adaptive Stop Display in
relation to the traditional method of traffic control that is in use today. An analysis of the benefits
and costs of the Adaptive Stop Display compared to traditional static stop signs was conducted.
Analysis results were used to determine if there is a benefit to implementing this technology in
terms of infrastructure costs, mobility, and environmental impact on society.
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MATERIALS AND METHODS
Study Design
Forty-nine participants volunteered for this research, with target age ranges between 18 to 25, and
55 years old and above. It was attempted to have an equal distribution of males and females. Each
participant was pre-screened during initial phone interviews according to standard VTTI protocols.
On the day of the scheduled experimental trials, participants read and filled out an informed
consent. A Snellen eye test was performed to ensure a corrected visual acuity of 20/40 or better, a
hearing test was administered to each participant, as well as an Ichihara red/green color blindness
test. All participants passed the pre-drive tests.
The closed test track used during this study was the Virginia Smart Road. It is a 2.2-mile two-lane
roadway built to highway specifications. Access to the roadway is controlled by a dispatcher and
electronic gateways making the test facility a safe location to conduct research that would not be
possible on the open roadway.
The Smart Road has a full sized intersection with a high-speed and low-speed approach; allowing
for flexibility of studies conducted on the road. During this study, the four-way intersection was
used as the only location for participant interaction with confederate vehicle traffic and in-vehicle
alert distribution. North and South bound approaches were used for collecting data on participant
stopping behavior; all four legs of the intersection were used for confederate vehicle to interact
with participants. Multiple confederate vehicles of varying sizes were driven by other researchers
during the study to interact with the research vehicle at the intersection.
Participants were informed that the speed limit for the study is 35 mph, and to drive as they would
on a public road while approaching an intersection.
Apparatus
The in-vehicle adaptive display was a 5 inch, HD TFT LCD monitor. The display was positioned
such that it is located slightly offset from the vehicle’s steering wheel in the vehicle’s HVAC
system (Figure 15). This is considered a high head down display. For the purposes of this study,
the change in display and associated auditory alert is triggered by the driver crossing a geospecific
threshold to active a pre-determined sign state. However, in application the state of the sign would
adapt based on traffic conditions using a Dedicated Short Range Communications Network and
additional connected vehicle systems.

Figure 15: In-vehicle Adaptive Display Location
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Visual Display Description
The stop display is an image of the standard R1-1 stop sign, placed on a black background. This
display was shown to drivers when the system perceived a stop was necessary and during the
driver’s initial exposure to the system. The “proceed with caution display” (PWC) was developed
by the Virginia Tech Transportation Institute in an earlier stage of this research, the PWC display
was also displayed on a black background. The PWC display was shown to drivers when the
system perceived that the driver should proceed vigilantly through the intersection, but that a
complete stop is not required.

16-a: Stop Display

16-b: PWC Display

Figure 16: Stop Display (16-a) and PWC Display (16-b) were
shown to drivers during the on road portion of the study.

Figure 17: Interim Display
Auditory Alert Description
An auditory alert was coupled with the display of the in-vehicle Traffic Control Device (TCD) to
alert the driver that information had appeared on the screen, and that they should direct their
attention there at a time that they found suitable. The auditory alert that occurred during normal
display functionality (henceforth referred to as alert 1) was comprised of 7 pulses with a pulse
width of 62ms, inter-pulse interval of 39ms, and a frequency of 1500 Hz. In the case of an
emergency switch, the auditory alert began with alert 1 then switched to a signal that was
comprised of 5 pulses with a pulse width of 1690ms, inter-pulse interval of 26ms, and a frequency
of 740 Hz (henceforth referred to as alert 2).
Data Analysis
Data for a traditional static Stop sign was collected through a data mining effort of the 100-Car
Naturalistic Driving Study (T.A. Dingus et al., 2006), which tracked the behavior of the drivers of
100 vehicles equipped with video and sensor devices for more than one year. During that time, the
vehicles were driven nearly 2,000,000 miles, yielding 42,300 hours of data. The 241 drivers of the
vehicles were involved in 82 crashes, 761 near crashes, and 8,295 critical incidents. The data
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mining effort that was under taken in this study involved using a partial dataset that contained
kinematic data and video of the participant and their surroundings. Stop-controlled intersections
from the 100-Car database that were previously identified in the 100-Car database for CICAS-V
Subtask 3.1 (Sudweeks, 2008) using coordinates provided by the Virginia Department of
Transportation were used in the data mining effort for the Adaptive Stop Display analysis.
The data mining effort resulted in 426 observations occurring at traditional static Stop signs, from
5 intersections. These observations were compared to the 1,225 Adaptive Stop display
observations that were suitable for use in the delay analysis (e.g. the display was not in a controlled
state of malfunction).
Assessment Parameters
1. The potential savings in terms of implementation and maintenance costs.
2. User cost of delay
3. User cost of fuel consumption
4. Societal cost of CO2 emissions

INFRASTRUCTURE AND IMPLEMENTATION COSTS
Traditional Stop Sign Costs
Traffic signs are an important communication tool used to communicate regulatory, warning, and
guidance information to road users. Signs that are inappropriately designed or misused can have
unintended consequences for the operators of motor vehicles such as confusion and missed
messages. Stop signs have several shortcomings that are a direct result of insufficient funds,
negligence, and poor maintenance.
Traffic control asset management is now an important issue for state and local transportation
agencies because the Federal Highway Administration (FHWA) has proposed minimum retroreflectivity standards for traffic signs. There are have been many studies on how different types of
sheeting materials deteriorate over time given climate, geographic region, and the sign’s
orientation, it is difficult to determine what role these factors have in the frequency that Stop signs
need to be replaced, however many of these studies have yielded insufficient data.
The Maintenance of Signs and Sign Supports: A Guide for Local Highway and Street Maintenance
Personnel (McGee, 2010) provides checklists for an adequate inventory management program as
well as suggestions for preventative maintenance for common problems afflicting traffic signs.
Sign cleaning, vegetation control, anti-theft measures, and support adjustments are among their
suggestions to keep these devices operational. Stop signs are often obscured by vegetation during
the spring and summer months, trees and brush can block the view of signs and other traffic control
devices. According to the Vegetation Control for Safety, A Guide for Local Highway and Street
Maintenance Personnel (Eck, 2008) Stop and Yield signs are most critical and brush and tree
branches in front of them should be cut immediately. Stop signs are often knocked over or rotated
out of place by large trucks, run off road crashes, and environmental factors, by using a proper and
through inventory management program, missing signs can be replaced and knocked down signs
can be re-erected.
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Given the lack of data on environmental factors, the best information that state agencies have to
infer from is the typical warranty life of the retro-reflective sheeting as provided by the
manufacturer. The expected sign life and years of warranty are linked, but not equal. Once a traffic
sign has exceeded its retro-reflective ability, it is unable to be useful in night driving and low
visibility situations; it has thus exceeded its useful life and needs to be replaced.
Table 2: ASTM Retro-reflective Sheeting Warranty (Carlson, 2007)
Carlson, Paul J., Lupes, Matt S. (2007). Methods for Maintaining Traffic Sign Retroreflectivity.
Used under fair use, 2014.
ASTM D4956 Type
I and II
III and IV
VII, VIII, IX, X

Years of Warranty
7
10
12

The expected life of the Stop sign is used in blanket replacement techniques, which is a common
sign replacement strategy, due to its ease of execution. The replacement of Stop signs using a
blanket replacement technique can be performed in a strategic or spatial fashion. In the spatial
replacement technique, all road sign types (e.g. Stop signs) that are slated for replacement in that
period are replaced, regardless of their age.
The main benefit to this common blanket replacement strategy is that if every sign is replaced in a
given time period, its retro-reflectivity levels should not (in theory) fall below the useful levels.
However, this method is extremely wasteful, particularly when this strategy is first implemented,
and if signs are replaced during their service periods due to vandalism or other factors from the
environment, then subsequently replaced before their useful life is up.
Stop signs frequently need to be replaced due to intentional vandalism (paintballs, eggs, paint,
guns, etc.) or the effects or nature (tree sap, dirt, water damage). According to a North Carolina
State University study conducted for the North Carolina Department of Transportation (NCDOT),
4.7% of signs are replaced each year due to damage and poor night time visibility, and 2.4% are
replaced due to vandalism for a total replacement rate of 6.9% (Rasdorf, Research, Group, North
Carolina State University. Department of Civil, & Engineering, 2006). The fore mentioned study
also determined a visual inspection cost of $0.55 per sign. However, for Minnesota County, MN
their inspection cost using a reflectometer was determined to be $2.80 per sign. Accuracy between
the two methods varied from 54% to 83% (Preston et al., 2014).
In the absence of a national stop sign inventory, the Virginia Department of Transportation
(VDOT) data as cited by Cottrell et al. (Cottrell, 2009) was used as a surrogate for the United
States. Using the functional classifications of the roadways in Virginia as provided by the Virginia
Department of Transportation (VDOT, 2014) the approximate number of Stop signs in Virginia
could be calculated. Then by taking the number of Stop signs per mile, and the length of roadways
by functional classification, as listed by the Federal Highway Administration (Federal Highway
Administration, 2011), the estimated number of Stop signs in the United States was calculated.
The estimated annual cost to install and maintain all of the Stop signs in the United States is
summarized in Table 3, and the cost of installing and replacing Stop signs on only secondary rural
roads is illustrated in Table 4. These costs assume a blanket replacement method is used, and that
half the municipalities in the country use a visual inspection method and the remaining 50% use
the retro-reflectometer method.
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Table 3: 30 year Stop Sign Cost Activity for all road classifications

Activity
Full Network Install
Blanket Replacement
4% Replacement
Total Cost

Cost [$×108]
$37.51
$242.03
$191.58
$471.12

Table 4: 30 year Stop Sign Cost for Secondary Roads
Cost [$×108]
$37.06
$240.01
$190.06
$467.13

Activity
Full Network Install
Blanket Replacement
4% Replacement
Total Cost

Table 5: Life Cycle Cost Manufacturer Warranty (12 years) for Stop Signs on Secondary Roads
Cost [$×108]
$37.06
$4.88
$34.88
$76.83

Activity
Full Network Install
Blanket Replacement
4% Replacement
Total

With over 40% of these costs, being a result of the blanket replacement technique, as well as the
other inherent flaws of Stop signs, such as low compliance, unnecessary stops, and obstruction,
this motivates the search for a more effective traffic control method.
Connected Vehicle Technology Costs
Twelve automotive sector panelists from a mixture of automakers, Tier 1 suppliers, and wireless
communications suppliers participated in a Delphi study conducted by the Michigan Department
of Transportation (MDOT) (MDOT Center for Automotive Research, 2012). Respondents were
asked to answer series of open ended questions as well as true/false and multiple choice questions
about their insights on a broad range of topics including communication technologies for various
applications, possible governmental influence, and the years in which various levels of DSRC
deployment will be reached. Participant in the Delphi study were also asked about the cost of
deployment and alternatives to embedded communications equipment.
Findings from the MDOT Delphi study indicate that per vehicle, the cost to manufactures to add
DSRC (802.11p) radio as embedded equipment inside the vehicle will be $175 in 2017 and about
$75 in 2022. The additional cost to a vehicle for a consumer was estimated by respondents on
average to be $350 in 2017, and $300 in 2022.
The operating and maintenance costs for the constituents of the Adaptive Stop Display system
were obtained from the ITS Unit Costs Database (Research and Innovative Technology
Administration RITA, 2010). The cost of the system components was projected to the deployment
year of 2014 to account for the projected decrease in price of certain components.
The projected capital and operational costs for system components are listed in Table 7. These
costs were projected to the year 2014, from 1995 or 2003 as shown in the ITS Unit Costs Database.
While the market penetration of connected vehicle technology will likely not be at a level sufficient
for the practical implementation of the Adaptive Stop Display until well after 2020, at this time it
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is difficult to estimate the change in price of the individual components over such an extended
period.
The “lifetime” in years of the constituents of the onboard system is relatively low, when compared
to traditional traffic control systems, such as 20 years for a traffic signal. However, considering
that at this time the onboard equipment is in the prototype phase, the lifetime of the in-vehicle
equipment may be improved.
Component
1

Table 6: Adaptive Stop System Component Description
Lifetime
Component Name
Description
(yr.)
Communication
7
Wireless data transceiver. (DSRC)
Equipment

2

In-Vehicle Display

7

In-vehicle display/warning interface. Software is COTS.

3

GPS/DGPS

7

Global Positioning System/Differential Global Positioning
Systems.

4

GIS a

7

Geographical Information System (GIS) software for
performing route planning.

5

Sensors for Lateral
Control

7

Includes lane sensors in vehicle and lateral sensors millimeter
microwave radar.

6

Sensors for Longitudinal
Control

7

Longitudinal sensors millimeter microwave radar.

7

Software/processor for infrastructure transmitted information,
interface to in-vehicle signing and audio system, software and
processor to link to longitudinal and lateral vehicle control
modules based on input signal from vehicle intersection
collision warning equipment package. Software is COTS.

7

Intersection Collision
Avoidance Processor a

a

denotes software
COTS: Commercial off the shelf- ready made merchandise

Table 7: Projected Adaptive Stop Display System Component Costs for 2014 [$USD]
Capital Costs
Operation & Maintenance Costs
Component
Low
High
Low
High
1
$177.91
$355.82
$0.42
$0.84
2
$18.48
$36.97
$0.02
$0.03
3
$92.41
$184.83
$0.08
$0.15
4
$197.86
$296.80
—
—
5
$295.72
$406.62
$1.86
$2.56
6
$110.90
$184.83
$0.27
$0.46
7
$103.50
$203.31
$0.16
$0.29
System Cost
$996.79
$1,669.16
$2.81
$4.33

According to the Bureau of Transportation Statistics (Beningo, 2014), in 2011 there were
253,108,389 registered highway vehicles. Using the estimates above to determine the expense of
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adding the necessary ITS components to all of these registered vehicles to make them usable in
the Adaptive Stop Display scenario, and analyzing their initial cost and need for maintenance over
the seven-year life cycle, showed this would cost approximately $34.37×1010.
Table 8: Life Cycle cost of Adaptive Stop Display System for all Registered Vehicles in the United Sates
(7 years)
Activity
Initial Cost
Operating and Maintenance
Total Cost

Cost [$×108]
$3,373.88
$63.26
$3,437.14

Per individual driver, cost of obtaining and maintaining this system is around $1,357.97 according
to the assumptions.
Table 9: Life Cycle Comparison Using Unit Cost Values

Capital
Maintenance
Total Cost

Adaptive Stop
Connected Vehicle
$1,332.98
$24.99
$1,357.97

Stop Sign
$250.00
$562.16
$812.16

Under the $350 cost to consumer assumption provided by the Delphi study from MDOT, the
connected vehicle solution becomes more practical (Table 10). The Delphi study considers that
the connected vehicle technology will be able to leverage the resources available from other
components within the vehicle. For example, the display and transceiver will be in the vehicle to
perform other functions in a connected environment, and therefore only a fraction of the total cost
of each component needs to be considered in the overall cost of the application.
Table 10: Connected Vehicle Solution compared to Traditional using Delphi Consumer Costs

Capital
Maintenance
Total Cost

Adaptive Stop
Connected Vehicle
$350.00
$24.99
$374.99

Stop Sign
$250.00
$562.16
$812.16

COST OF DELAY
Un-necessary stops are a source of delay at un-signalized intersections. By eliminating the need to
stop, the amount of delay incurred by the user should be reduced. In this analysis, a traditional stop
sign is compared to the Adaptive Stop Display.
Assessment of Delay
The analysis of delay and the subsequent analyses on fuel consumption and emissions model rely
on the following assumptions.
Assumptions
Assuming a rural major collector at junction with another major rural collector, with an AADT of
1,950 vehicles, which is 75% of the maximum AADT for a major rural collector in the Highway
Functional Classification Concepts Criteria and Procedures by the FHWA (Stevens, 2013). Peak
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hour distributions (Table 11) allow for the assessment of delay as a function of intersection volume
fluctuations that are the result of daily demand increases on intersection capacity.
Table 11: Peak hour distributions for model intersection
Hour Start
0:00
1:00
2:00
3:00
4:00
5:00
6:00
7:00
8:00
9:00
10:00
11:00
12:00
13:00
14:00
15:00
16:00
17:00
18:00
19:00
20:00
21:00
22:00
23:00

Hour Stop
1:00
2:00
3:00
4:00
5:00
6:00
7:00
8:00
9:00
10:00
11:00
12:00
13:00
14:00
15:00
16:00
17:00
18:00
19:00
20:00
21:00
22:00
23:00
0:00

Percent AADT
1.20%
0.80%
0.50%
0.40%
0.50%
1.00%
2.50%
7.70%
5.60%
5.00%
5.20%
5.50%
6.20%
6.00%
6.10%
6.20%
7.80%
9.30%
6.10%
5.20%
3.80%
3.10%
2.50%
1.80%

Given the relatively low service time required for both the traditional and adaptive controls and
the low intersection volumes, queuing was not considered in this calculation because the
intersection was always at a utilization level less than one. Using turning movement percentages
from the NHCRP (Bonneson, 2001), as summarized in Table 12, as well as incorporating a
monetary cost of road user value of time, turn volumes, and monetary allocations for delay incurred
could be determined.
Table 12: Turning Movement Percentage
Movement
Left Turn
Right Turn
Straight

Percent
10%
20%
70%

Table 13: User Value of Time
CLASS
PERSONAL LOCAL
BUSINESS_LOCAL

VTTS/HR
$12.00
$22.90
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PCT._MIX
0.95
0.05

Quantification of Delay
Delay was quantified from both the test track data and the naturalistic data using epoch onset of
when the vehicle was 36 meters from the stop bar, this distance was selected primarily based on
the required stopping braking distance for the road’s design speed. The epoch end is 30 m beyond
the stop bar.
The delay incurred by the driver is calculated in a stepwise fashion, as the ratio of their current
travel speed and the speed limit (presumed to be equal to the desired or free-flow speed). The
equation for delay that was used in the computation of driver delay incurred for the traditional stop
sign and the adaptive Stop display is shown in ( 1 ).
𝑁

𝑑 = Δ𝑡 ∑(1 −
𝑡=0

𝑣𝑡
)
𝑣𝑓

(1)

𝑑 = 𝑡𝑜𝑡𝑎𝑙 𝑑𝑒𝑙𝑎𝑦 𝑓𝑜𝑟 𝑒𝑛𝑡𝑖𝑟𝑒 𝑡𝑟𝑖𝑝 𝑓𝑜𝑟 𝑎 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑣𝑒ℎ𝑖𝑐𝑙𝑒 [𝑠]
Δ𝑡 = 𝐴𝑛𝑎𝑙𝑦𝑠𝑖𝑠 𝑖𝑛𝑐𝑟𝑒𝑚𝑒𝑛𝑡 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛 [𝑠]
𝑣𝑡 = 𝑉𝑒ℎ𝑖𝑐𝑙𝑒 𝑠𝑝𝑒𝑒𝑑 𝑎𝑡 𝑎𝑛𝑦 𝑖𝑛𝑠𝑡𝑎𝑛𝑡 "𝑡" [𝑚/𝑠]
𝑣𝑓 = 𝐹𝑎𝑐𝑖𝑙𝑖𝑡𝑦 𝑓𝑟𝑒𝑒 𝑓𝑙𝑜𝑤 𝑠𝑝𝑒𝑒𝑑 [𝑚/𝑠]

Initial exposures to the adaptive display were removed from the analysis to better represent the
system’s use after drivers have acclimated to the system. The user delay incurred by turning
maneuver is shown in Table 14.
Table 14: Delay for Adaptive Display and Traditional Stop Signs
SIGN
A-PWC
A-PWC
A-PWC
A-STOP
A-STOP
A-STOP
TRADITIONAL
TRADITIONAL
TRADITIONAL

NAV
L
R
S
L
R
S
L
R
S

DELAY (s)
9.76
4.89
2.90
18.20
10.36
10.07
14.87
11.82
12.46

For the purpose of this analysis, the timing for Adaptive Proceed with Caution and Adaptive Stop
is split 60% - 40%. The maximum probability of a conflict at a four-way intersection using the
above volume with a mean service time of 10.94 seconds is under 40%, as shown in Figure 18.
The equations used to calculate these values are shown below in (2)-(4). The estimated hourly cost
of delay per movement is shown in Table 15. There is a marked difference between the time
savings when using the Adaptive Stop Display when compared to the traditional Stop sign.
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Probability of Conflict

Probability of Conflict
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20%
10%
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Figure 18: Probability of Conflict at 4-leg intersection

3

𝑠𝑡 = ∑ 𝐷𝑖 × 𝑇𝑀𝑃𝑖

(2)

𝑖=1

𝑠𝑡 = 𝑠𝑒𝑟𝑣𝑖𝑐𝑒 𝑡𝑖𝑚𝑒 (𝑠)
𝐷𝑖 = 𝑑𝑒𝑙𝑎𝑦 𝑖𝑛𝑐𝑢𝑟𝑟𝑒𝑑 𝑓𝑜𝑟 𝑚𝑜𝑣𝑒𝑚𝑒𝑛𝑡 𝑖
𝑇𝑀𝑃𝑖 = 𝑡𝑢𝑟𝑛 𝑚𝑜𝑣𝑒𝑚𝑒𝑛𝑡 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑓𝑜𝑟 𝑚𝑜𝑣𝑒𝑚𝑒𝑛𝑡 𝑖
𝑀 = 𝑒 −(𝑠𝑡×𝑣ℎ )/3600

(3)

𝑠𝑡 = 𝑠𝑒𝑟𝑣𝑖𝑐𝑒 𝑡𝑖𝑚𝑒 (𝑠)
𝑣ℎ = ℎ𝑜𝑢𝑟𝑙𝑦 𝑣𝑜𝑙𝑢𝑚𝑒
𝑃𝑐𝑜𝑛𝑓𝑙𝑖𝑐𝑡 = (3𝑀4 − 4𝑀3 ) + 1

(4)

Table 15: Total Cost of Delay
Turning Movement
LEFT
RIGHT
STRAIGHT

Adaptive
$401.03
$216.12
$176.06

Traditional
$755.83
$600.80
$633.42

Difference
$354.80
$384.68
$457.36

The two different control strategies shown in Figure 19 show that the greatest potential for savings
to users occurs during the peak hour when travel demand is at its highest.
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Cost of Delay [$/hr.]

User Cost of Delay Over Time
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Figure 19: User Cost of Delay by hour

The cumulative savings of the peak hours (between 7:00 AM and 7:00 PM) comprises 82% of the
time savings. The cumulative cost of delay (Figure 20) demonstrates the effect of the connected
vehicles alternative when compared to the traditional alternative throughout the entire day.

User Cost of Delay

Cumulative User Cost of Delay
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Figure 20: Cumulative Cost User Delay

The potential for savings of the Adaptive Stop Display when compared to an all-way stop
controlled intersection depends on a number of additional factors. This would be best explored
through a full simulation to test the system under varying volume levels, however, due to budgetary
constraints; this analysis was out of the scope of the current work.

FUEL CONSUMPTION AND EMISSIONS COSTS
Since there was no statistically significant difference in driver braking behavior between the
Traditional Stop sign data and Adaptive Display test track data, the rate of fuel consumption for
the deceleration component for the Traditional Stop sign is assumed to be the same as that for the
adaptive stop. Fuel consumption and emissions are measured as a function of incurred delay and
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multiplied by the fuel consumption rate that was collected via the test vehicle’s Controller Area
Network (CAN).
Fuel Costs
2013 estimates for the United States cost per gallon of gasoline $3.87, translates to $1.02 per liter
(Davis, 2014). The total delay incurred for the vehicles at this intersection in hours is multiplied
by the rate of fuel consumption on average for each movement, per hour. The total daily fuel
consumption as a result of the delay incurred at the intersection is shown in Figure 21.

Total Daily Fuel Consumption
Fuel Consumption [L]

50
40
30
20
10
0
0

2

4

6

8 10 12 14 16 18 20 22
Time [hr.]
Traditional
Adaptive

Figure 21: Delay induced daily fuel consumption

The amount of fuel consumed as a result of delay is 46.59 liters for this particular intersection
when it is controlled by a traditional Stop sign. Compared to the 18.64 liters of fuel consumed as
a result of delay when the intersection is controlled by the Adaptive in-vehicle system, there is a
daily savings of $28.51 in fuel as a result of less delay being incurred in the adaptive system.
Emissions Costs
2010 estimates for the societal cost of CO2 emissions from gasoline was equivalent to $0.011 $/kg
(Interagency Working Group on Social Cost of Carbon- United States Government ). This cost to
society had a projected discount rate for average use of gasoline was 5%. The 2010 cost was
projected to a 2014 present worth, and there was a societal benefit in reduction of CO2 emissions
equal to $0.88.
Assuming that the intersection volume and use remains the same for the next 45 years, and a
growth of the societal cost of carbon emissions at i = 3% per annum to account for the introduction
of legislation that will reduce the societal cost of carbon emissions in the future. The intersection
experiences a large increase in emissions costs passed on to society over time.

31

Cost of CO2 [$USD]
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Figure 22: Annual Cost of CO2 Emissions to Society

The annual cost of delay induced CO2 that is passed on to society if the intersection were controlled
by Adaptive Stop Display compared to traditional Stop signs is $24,349.14. While this number
seems small, it is important to remember that this is a model of one approach leg, of one stop
controlled intersection.
Variation of Costs
A sensitivity analysis was conducted on all assumptions to determine if one independent variable
influences the outcome of the cost to consumer more than another does.

Sensitivity Analysis
$40.00

Cost [$USD]

$35.00
$30.00
$25.00
$20.00
$15.00
$10.00
$5.00
$0.00
0%

20%

40%

60%

80%

100%

Percent PWC Allocation
Cost of Delay

Fuel Cost

Emissions

Figure 23: Sensitivity Graph for Cost by Percent PWC Allocation

The plot in Figure 23 indicates that the cost of delay is most heavily impacted by the percentage
of stop allocation due to it having the greatest slope. The costs associated with emissions are less
impacted because its slope is relatively small. All plots have a downward slope, which indicates
that with an increase in stop allocation, the more cost there is to users, therefore it is indicated that
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all cost values are negatively impacted by an increase in stop display allocation. Each value tested
is shown in Table 16.
Table 16: Sensitivity Analysis for Display State Allocation and Cost to Operator
Percent Stop
0%
10%
20%
30%
40%
50%
60%
70%
80%
90%
100%

Percent PWC
100%
90%
80%
70%
60%
50%
40%
30%
20%
10%
0%

Delay Cost
$56.14
$66.58
$73.71
$80.84
$87.97
$95.10
$102.24
$109.37
$116.50
$123.63
$130.76

Fuel Cost
$20.57
$24.43
$27.09
$29.75
$32.43
$35.11
$37.81
$40.51
$43.21
$45.93
$48.66

Emissions Cost
$0.52
$0.62
$0.68
$0.75
$0.82
$0.89
$0.95
$1.02
$1.09
$1.16
$1.23

The sensitivity analysis by volume variance indicates that volume plays a larger role in
determining user delay than display state allocation Table 17. Sign state allocation of this TCD in
the field would be a function of the intersection volumes and the probability of conflict, thus when
implementing or considering the implementation of this technology it is important to consider the
demand of the intersection in when considering the benefits. The mobility benefits of the
application may be diminished during peak hours or at any time when intersection demand exceeds
its capacity.
Sensitivity Analysis by Volume
$180.00
$160.00
$140.00
$120.00
$100.00
$80.00
$60.00
$40.00
$20.00
$0.00
0

1000

2000

Delay Cost

3000

4000
Volume

Fuel Cost

5000

6000

7000

8000

Emissions Cost

Figure 24: Volume Sensitivity Analysis – Assumes 60-40 PWC to Stop split
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Table 17: Sensitivity Analysis of Cost to Consumer by varying Volumes (assuming 60-40 split)
AADT
1000
1400
1800
2200
2600
3000
3400
3800
4200
4600
5000
5400
5800
6200
6600
7000

Delay Cost
$23.50
$32.90
$42.30
$51.69
$61.09
$70.49
$79.89
$89.29
$98.69
$108.09
$117.49
$126.89
$136.29
$145.68
$155.08
$164.48

Fuel Cost
$8.66
$12.13
$15.59
$19.06
$22.52
$25.99
$29.45
$32.92
$36.38
$39.84
$43.31
$46.77
$50.24
$53.70
$57.17
$60.63

Emissions Cost
$0.22
$0.31
$0.39
$0.48
$0.57
$0.66
$0.74
$0.83
$0.92
$1.01
$1.09
$1.18
$1.27
$1.36
$1.44
$1.53

DISCUSSION
The feasibility and practicality of this solution is entirely contingent on how connected vehicles
are introduced into the market. As stated in Longitudinal Study of ITS Implementation: Decision
Factors and Effects (Murray, Shah, Burnier, & Hicks, 2013), it is important to identify the potential
economic impacts of this technology in order to appropriately assess the benefits of this
technology. However, what is mentioned, most briefly, but perhaps what is most important in the
report is the role of the consumer in the connected vehicles market place.
It is likely that the state of connected vehicles technology will continue to press ahead, and the
costs of instrumenting vehicles and infrastructure will become a more palatable alternative to the
current static infrastructure that is in place today. However, without a 100% connected driving
environment, the benefits of the connected vehicle system are not being optimized, and such
system like Adaptive Stop Displays, and Adaptive Traffic Lights would not be able to work in a
purely V2V environment, but would rely on additional costly infrastructure.
Looking ahead
The potential for savings that can be passed on the consumer is a multi-tiered issue that cannot be
taken lightly. In the adaptive Stop display application, it is largely dependent on the driver’s
willingness to comply with this type of device in a non-test track environment, the volumes of the
intersection on the approach leg, and resultant the probability of a conflict occurring at the
intersection. Additionally, in a fully implemented application, there are more factors to consider
in the system architecture. Some of these considerations are overlooked in transportation
engineering today, some that have never been an issue prior.
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The system would need to have multiple fail-safes and redundancies. While DSRC is able to see
around corners for the most part, there are still some instances, in which the system’s ability to
communicate becomes sparse.
Urban canyons can propagate signals further than expected or cause the DSRC to become less
efficient that it would be in an open sky environment, due to null points, as documented by Vehicle
Infrastructure Integration (Andrews, 2009). A null point is the result of a radio signal taking
multiple paths from the source to the destination, at certain distances the signals destructively
interfere. This null point can cause the radio signal strength to drop below the threshold of
detectability of transceiver, resulting in lost data. Emerging technologies such as beamforming and
georouting to counteract these issues.
Limitations
Limitations to the study should be acknowledged: 1) On a test track, participants may drive
differently as compared to driving on an actual roadway. 2) The effect of having an experimenter
in the vehicle is likely to effect the driving behavior of all participants in unknown ways. 3) Due
to limitations 1 and 2 there are differences between naturalistic and closed test track studies, and
it would be best to do a direct comparison of these controls in a naturalistic to naturalistic or test
track to test track experiment.
Implications
The findings presented in this paper indicate that the Adaptive Stop display offers savings to road
users and state/local DOTs in terms of time, fuel, and money, however, given the preparedness of
the market for a full deployment, this solution will likely not be available for a long time.
Connected vehicle technology is still in its infancy and researchers have only just begun to explore
its capabilities as a tool for safety and mobility. By continuing to research the future applications
in this field, weighing the costs and benefits, and relating the benefits of the technology back to
the consumer the future for this technology looks promising.
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ABSTRACT
The critical event for crash involvement may be attributed to the driver, vehicle, or environment.
According to crash statistics from the NHTSA FARS database the most frequently occurring precrash event in 2011 was crossing over (running) the stop/yield sign, comprising exactly 50% of all
fatal stop/yield sign related crashes for the year. The advent of connected vehicle technology, it is
possible to know when you will have to stop at an intersection due to another vehicle coming into
your path. It is also possible to permit drivers to pass through an intersection without stopping
when a conflicting vehicle is not present.
An adaptive in-vehicle stop display was developed and tested on the Virginia Smart Road. Drivers
were exposed to many conditions that they would experience in the real world while using this
technology such as equipment malfunctions, total equipment failures, and varying levels of traffic.
Findings indicate there are no important statistically significant safety-relevant differences in
driver behavior, except for increased compliance for drivers who use the Adaptive Stop Display.
Consequently, the study seems to indicate that such a system would be beneficial from a safety
perspective.
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INTRODUCTION
Intersections are defined as locations where vehicles are required to cross paths to proceed along
their intended route; they are prime areas for the occurrence of vehicle crashes. In recent years, the
general trend of highway crashes has been on a steady decline largely due to aggressive public
awareness campaigns and enforcement that is more stringent. In 2011, there were 3,985 fatal
crashes at un-signalized intersections, comprising 12.3% of all fatal traffic incidents in the United
States. The critical event for crash involvement may be attributed to the driver, vehicle, or
environment. According to crash statistics from the NHTSA FARS database the most frequently
occurring pre-crash event in 2011 was crossing over (running) the stop/yield sign, comprising
exactly 50% of all fatal stop/yield sign related crashes for the year.
According to the Manual on Uniform Traffic Control Devices for City Highways and Streets
(MUTCD), traffic control devices “notify road users of regulations and provide warning and
guidance needed for the safe, uniform, and efficient operation of all elements of the traffic stream.”
(MUTCD, 2009) The MUTCD also states that for a traffic control device to be effective it should,
fulfill a need, command attention, and convey a clear, simple meaning.
The conditions under which a multi-way stop sign control is implemented generally fall into two
categories. First, at very low volume intersections, a stop sign may be installed for the sake of
perceived safety. The second situation under which multi-way stops may be installed is in urban
environments at low- to medium volume intersections where traffic volume is heavy enough to
warrant some sort of control, but not heavy enough to warrant a traffic signal.
Select Unintended Consequences of Stop Sign Misuse
Reduced Compliance /Respect
Stop signs have extremely low full compliance rates when compared to other forms of traffic
control. In fact, compliance rates seem to have decreased over time. In a 1989 FHWA study, it was
shown that only 16 years after stop signs were introduced they had less than a 50% full compliance
rate (Pietrucha, 1989). Overall, the study examined 31,212 vehicles at 142 sites and 67.6% of
those observations resulted in a violation, however only 1.3% of the 67.6% resulted in a traffic
conflict. The most recent stop sign compliance study took place in the New York metropolitan
area at the same four “T” junction intersections located in a residential community, over the course
of 9 years, in the final year, 1996, 97% of drivers did not stop at the stop sign. During this 9-year
period, full stops declined from 37% to 1% and rolling violations decreased from 34% to 2%
(Trinkaus, 1997). In a study of driver’s violation rates at intersections to develop an algorithm to
determine violators it was found that 36% of drivers in the sample never slowed below 3.4 m/s (5
mph) (Doerzaph, 2007). Doerzaph goes on to explain that while by law, these acts would be
classified as violations, at the frequency these events occur it is suggested that rolling stops are
intentional and that these drivers are cognizant of the situation and made a conscious decision to
proceed through the intersection.
Speeding
Stop signs are often used to control speed, and this misuse of traffic control devices promotes a
lack of respect for them and an overall reduced rate of compliance. The public holds a general
belief that stop signs provide some measure of speed control, and while this may be true at the
intersection where the stop sign is located, studies conducted nationwide have shown that speeds
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within a block of the stop sign are either unaffected by the stop sign or in some cases actually
increase. A study conducted in 1976 on the impact of stop sign installation on speed indicated that
while the difference in average speeds is not significant after installation of a stop sign, the
tendency is for a slight increase in vehicle speeds, possible because the motorist is trying to make
up for lost time (Beaubien, 1976).
Human Factors of Stop Sign Compliance and Driver Decision Making
The primary factors that influence decision making in are; knowledge of risks, appreciation of the
potential tradeoffs between risks and benefits, focus in the most likely outcomes, perceived
alternatives to taking the risk (Graham & Gootman). Teen drivers, much like adult drivers have a
tendency to exhibit overconfidence in their control over risk. A teen who believes they can handle
hazardous situations is confident in their driving skills and is decreasingly concerned about safety,
and therefore are likely to engage in risky behavior while driving.
At stop signs, we rely on the internal control of “rule following.” Rules may be described as a
statement of contingencies (Fuller, 2002). As illustrated by a modified example from Human
Factors for Highway Engineers, the rule “Stop if there is a stop sign” may be translated as a
statement of the contingency “if there is a stop sign (discriminative stimulus) and you do not stop
(response) you may crash into another vehicle (punishing consequence). As demonstrated in the
real world with the prevalence of stop sign violations, where rule following is not supported by
the natural consequences, the control of behavior may transfer from the rule to those consequences.
The objective of this study is to conduct a pilot test to identify the impact of an in-vehicle Adaptive
Stop Display on driving behavior and safety at intersections. The goal of the Adaptive Stop Display
is to increase the reliability of the rule by only requiring drivers to stop when it is necessary.

MATERIALS AND METHODS
Research Questions
The data collected was used to answer the following research questions about the in-vehicle
display’s impact on driving behavior and safety, overall.
1. Is stopping behavior of drivers using the adaptive display significantly different from a
traditional stop sign? If so, are these differences in a direction that may compromise safety?
2. Are drivers proceeding through the intersection when permitted in a way that appears
averse to risk (e.g. decelerating on their approaching, crossing the stop bar at a lower
speed)?
3. Are drivers responding in a way that is averse to risk when there is a display malfunction?
Study Design
Forty-nine participants volunteered for this research, with target age ranges between 18 to 25, and
55 years old and above with a near equal distribution of males and females. Each participant was
pre-screened during initial phone interviews according to standard VTTI protocols. On the day of
the scheduled experimental trials, participants read and filled out an informed consent. A Snellen
eye test was performed to ensure a corrected visual acuity of 20/40 or better, a hearing test was
administered to each participant, as well as an Ishihara red/green color blindness test. All
participants passed the pre-drive tests.
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The closed test track used during this study was the Virginia Smart Road. It is a 2.2-mile two-lane
roadway built to highway specifications. Access to the roadway is controlled by a dispatcher and
electronic gateways making the test facility a safe location to conduct research that would not be
possible on the open roadway.
The Smart Road has a full sized intersection with a high-speed and low-speed approach; allowing
for flexibility of studies conducted on the road. During this study, the four-way intersection was
used as the only location for participant interaction with confederate vehicle traffic and in-vehicle
alert distribution. North and South bound approaches were used for collecting data on participant
stopping behavior; all four legs of the intersection were used for confederate vehicle to interact
with participants. Multiple confederate vehicles of varying sizes were driven by other researchers
during the study to interact with the research vehicle at the intersection.
Participants were informed that the speed limit for the study is 35 mph, and to drive as they would
on a public road while approaching an intersection.
Apparatus
The in-vehicle adaptive display was a 5 inch, HD TFT LCD monitor. The display was positioned
such that it is located slightly offset from the vehicle’s steering wheel in the vehicle’s HVAC
system (Figure 25). This is considered a high head down display. For the purposes of this study,
the change in display and associated auditory alert is triggered by the driver crossing a geospecific
threshold to active a pre-determined sign state. However, in application the state of the sign would
adapt based on traffic conditions using a Dedicated Short Range Communications Network and
additional connected vehicle systems.

Figure 25: In-vehicle Adaptive Display Location

Visual Display Description
The stop display is an image of the standard R1-1 stop sign, placed on a black background. This
display was shown to drivers when the system perceived a stop was necessary and during the
driver’s initial exposure to the system. The “proceed with caution” (PWC) display was developed
by the Virginia Tech Transportation Institute in an earlier stage of this research, the PWC display
was also displayed on a black background. The PWC display was shown to drivers when the
system perceived that the driver should proceed vigilantly through the intersection, but that a
complete stop is not required.
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26-a: Stop Display

26-b: PWC Display

Figure 26: Stop Display (26-a) and PWC Display (26-b) were shown to drivers during the on road
portion of the study

In the interim between presentations of relevant information, the display shown in Figure 27 was
placed on the screen to maintain the authority of the traffic control displays.

Figure 27: Interim Display

Auditory Alert Description
An auditory alert was coupled with the display of the in-vehicle Traffic Control Device (TCD) to
alert the driver that information had appeared on the screen, and that they should direct their
attention there at a time that they found suitable. The auditory alert that occurred during normal
display functionality (henceforth referred to as alert 1) was comprised of 7 pulses with a pulse
width of 62ms, inter-pulse interval of 39ms, and a frequency of 1500 Hz. In the case of an
emergency switch, the auditory alert began with alert 1 then switched to a signal that was
comprised of 5 pulses with a pulse width of 1690ms, inter-pulse interval of 26ms, and a frequency
of 740 Hz (henceforth referred to as alert 2).
Description of Sign States
Following a brief orientation to the connected vehicle technology in general, participants
performed a series of 21 unique maneuvers in a research vehicle on the Virginia Smart Road,
located at VTTI. These maneuvers were designed to imitate situations one may experience in the
on live roadways using this technology, including interactions with varying levels of traffic and
equipment malfunctions/failures. A description of events surrounding the presentation of each sign
shown on the in-vehicle display (IVD) is found graphically in Table 18Table 1, with further
elaboration on the specifics of the scenarios as well as the purpose will occur in the results section,
prior to discussing driver response to each event.
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Table 18: Summary of Sign and Alert Pairings
Sign State

Image

Alert Pairing

STOP

Alert 1

Proceed with Caution (PWC)

Alert 1

t=1s

Switch

Alert 1 then Alert 2

Blackout

No Auditory Alert

Analysis of Collected Data
Data for a traditional static STOP sign were collected through a data mining effort of the 100-Car
Naturalistic Driving Study (T.A. Dingus et al., 2006), which tracked the behavior of the drivers of
100 vehicles equipped with video and sensor devices for more than one year. During that time, the
vehicles were driven nearly 2,000,000 miles, yielding 42,300 hours of data. The 241 drivers of the
vehicles were involved in 82 crashes, 761 near crashes, and 8,295 critical incidents. The data
mining effort that was under taken in this study involved using a partial dataset will contain
kinematic data and video of the participant and their surroundings. Stop-controlled intersections
from the 100-Car database that were previously identified in the 100-Car database for CICAS-V
Subtask 3.1 (Sudweeks, 2008) using coordinates provided by the Virginia Department of
Transportation were used in the data mining effort for the Adaptive Stop Display analysis.
The data mining effort resulted in 426 observations occurring at traditional static STOP signs, from
5 intersections. These observations were compared Adaptive Stop cases.

RESULTS PT 1: ADAPTIVE AND TRADITIONAL STOP COMPARISON
Adaptive Stop Display Compliance
A full stop is defined by the ITE Manual of Transportation Engineering Studies as a complete
cessation of movement, however brief (Robertson, 1994), in addition it was added that the vehicle
should stop with the front bumper somewhere between the range of 15 m before the stop bar or 2
m after the stop bar. For the purpose of this study, a rolling stop is defined as a vehicle reaching a
minimum speed of 4.5 m/s [10 mph] or less while still in motion prior to passing through the
intersection. A full violation is defined as a vehicle reaching a minimum speed, which is greater
than 4.5 m/s [10 mph] prior to passing through the intersection (Doerzaph, 2007).
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Adaptive Stop has a full stop level of 62.11% where at traditional stop signs the full compliance
level is 12.44%. The compliance rates of the display for full violations was 1.17 % for Adaptive
Stop and 39.67% for traditional stop signs. The prevalence of rolling stops between the two traffic
control devices was comparable, with Adaptive Stop occurring 36.72% of the time and 47.89% of
the time for traditional [ χ2 (2,N = 682) = 225.45, p < 0.0001].
A Chi-Square test indicates that there is a statistically significant difference tending toward more
compliant behavior for the Adaptive Stop when compared to the traditional stop sign.

Figure 28: Stopping behavior by compliance type

Location of braking onset
Driver braking behavior for the in-vehicle Adaptive Stop Display was compared to that of drivers
stopping at a traditional static stop sign. An acceleration rate of -0.075 g was used as the threshold
for detection to ensure that the driver was actively pressing the brake and no other phenomena was
the cause of the vehicle’s apparent slowing. This value was found by Doerzaph et al. in an analysis
of the 100-car database to determine the minimum acceleration rate present before drivers initiated
braking (Doerzaph, 2007).
An analysis of variance indicated that there is not a statistically significant difference in the
distance relative to the stop bar where braking begins, between the major effect of sign type
[F(1,649) = 0.0568, p = 0.57].
Table 19: Location of Braking Onset [m]
N
Mean Std Dev
Min
ADAPTIVE
147 54.73
5.97
41.49
TRADITIONAL
335 51.87
23.52
0.51

Max
147
335

Location of Stop
An analysis of variance indicated that there was a statistically significant difference between driver
stopping location and sign type Adaptive Stop and Traditional Stop Sign [F (1, 210) = 73.72 ,
p<0.0001]. Tukey’s Honestly Significant Difference (HSD) analysis shows that there is a
significant difference between the mean stopping locations for the Adaptive Stop Display (N=159,
M=2.71, S= 3.34) and the traditional stop sign (N=53, M=7.51, S= 4.04).
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51% of the events in the traditional stop sign group had a final stop location greater than or equal
to 7.5 m behind the stop bar, indicating that more than half of the people in the 100-Car subset
stopped behind at least one lead vehicle, but did not stop when they were closer to the stop bar.
Stop location was influenced in the open roadway by leading vehicles, which were not explicitly
studied herein; this may be a topic of future research.
Vehicles stopping beyond the stop bar increase the likelihood that an in-intersection conflict
occurs. A comparison of stop location is used as a surrogate measure for analyzing the safety of
the stopping location for the drivers.
Adaptive Stop Display – Inappropriate Stops
Thirteen occurrences of inappropriate stops beyond the stop bar (greater than 2 m beyond the stop
bar) were recorded for Adaptive Stop Display users; the mean stopping location was 4.22 m
beyond the stop bar. These events were prevalent in the first three exposures to the system, with
only two instances occurring in later scenarios, the mean stopping location for these two scenarios
was 3.5 m beyond the stop bar, and these inappropriate stopping behaviors were committed by the
same individual. Many of these inappropriate stops occurred during the first three exposures to the
system. The majority occurring in the first exposure. All participants except for one only
committed an inappropriate stop once; however, one participant contributed four inappropriate
stops to the overall number.

Figure 29: Inappropriate Stop Location by Age and Gender - Over Stop bar

25 and Under
55 Plus

Table 20:Inappropriate Stops over Stop Bar [m]
N
Mean
Std Dev.
Min.
8
-4.14
2.03
-8.71
5
-4.36
3.02
-9.18

Max.
-2.19
-2.01

RESULTS PT 2: RISK AVERSION USING PROCEED WITH CAUTION DISPLAY
The presentation of the “proceed with caution” (PWC) display was given without any verbal
instruction prior of what action the driver should take prior to the alert being administered. Drivers’
risk aversion behavior was analyzed to determine if certain conditions influence the degree to
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which drivers take action to lower their perceived level of risk. The main comparison is drawn
between traffic levels, a categorical variable that is simply the number of vehicles that are
approaching the intersection at the same time as the participant vehicle.
Proceeding vs. Stopping at Intersection
Over the course of all exposures to the display, 95.7% of participants proceeded through the
intersection, while only 4.3% of participants choosing to stop.
A chi-square analysis indicated that traffic level has a significant influence [χ2 (3, N = 1029) =
10.917, p = 0.012] on whether or not a participant decided to stop or go when they received the
“proceed with caution” display.
Table 21: Frequency of Stop Behavior by Traffic Level
TRAFFIC
Frequency
Percent
Number of Exposures
0
3
6.8%
2
1
25
56.8%
12
2
6
13.6%
3
3
10
22.7%
2

Minimum Speed
Traffic level was found to influence the minimum speed attained by drivers [F (3,971) = 14.01, p
< 0.0001]. A Tukey’s HSD test indicated that there was a statistically significant difference
between the minimum speeds between all traffic levels compared to the driver behavior when there
were three other vehicles at the intersection.
Table 22: Minimum speed [m/s] × Traffic Level
TRAFFIC
N
Mean
Std Dev
Min.
0
144
6.48
3.95
0.37
1
563
6.18
3.80
0.24
2
190
5.62
4.16
0.19
3
88
7.81
4.47
0.85

Max.
15.28
16.24
16.95
16.56

An analysis of variance was conducted on the location relative to the stop bar where the minimum
speed occurred and traffic was found to have a statistically significant influence [F (3,971) =
14.01, p < 0.0001].
Table 23: Proximity to Stop Bar [m] where minimum speed occurs× Traffic Level
TRAFFIC
0
1
2
3

N
144
563
190
88

Mean
-5.39
-2.58
0.09
1.07

Std Dev
11.50
10.64
8.61
7.20

Min.
-21.30
-23.26
-14.70
-13.83

Max.
32.69
63.75
33.95
20.82

Though drivers had a higher minimum speed with an increase in traffic, their time to intersection
(TTI) was higher (Table 24), indicating that in a situation that requires more time to assess the
hazards in the environment, drivers were more cautious and slowed prior to proceeding through
the intersection.
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𝑇𝑇𝐼 =

TRAFFIC
0
1
2
3

𝑃𝑟𝑜𝑥𝑖𝑚𝑖𝑡𝑦 𝑡𝑜 𝑆𝑡𝑜𝑝 𝐵𝑎𝑟 [𝑚]
𝑚
𝑀𝑖𝑛𝑖𝑚𝑢𝑚 𝑆𝑝𝑒𝑒𝑑 [ 𝑠 ]

Table 24: Driver TTI [s] × Traffic Level
N
Mean
Std Dev
Min.
144
-1.87
4.41
-43.70
563
-0.78
2.00
-17.07
190
-0.38
1.54
-5.79
88
0.17
0.89
-1.86

(5)

Max.
2.91
14.00
5.10
4.16

Mean Acceleration Prior to Crossing the Stop Bar
Traffic level [F (3,971) = 42.03, p <0.0001] was found to have an influence on mean acceleration
prior to crossing the stop bar. Drivers generally decelerated with an increase in the level of traffic,
this indicates that drivers were exhibiting risk averse behavior when proceeding through the
intersection when coupled with minimum speed and TTI findings.
Table 25: Mean Acceleration Prior to Crossing Stop Bar [g]
TRAFFIC
N
Mean
Std Dev
Min. Max.
0
144
-0.11
0.06
-0.29
0.04
1
563
-0.13
0.07
-0.25
0.05
2
190
-0.17
0.05
-0.26
-0.04
3
88
-0.08
0.05
-0.18
0.02

RESULTS PT 3: DRIVER RISK AVERSION WITH ABNORMAL DISPLAY FUNCTIONALITY
Scenarios where the display functioned improperly were studied to determine if any unintended
safety consequences are a result of system malfunction. If driver behavior indicates that there is a
negative safety implication, then the potential repercussions for these actions will be considered
prior to implementing this technology in order to minimize driver risk.
Visual Obstruction
The participant approached the intersection with one leg of the intersection blocked with a visual
obstruction in this case; the obstruction is moveable fence with privacy slats. A confederate vehicle
has been positioned behind the obstruction (Figure 30). The driver of the confederate vehicle
receives notification from the researcher when the participant vehicle is approximately 35 m from
the stop bar, at this time; the confederate vehicle drives partly into the intersection in-view of the
participant vehicle (Figure 31-Figure 33). This case was analyzed as an indicator of driver
complacency with the system as well as to understand any potential safety decrements that result
from their behavior.

48

Figure 30: Confederate vehicle parked behind
visual obstruction

Figure 31: View from perspective from
participant vehicle at 35 m from stop bar

Figure 32: Confederate vehicle encroaching on
participant vehicle

Figure 33: Final stopping location for
confederate vehicle

Driver Stopping Behavior upon Encroachment
57.14% of drivers did not stop upon encroachment, however, a chi-square test of independence
was performed to examine the relation between the prevalence of hard braking events (acceleration
< -0.5 g) and the stop/go behavior of the participants to determine if an action to stop was taken
by the drivers that did not stop. Results indicate that there is a difference between the occurrence
of hard braking events for drivers who stopped and those did not [χ 2(1, N=49) =10.46, p=0.0012].
Table 26: Chi-Square for Stop/Go Behavior and Hard Braking
Hard Brake Event
No Hard Brake
Total
Statistic
χ2

GO
7
14.29%
21
42.86%
28
57.14%
DF
1

STOP
15
30.61%
6
12.24%
21
42.86%
Value
10.46

Total
22
44.90%
27
55.10%
49
100%
p
0.0012

Of the hard braking events recorded, 30.6% of drivers reacted in time to the encroachment with
hard braking. 12.2% of participants were able to stop without a hard braking event, 14.3% of
participants made an attempt to stop with a hard braking event, but were ultimately unsuccessful,
and many of these participants attempted lateral collision avoidance maneuvers in addition to their
hard braking behavior.
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Switch Case
The in-vehicle display unit initially gives the participant the PWC display, 0.10 sec. following, the
display switches to STOP with a differentiable auditory alert. Switch cases occurred both with and
without traffic present.

Figure 34: Participant view of intersection on approach

Figure 35: Cross traffic for SWITCH case

This type of malfunction was tested in particular due to the dynamic nature of the system, drivers
may receive one command and then receive another command on the same approach a short time
later. If drivers are not able to stop prior to entering the intersection, or are careless about how they
proceed there the potential for serious safety implications.
Driver Violation Commission on Switch
A Chi Square test was run on the frequency of drivers who stopped and did not stop when
information on the in-vehicle display changed when traffic was present and when traffic was not
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present. The data from the Chi Square test indicates that there is no statistically significant
difference between the two scenarios [χ2 (1, N = 98) = 0.3908, p =0.5319].
Table 27: Frequency of Violations on Switch
Frequency
Percent
GO
37
37.76%
STOP
61
62.24%

Location of Minimum Speed
An analysis of variance on the distance relative to the stop bar where the driver has achieved their
minimum speed on their indicated that there was no statistically significant difference between
driver stopping behavior, age, gender, or traffic volume [F (4, 97) = 1.93, p = 0.0112].
The descriptive analysis of the minimum speed shows that on average, the drivers that proceeded
through the intersection reached their minimum speed closer to the stop bar, as summarized in
Table 28 and Table 29.
Table 28: Location of Minimum Speed [m]
BEHAVIOR
N
Mean
Std Dev
Min.
GO
37
0.12
3.32
-8.45
STOP
61
2.13
5.99
-5.80
Table 29:Minimum Speed [m/s]
BEHAVIOR
N
Mean
Std Dev
Min.
GO
37
1.03
0.96
0.19
STOP
61
0.00
0.00
0.00

Max.
8.10
26.63
Max.
5.39
0.00

The required deceleration parameter represents the calculated constant deceleration required to
stop at the stop bar based on the vehicle’s current speed and proximity to the stop bar. This
information is useful as it would indicate the driver’s level of control of the vehicle, and the ability
to bring the vehicle to a complete stop comfortably at the stop bar should the need arise.
𝑅𝐷𝑃 =

𝑉2
2×𝑅×𝑔

𝑅𝐷𝑃 = 𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑑𝑒𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟 [𝑔]
𝑉 = 𝑀𝑖𝑛𝑖𝑚𝑢𝑚 𝑆𝑝𝑒𝑒𝑑 [𝑚⁄𝑠]
𝑅 = 𝐼𝑛𝑠𝑡𝑎𝑛𝑡𝑎𝑛𝑒𝑜𝑢𝑠 𝑝𝑟𝑜𝑥𝑖𝑚𝑖𝑡𝑦 𝑡𝑜 𝑡ℎ𝑒 𝑠𝑡𝑜𝑝 𝑏𝑎𝑟 [𝑚]
𝑔 = 𝐺𝑟𝑎𝑣𝑖𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑎𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 [9.81 𝑚⁄𝑠 2 ]

(6)

About half of the drivers who proceeded through the intersection would have been able to stop the
vehicle without hard braking (deceleration < 0.5g) based on their Required Deceleration Parameter
(RDP). The remaining drivers had already crossed the stop bar by the time their minimum speeds
had been achieved.
Table 30: RDP Summary Statistics for GO Group
RDP
RDP > 0
RDP < 0

Min Speed Location
Behind Stop Bar
In Front of Stop Bar

N
18
19
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Mean
0.14
-0.02

Min.
0.00
-0.06

Max.
0.48
-0.001

These RDP levels are consistent with typical rates of a slowing vehicle and indicate that the
majority of drivers were able to stop the vehicle prior to crossing the stop bar, or would have been
able to if the need presented itself.
Blackout Case
In the “blackout” case, the unit provides no visual or auditory stimulus to the driver, they are left
to their own devices to make a decision regarding whether it is appropriate to proceed through the
intersection. Two confederate vehicles proceed toward the intersection to create a conflict situation
for the participant. Examining the failure mode is important because of the lack of information
presented to the driver. This failure mode is analogous to a stop sign missing at an intersection, it
is important to understand if drivers proceed through the intersection cautiously and examine the
situation or if they are less conservative in their driving behavior. For the purposes of this paper,
driver response to the situation of oncoming traffic at the intersection coupled with a lack of
information will be analyzed through kinematic measures.

Figure 36: Perspective of the participant, confederate vehicles approaching head on and on the left.

Stop/Go Behavior
When no auditory or visual information was displayed to the driver, only 4.08% (2) of the
participants came to a complete stop behind the stop bar while 95.92% (47) proceeded through the
intersection. Due to the low number of participants who stopped, inferential statistics cannot be
completed.
Cautionary Behavior of Participants
Drivers who stopped were removed from the data set to analyze stop bar crossing speed. Summary
statistics on driver maximum and minimum speeds, the acceleration behavior, and the locations at
which the respective speeds occurred are shown in Table 31 and Table 32.
Table 31: Summary Statistics on Maximum Speed
Variable
N
Mean
Std. Dev
Min.
Max.
D2SB [m]
46
63.72
30.54
-14.85
76.90
Speed [m/s]
46
15.60
0.83
13.84
18.13
Accel [g]
46
-0.01
0.04
-0.12
0.13
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Table 32: Summary Statistics on Minimum Speed
Variable
N Mean Std. Dev
Min.
Max.
D2SB [m]
46
6.43
12.75
-13.52
45.62
Speed [m/s]
46 11.00
5.00
0.25
17.12
Accel [g]
46
0.02
0.02
-0.04
0.06

Driver minimum speed in response to a lack of stimuli with traffic present has a wide variety of
driver responses to the situation. The desired response to a situation such as this would be to stop
or slow significantly in order to assess the situation more appropriately, this behavior did not occur
frequently in this analysis.

DISCUSSION
In this paper, an in-vehicle adaptive stops display leveraging connected vehicle technology was
developed and tested in a closed test track environment. Overall, differences were observed
between drivers not only when using the adaptive in-vehicle display and traditional stop signs, but
also when the display was functioning appropriately and abnormally.
Influence on Stop Behavior
The Adaptive Stop has a significantly higher compliance rate when compared to traditional stop
signs especially when compared to an assortment of literature comparing the compliance of static
stop signs in real world conditions. Table 33 demonstrates the change in compliance with
traditional stop signs over time since their introduction to the transportation system in 1915. It is
important to note however, there are differences between closed test track conditions, naturalistic
driving studies, and field data collection. In theory however, the addition of an auditory alert and
in-vehicle visual cues allows drivers to be more prepared for the stop and does not have the
deficiencies of a traditional stop sign.
Table 33:Comparison of Compliance among Studies
Study
Full Stop
Rolling Stop
Full Violation
Noble et al. (2014)a
61%
47%
2%
b
Dingus et al. (2005)
5%
37%
48%
c
Trinkaus (1996)
1%
2%
97%
c
Dyar (1977)
12%
60%
28%
Beaublen (1976) c
22%
48%
30%
c
Leisch (1963)
17%
69%
14%
c
Hanson (1960)
20%
69%
11%
c
Eliot (1935)
38%
42%
20%
Fisher (1935) c
45%
34%
21%
c
Morrison (1931)
47%
42%
11%
a
– Adaptive stop display – Closed test track
b
– Traditional stop signs – Naturalistic driving study
c
– Traditional stop signs – Traffic counts (Dyar, Unpublished Masters
Thesis, May 1977)

The location relative to the stop bar where braking began was not statistically different between
the Adaptive Stop Display, and the traditional stop signs. This is an expected observation, due to
the fact that the alert presentation timing was based off of the stopping sight distance calculations.
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Generally, drivers using the Adaptive Stop Display were able to stop at a location that was behind
the stop bar or half a car length beyond; indicating a controlled stop was readily achieved. Some
participants had trouble on their initial exposure to the system and stopped on average 4.22 m
beyond the stop bar; suggesting that system exposure leads to learning. There was only one
participant using the Adaptive Stop Display who habitually stopped beyond the stop bar (4/6
times); whether this driver also stops beyond the stop bar with a traditional control was not
assessed.
Stop bar crossing speeds demonstrated a statistically significant difference, but only for the full
violation level, and while this could be a safety decrement on real roads, it can be easily mitigated
with any sort of education of the user prior to use of the technology. There were minimal
differences in the rolling stop crossing speeds between the two types of signs.
The key difference between traditional stop signs and the adaptive in-vehicle display is
compliance, and location of braking onset. Drivers were able to react to the in-vehicle display in a
way that allowed them to come to a controlled stop, and, the system did not instigate a panic
response.
Risk Aversion Behavior while using PWC Display
Drivers were generally willing to proceed through the intersection when the PWC display is
shown. 95.7% of participants proceeded through the intersection. Drivers are attaining their
minimum speed further from the stop bar, with an increase in traffic. This indicates that drivers
become more cautious as the situation calls for a change in behavior, and are not blindly following
the display. Drivers are decelerating from the onset of the alert to the stop bar, and beginning to
brake at a distance that provides more than enough time for drivers to stop the vehicle if needed at
the 35 mph speed limit.
This analysis indicates that drivers are actively lowering their level of risk as hazards present
themselves in terms of traffic presence. Driver TTI increased as traffic levels increased, indicating
that in a situation that requires more time to assess the hazards in the environment, drivers were
more cautious and slowed prior to proceeding through the intersection.
Risk Aversion Behavior to Malfunctions
When there is an obstruction blocking the view of an encroaching adjacent vehicle, 57.14% were
able to stop, or attempted to stop via hard braking, but were ultimately unsuccessful. Upon
encroachment, 42.86% of participants did not stop, or attempt to stop.
For the switch case, 37.76% of drivers failed to stop regardless of whether traffic was present or
not. Upon assessing the RDP values for drivers failed to stop and with a minimum speed that
occurred behind the stop bar (about 50%), all drivers would have been able to bring the vehicle to
a complete stop at the stop bar without hard braking. This indicates that drivers are in control of
the vehicles and made the decision to proceed through the intersection. It does not appear that
drivers are being careless, or in any way increasing their risk through their response to the switch
case.
The malfunction that poses the greatest hazard to drivers appears to be the blackout case; however,
demand characteristics associated with the experimental design that may have influenced the
participant’s reaction to the blackout scenario in particular. Despite those factors, 95.92% of
participants failed to stop, and drivers crossed the stop bar at a higher speed than they did under
54

similar conditions while using the PWC display. This indicates that drivers are behaving in a risky
way, though they may not be aware of their carelessness.

LIMITATIONS
There are several limitations to the study should be acknowledged: 1) On a test track, participants
may drive differently as compared to driving on a live roadway; 2) the effect of having an
experimenter in the vehicle is likely to affect the driving behavior of all participants in unknown
ways; and 3) due to limitations 1 and 2 there are differences between naturalistic and closed test
track studies, such that future work should focus on a direct comparison of these controls in a
naturalistic to naturalistic or test track to test track experiment.

CONCLUSIONS
The performance of drivers using the Adaptive Stop Display indicate that there is no difference in
stopping behavior in terms of driver input when compared to a traditional stop sign. The increased
level of driver compliance to the stop display is something that should be noted; drivers are not
missing valuable information and are more willing to stop when using the adaptive in-vehicle
display. When drivers were presented with the proceed with caution display, their behavior
appeared to be risk averse and appropriate when responding to situational changes that require
higher levels of attention, such as an increase in traffic.
Driver risk aversion with the in-vehicle Adaptive Stop Display when it is not functioning
appropriately depends heavily on the mode of failure. Due to the dynamic nature of the display,
when information changes, drivers are able to respond in a way that they are in control of the
vehicle and able to bring it to a complete stop if they felt it was necessary. However, if there is an
absence of stimuli, or a vehicle pulls encroaches on the driver’s right of way from behind a visual
obstruction, drivers respond in a more risky way.
Prior to implementation, researchers should ensure that the system is highly reliable, and that there
is a widely applied education program on appropriate use of the in-vehicle Adaptive Stop Display.
Drivers should also be educated on how to respond to each of the failure modes, as this study has
found that drivers have a wide range of responses to system failures. By educating the user on how
to respond, there will be less variance in the behavior across drivers and ideally this will increase
driver safety.
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ABSTRACT
Driving through an un-signalized intersection creates multiple opportunities for missed or
misunderstood information. Stop signs, in particular, can be stolen, covered by vegetation, or
rotated out of place, leading to an absence of information and contributing to inappropriate
decision-making and crashes. Connected vehicles provide an opportunity to address this issue, so
we developed an adaptive in-vehicle stop display and tested driver response to the display on the
Virginia Smart Road. Participants were subjected to a variety of real-world scenarios, including
equipment malfunctions and total system failures. Eye glance and combined eye glance and
kinematic analyses were conducted to answer the following research questions: 1) is the in-vehicle
display a distraction; 2) are drivers appropriately using the display. Alternatively, are they using
the display in a way that can compromise their safety; 3) are drivers becoming complacent or is
their level of vigilance maintained over their exposure to the system? Results of the analysis
demonstrate that the adaptive in-vehicle stop display does not cause a safety decrement.
Participants acclimated quickly to the system, over the course of a few exposures. Drivers will
likely become accustom to the system in their first trip or two in the real world. Drivers remained
vigilant throughout the duration of their exposure to the system and did not seem to suffer any
learning difficulties based on gender or age.
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INTRODUCTION
Driver inattention increases the potential reaction time for braking and maneuvering. Long periods
of distraction reduce the amount of time to react to an unexpected event, such as a vehicle or
pedestrian entering the roadway. Long periods of distraction occur commonly when dialing,
texting, and visually searching for music. Inattention to the forward roadway was a factor in over
half of the near-crashes as reported by Dingus et al (T.A. Dingus et al., 2006). Cell phone use
(15%), internal, not vehicle-related distractions (10%), and vehicle-related system use (10%)
accounted for the majority of the secondary task distraction. In all of these secondary tasks, it is
most likely that eyes off the forward roadway contributed to the event, even for wireless device
use as dialing and cell-phone other account for .
Driver related factors are perhaps the largest causal factor in stop controlled intersection crashes.
While some studies have indicated that there are inherent physiological differences in the driver’s
physical capability in terms of neck flexibility and the ability to make full intersection glances,
older drivers (75 years and up) seem more conflict averse, and try to focus on not disturbing other
traffic. Drivers between the ages of 35 and 55 have more focus on the task of driving safely through
the intersection without ending in a conflict with other vehicles or road users (Dukic & Broberg,
2012). However, missed information among older drivers tends to predominate failure to yield
crashes. Among drivers 80 and older, search errors predominated in failure to yield crashes.
Reitman et al. indicates that search errors also were a large factor in failure to yield crashes among
drivers ages 35-54, but their search errors were due more often to distraction (Braitman, 2007).
External controls on behavior, or controls in the environment seem to be the most effective means
for gaining compliance, be it traffic signals or a police car sitting in close proximity to an
intersection. At stop signs, we rely on the internal control of “rule following.” Rules may be
described as a statement of contingencies (Fuller, 2002). As illustrated by a modified example
from Human Factors for Highway Engineers, the rule “Stop if there is a stop sign” may be
translated as a statement of the contingency “if there is a stop sign” (discriminative stimulus) and
you do not stop (response) you may crash into another vehicle (punishing consequence). As
demonstrated in the real world with the prevalence of stop sign violations, where rule following is
not supported by the natural contingencies, control of behavior may transfer from the rule to those
contingencies. Since the rule following is not supported by the natural contingencies in the real
world, we now see a high violation rate of stop signs.
Inexperience is a risk factor for crashes mainly because competence for safe driving is largely a
mental rather than a physical activity. Novice drivers have not been exposed to the many complex
situations that can be posed while operating a motor vehicle. Olsen et al. indicates that novice
drivers are not good at dividing their attention but rather they tend to fixate their attention on one
thing, possibly due to the inexperience with the driving task, that is inherent with young age, or
some risk acceptance factors that seem to have a high correlation with youth (Olsen, 2005). While
new drivers can learn how to manage a vehicle effectively within a very short time frame, in terms
of steering input and brake/accelerator depression, safe and competent, driving requires the ability
to perceive hazards and to make sound judgments on how to mitigate the hazard. These strong
mental processes can only be developed with years of exposure.
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Information Processing Factors
Driver characteristics are associated with the immersion and understanding of information. These
characteristics govern the drivers’ abilities to derive implications for the current situation and the
decisions required for appropriate execution. Driving through an un-signalized intersection creates
multiple opportunities for missed or misunderstood information. Stop signs, in particular, can be
stolen, covered by vegetation, or rotated out of place, leading to an absence of information and
contributing to inappropriate decision-making and crashes. A large US in-depth study found that
in 70% or more cases there was human error as a causal factor (Treat, 1977) of a crash occurring
at an un-signalized intersection. Of these, about 40% had as contributory factors difficulties in
perception or information processing. Because driving is a time sensitive task, there is a finite
amount of time to identify relevant information, make the decision of the best course of action,
and then execute. When information is missing, often drivers do not fill in those gaps until they
have encroached on another vehicle’s right of way.
Table 34: Human Causal Factors in Traffic Accidents (Treat, 1977)
Treat, J.R., N.S. Tumbas, S.T McDonald, D. Shinar, R.D Hume, R.E Mayer, R. L. Stansifer, N.J.
Castellan. (1977). Tri-Level Study of the Causes of Traffic Accidents: Final Report - Volume I.
Used under fair use, 2014.
Factor
Improper lookout
Inattention
Speeding
Internal distraction
False assumption

Percentage
18-23
10-15
8-17
6-9
5-8

Driver Visual Search
The ability of a driver to scan the environment for hazards are important when approaching an
intersection, and in making the decision whether to stop or proceed through. Human vision extends
about 180 degrees in the horizontal direction; however, by age 70 this is reduced to about 140
degrees. Head and eye movements allow a much wider field of view. Useful field of view (UFOV)
includes the total visual field from which target characteristics can be acquired when head and eye
movements are excluded. The extent of the UFOV depends on how well the driver can divide his
or her attention, ignore distractions, and select relevant information from the UFOV. This reduces
with increasing driver age, increasing vehicle speed, heavy traffic, inclement weather, and high
task demand. In stressful driving conditions, there is a failure to scan in the entire road
environment. Crundall et al. showed that as driving becomes more dangerous the pattern of visual
search becomes more focused and drivers are more likely to miss certain information, especially
in peripheral vision, this is particularly true with inexperienced drivers (D. E. Crundall,
Underwood, Geoffrey, 1998). It was also noted by Crundall that although novice and experienced
drivers have similar detection rates for identifying near hazards, the novices’ ability declined the
further away a hazard is relative to the vehicle. As drivers gain experience, they become more
adept to scanning the road and at ignoring information that is irrelevant to the driving task. In a
study by Romoser et al., differences between older (mean age = 77) and younger drivers (mean
age = 35) on obstructed stop controlled intersection approaches were significantly different when
they were within 2 seconds from entering the intersection (Romoser, Pollatsek, Fisher, & Williams,
2013). It appears that there is no physiological or cognitive explanation between the older driver’s
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failures to scan intersections for hazards when there are no distractions present, older drivers may
have developed the habit of not scanning the intersection, and this may cause them to not take that
action, though they are physically able to do so.
Eye movements change from narrow scanning and looking just ahead of the vehicle to sampling
more widely as driving experience increases (Mourant, 1972). Where drivers look depends upon
the driving situation, when there is no traffic, about half of the glances are straight ahead. The
roadway environment has an impact on driver scanning behavior, for example, driving on a two
way road has shown an increase in the variance of horizontal fixation location for more
experienced drivers, relative to other road types (Underwood, 2002). Data from driver eye
fixations suggest drivers feel comfortable looking inside a vehicle for about one second on average,
though it is noted that in such cases as that of contemporary in-vehicle systems, up to 1.5 seconds
is acceptable (Dewar & Olson, 2007).
SEEV Model
The SEEV Wicken’s SEEV model (Salience, Effort, Expectancy, and Value) is a model of
selective attention (Wickens, Goh, Helleberg, Horrey, & Talleur, 2003). The parameters of SEEV
that drive visual attention (as well as mental) attention to the environment.
Ideally, the most valuable information is more salient in any design, however, at stop-controlled
intersections, the most valuable information may be obstructed by vegetation or missing entirely,
and indicators of potential hazards can be obstructed by poor sightlines. Placing stop signs in the
vehicle allows for the potential for additional benefits when compared to their out of vehicle
counter parts, including reduced frequency of missed information and higher levels of conspicuity.
When any change is made to a traffic sign, especially which are so ingrained into drivers’ minds
such as stop and yield signs) an evaluation of the perceptions and reactions of naïve people must
be considered. According to Dewar and Olson (as cited by Salvendy (Salvendy, 2012)) the traffic
control device must “attract the driver’s attention (conspicuity), it must be easily read or interpreted
(comprehension), and its information must be acquired quickly, within 1 or 2 seconds.” While
adaptable in-vehicle signs have great potential, they must be properly designed and tested to ensure
that there are no unintended safety repercussions in terms of driver comprehension or distraction.
The primary aim of the present study is to determine if any safety decrement results from replacing
typical static stop signs with an in-vehicle Adaptive Stop Display. The presence of a safety
decrement will be determined by extended gaze duration off road, frequent in-vehicle glances, and
decreased scanning of the environment.

MATERIALS AND METHODS
Study Design
Forty-nine participants volunteered for this research. The target age ranges for participants
were between the ages of 18 to 25, and 55 years old and above. It was attempted to have an equal
distribution of males and females. Each participant was pre-screened during initial phone
interviews to confirm that they held a valid United States driver’s license and that they had no preexisting medical conditions that would prohibit them from taking part in this study as well as
appropriate age and gender demographics. On the day of the scheduled experimental trials,
participants read and filled out an informed consent. A Snellen eye test was performed to ensure a
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corrected visual acuity of 20/40 or better in accordance with the legal limit for Virginia. In addition,
each participant was administered a hearing test and an Ishihara red/green color blindness test. All
participants passed the pre-drive tests.
The closed test track used during this study was the Virginia Smart Road. It is a 2.2-mile
two-lane roadway built to highway specifications. Access to the roadway is controlled by a
dispatcher and electronic gateways making the test facility a safe location to conduct research.
This allows scientists to complete experiments that would not be possible on the open roadway.
The Smart Road has a full-sized, four-way intersection with a high-speed and low-speed approach,
allowing for flexibility of studies conducted on the road. During this study, the participant
interaction with confederate vehicle traffic and in-vehicle alert distribution. North and South bound
approaches were used for collecting data on participant stopping behavior; all four legs of the
intersection were used for confederate vehicle to interact with participants. Multiple confederate
vehicles of varying sizes were driven by other researchers during the study to interact with the
research vehicle at the intersection.
The participant vehicle was a 2008 Chevrolet Tahoe equipped with ABS, air bags, and
traction control. An emergency passenger side brake was added to the vehicle so that the
experimenter could stop the vehicle if needed. Participants were informed that the speed limit for
the study was 35 mph.
Apparatus
The in-vehicle adaptive display was a 5 inch, HD TFT LCD monitor. The display was
positioned such that it is located slightly offset from the vehicle’s steering wheel in the vehicle’s
HVAC system (Figure 1). This is considered a high head down display. For the purposes of this
study, the change in display and associated auditory alert is triggered by the driver crossing a geospecific threshold to active a pre-determined sign state. However, in application the state of the
sign would adapt based on traffic conditions using a Dedicated Short Range Communications
(DSRC) Network and additional connected vehicle systems.

Figure 37: In-vehicle Adaptive Display Location

Visual Display Description
The stop display is an image of the standard R1-1 stop sign (MUTCD, 2009), placed on a
black background. This display was shown to drivers when a stop was necessary and during the
driver’s initial exposure to the system. The “proceed with caution display” (PWC) was developed
by the Virginia Tech Transportation Institute in an earlier stage of this research (Appendix S), the
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PWC display was also displayed on a black background. The PWC display was shown to drivers
when the driver should proceed vigilantly through the intersection, but that a complete stop is not
required.

38-a: Stop Display

38-b: PWC Display

Figure 38: Stop Display (38-a) and PWC Display (38-b) were shown to
drivers during the on road portion of the study.

In the interim between presentations of relevant information, the display shown in Figure 3 was
placed on the screen to maintain the authority of the traffic control displays.

Figure 39: Interim Display

Auditory Alert Description
An auditory alert was coupled with the display of the in-vehicle Traffic Control Device (TCD) to
alert the driver that information had appeared on the screen, and that they should direct their
attention there at a time that they found suitable. The auditory alert that occurred during normal
display functionality (henceforth referred to as alert 1) was comprised of 7 pulses with a pulse
width of 62ms, inter-pulse interval of 39ms, and a frequency of 1500 Hz. In the case of an
emergency switch, the auditory alert began with alert 1 then switched to a signal that was
comprised of 5 pulses with a pulse width of 1690ms, inter-pulse interval of 26ms, and a frequency
of 740 Hz (henceforth referred to as alert 2).
Description of Sign States
Following a brief orientation to the connected vehicle technology in general, participants
performed a series of 21 unique maneuvers in a research vehicle on the Virginia Smart Road,
located at VTTI. These maneuvers were designed to imitate situations one may experience in the
real world using this technology, including interactions with varying levels of traffic and
equipment malfunctions/failures. A description of events surrounding the presentation of each sign
shown on the in-vehicle display (IVD) is found in Table 35.
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Table 35: Summary of Sign and Alert Pairings

Sign State

Image

Alert Pairing

STOP

Alert 1

Proceed with Caution (PWC)

Alert 1

t=1s

Switch

Alert 1 then Alert 2

Blackout

No Auditory Alert

Violation of Expectations- Scenario Descriptions
Surprise
The participant approached the intersection with one leg of the intersection blocked with a visual
obstruction in this case; the obstruction is moveable fence with privacy slats. A confederate vehicle
has been positioned behind the obstruction Figure 40. The driver of the confederate vehicle
receives notification from the researcher when the participant vehicle is approximately 35 m from
the stop bar, at this time; the confederate vehicle drives partly into the intersection in-view of the
participant vehicle (Figure 41- Figure 43). This case was analyzed as an indicator of driver
complacency with the system as well as to understand any potential safety decrements that result
from their behavior.
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Figure 40: Confederate vehicle parked behind visual
obstruction

Figure 41: View from perspective from
participant vehicle at 35 m from stop bar

Figure 42: Confederate vehicle encroaching on
participant vehicle

Figure 43: Final stopping location for
confederate vehicle

Switch
During the Switch case, the in-vehicle display unit initially gives the participant the PWC display,
0.10 sec. following, the display switches to STOP with a differentiable auditory alert. Switch cases
occurred both with and without traffic present.

Figure 44: Participant view of intersection on
approach

Figure 45: Cross traffic for SWITCH case
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This type of malfunction was tested in particular because no system is perfect, drivers may receive
one command and then receive another command on the same approach a short time later. If
drivers are not able to stop prior to entering the intersection, or are, careless about how they
proceed there the potential for serious safety implications.
Blackout
In the “blackout” case, the unit provides no visual or auditory stimulus to the driver, they are left
to their own devices to make a decision regarding whether it is appropriate to proceed through the
intersection. Two confederate vehicles proceed toward the intersection to create a conflict situation
for the participant. Examining the failure mode is important because of the lack of information
presented to the driver. This failure mode is analogous to a stop sign missing at an intersection, it
is important to understand if drivers proceed through the intersection cautiously and examine the
situation or if they are less conservative in their driving behavior.

Figure 46: Perspective of the participant, confederate vehicles approaching head on and on the left

Vehicle Instrumentation
The data acquisition system (DAS) was used to record all relevant kinematic and driver
performance data for subsequent analysis. The DAS located in the back of the vehicle out of view
of the participant in an unobtrusive location. The DAS hardware was contained in custom housing
and was wired to interface with the vehicle CAN and through the OBD port. The system gathers
and records data streams asynchronously, allowing each sensor to operate at its optimal collection
rate.
The DAS records data at millisecond precision at the data collection rate native to sensor on a high
performance sensor suite. The configuration used for this study is presented below.




4 digital video cameras/views
o Forward camera view
o Driver face view
o Display view
o Accelerator/brake pedal view
Accelerometers (3 axes)







Gyroscopes (3 axes)
GPS receivers
Experimenter Interface
Audio
Vehicle network data

Data was collected on an encrypted 256 GB solid-state hard drive for each participant then
subsequently uploaded to a secure server at VTTI.
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Eye Glance Reduction
The reduction of face view video collected during the
experimental tasks consisted of a frame-by-frame review,
which allows for a time history of glance location around
an event/area of interest or the analysis of a scanning
pattern. Eye glance analysis followed a strict protocol and
data was spot-checked for accuracy.
Figure 47: In-vehicle camera views

RESULTS
The eye glance data was reduced and analyzed to answer the following questions:
1. Is the in-vehicle display a distraction?
2. How does driver eye glance behavior change given the vehicle’s proximity to the
intersection and speed? What factors influence this behavior?
3. Are drivers scanning the environment to identify hazards?
Is the In-vehicle Display a Distraction?
Number of Glances to the IVD
On average, the mean glance frequency to the in-vehicle display for a given display state per
intersection approach is shown below in Table 36.
Table 36: Mean Glance Frequency to IVD by Sign State
SIGN
BLACKOUT
PWC
STOP
SURPRISE
SWITCH

N
29
810
143
48
96

Mean
2.03
1.16
1.87
1.13
2.54

Std Dev
1.21
0.41
1.00
0.33
1.13

Min.
1
1
1
1
1

Max.
6
4
6
2
6

The mean glance frequency over time follows a power series. When the system is functioning
properly, as the number of exposures to the in-vehicle system tend towards infinity, the number of
glances to the IVD, on the average will be approximately 0.85 glances (1 glance) [F (307, 1124)
= 3.44, p < 0.0001]. The first six exposures to the in-vehicle display were considered an orientation
or initial exposure period to remove the learning effects of this device. Identical analyses were
conducted for all statistical tests including and excluding this initial exposure period. All results
discussed in this paper from herein will be of the data subset that excludes this initial learning
period.
Table 37: Number of Glances to IVD Significant Variables after Initial Exposure Period
Source
SIGN
EXPOSURE
TRAFFIC

DF
3
23
3

Mean Square
14.86
0.62
1.16
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F
41.85
1.75
3.27

p
<.0001
0.02
0.02

SIGN×EXPOSURE
SIGN×AGE
GENDER×AGE
SIGN×GENDER×AGE

62
3
1
3

0.59
1.52
1.38
1.19

1.67
4.27
3.90
3.35

0.00
0.01
0.05
0.02

Figure 48: Mean Glance Frequency over Exposure to the IVD

The main effect traffic level has a statistically significant influence on mean number of glances [F
(3, 1124) = 112.22, p < 0.0001]. Traffic is defined, as the number of vehicles approaching the
intersection in addition to the participant vehicle, the value of traffic can be an integer value
between 0 and 3. A Tukey’s Post Hoc test shows that drivers look at IVD more frequently when
there is no traffic at the intersection compared to any other level of traffic.
Table 38: Mean Number of Glances to IVD by Traffic Level
TRAFFIC
N
Mean
Std Dev
98
2.31
1.23
0
732
1.33
0.67
1
204
1.23
0.63
2
92
1.19
0.42
3

The age and gender of the driver has a statistically significant influence on the mean number of
glances made to the in-vehicle display [F (3, 1124) = 3.35, p = 0.0187]. Younger women have a
shortest mean number of glances to the display than any other group (N = 288, M = 1.278, SD =
0.746). A decrease in the mean number of glances to the IVD with an increase in traffic level
indicates that drivers are allocating more attention to the potential hazards in the road than to the
IVD.
Mean Glance Duration to IVD
The mean glance duration to the in-vehicle display is shown in Table 39. Driver glances at the
display on average for less than half a second per glance, except for the SWITCH scenario.
Table 39: Mean Glance Duration to IVD by Sign State [s]
SIGN

N

Mean

Std Dev
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Min.

Max.

BLACKOUT
PWC
STOP
SURPRISE
SWITCH

29
809
143
48
96

0.40
0.49
0.48
0.58
0.47

0.15
0.22
0.28
0.19
0.29

0.13
0.13
0.13
0.27
0.17

0.80
1.60
1.85
1.07
2.24

An analysis of variance was conducted, for mean glance duration. The statistically significant main
effects are shown in Table 40, the full regression output is located in Appendix K [F (307, 1127)
= 1.61, p < 0.0001].
Table 40: Mean Glance Duration to IVD Significant Variables after Initial Exposure Period
Source
EXPOSURE
AGE

DF
23
1

Mean Square
0.097
0.716

F
1.77
13.02

p
0.0147
0.0003

Post hoc testing of the significant main effect, exposure indicates that while it plays a part in the
outcome of the glance duration, there is not an individual pair of exposures that contribute to the
differences at the 95% confidence level.
Drivers belonging to the 55 Plus age group are still looking at the display longer on average than
those in the 25 and under group. 55 Plus (N=553, M = 0.572, SD = 0.297) 25 and Under (N=573,
M = 0.426, SD = 0.175)
Change in Glance to Display Behavior Based on Vehicle Speed and Location
To assess the appropriateness of the duration and of glances, an analysis was conducted on the
kinematic variables that influence the duration of glances to the in-vehicle display, over the course
of the intersection approach as well as the characteristics of the maximum glance on display
kinematic factors. The speed of the vehicle and the vehicle’s proximity to the stop bar are the
kinematic variables included in this analysis. This will add context to the measure of glance
duration and assist in determining appropriateness of IVD use.
Kinematic Influence on Glance Duration
An analysis of variance was used for each display type to determine which factors influence glance
duration. The speed that the vehicle is traveling and the proximity to the intersection that the driver
choses to look away from the roadway is a significant safety factor and should be considered when
distractibility potential and safety implications are reflected on.
The statistically significant model inputs are listed below in Table 41 [F (21, 1104) = 25.09, p <
0.0001].
Table 41: Kinematic Influence on Display Glance Duration - Significant Variables
Source
SIGN
AGE
TRAFFIC
D2SB
SPEED

DF
4
1
3
1
1

Mean Square
0.33
0.94
0.33
4.38
5.70

F
4.78
13.45
4.77
62.63
81.53

p
0.0008
0.0003
0.0026
<.0001
<.0001

According to the regression output with parameter estimates, sign type, and the interactions cannot
be treated any differently than zero. The main effects of the general linear regression coefficients
69

were found to all have a statistically significant influence on the glance duration to the in-vehicle
display.
With each meter increase away from the stop bar (prior to crossing) the duration of the driver’s
glance will increase by 0.01 seconds, conversely with each unit (m/s) increase in the vehicle’s
speed, the driver’s glance duration to the in-vehicle display will decrease by 0.04 seconds. Since
proximity relative to the stop bar and speed are (ideally) inversely correlated, doing an analysis on
the kinematic factors influencing maximum glance duration will allow for a little more insight.
The remaining regression coefficients are shown in Table 42.
Table 42: Regression Coefficients for Kinematic Influence on Glance Duration
Parameter
Intercept
D2SB
SPEED
SIGN BLACKOUT
SIGN PWC
SIGN SURPRISE
SIGN SWITCH
SIGN STOP
GENDER FEMALE
GENDER MALE
AGE 25 and Under
AGE 55 Plus
NAV LEFT
NAV RIGHT
NAV STRAIGHT
TRAFFIC 1
TRAFFIC 2
TRAFFIC 3
TRAFFIC 0
—: Regression Baseline

Estimate
0.77
0.01
-0.04
0.02
0.02
0.14
0.01
0.00
-0.01
0.00
-0.23
0.00
0.04
-0.05
0.00
-0.12
-0.11
-0.14
0.00

Standard Error
0.07
0.00
0.00
0.12
0.06
0.10
0.06
—
0.09
—
0.09
—
0.07
0.05
—
0.07
0.09
0.10
—

t
11.49
7.91
-9.03
0.17
0.34
1.41
0.09
—
-0.07
—
-2.63
—
0.57
-0.94
—
-1.84
-1.29
-1.37
—

p
<.0001
<.0001
<.0001
0.8674
0.7312
0.1579
0.9287
—
0.9438
—
0.0086
—
0.5662
0.3496
—
0.0657
0.1963
0.1711
—

Kinematic Factors and Maximum Glance on Display Duration
The speed and location relative to the stop bar were analyzed with several other factors
(Table 43) to determine if drivers are using the display in a way that may compromise their safety.
Table 43: ANOVA Kinematic Factors on MGOD
Source
SIGN
GENDER
AGE
SIGN×GENDER
SIGN×AGE
GENDER×AGE
SIGN×GENDER×AGE
D2SB
SPEED

DF
4
1
1
4
4
1
4
1
1

Mean Square
0.967
0.568
4.895
0.277
0.769
0.421
0.608
1.807
9.458
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F
9.97
5.85
50.46
2.86
7.92
4.33
6.27
18.62
97.49

p
<.0001
0.0157
<.0001
0.0227
<.0001
0.0376
<.0001
<.0001
<.0001

A separate regression was run to determine the influence of proximity to stop bar, vehicle, speed,
and the significant independent variables and interactions from the previous regression on MGOD
duration.
An analysis of the significance of the individual regression coefficients indicates the following
main effects impact the maximum glance on display in a way that is significantly different from
zero:
Table 44: Regression Coefficients for Kinematic Influence on MGOD
Parameter
Intercept
GENDER FEMALE
GENDER MALE
AGE 25 and Under
AGE 55 Plus
D2SB
SPEED

Estimate
1.001
0.187
0.000
-0.255
0.000
0.006
-0.053

Standard Error
0.059
0.075
—
0.074
—
0.001
0.005

t
16.87
2.5
—
-3.42
—
4.32
-9.87

p
<0.0001
0.0125
—
0.0006
—
<0.0001
<0.0001

—: Regression baseline
With each unit increase in speed, maximum glance duration to the display decreases by 0.053
seconds. Each meter further from the stop bar (prior to crossing the stop bar) maximum glance
duration to the display increases by 0.006 seconds. Younger drivers look at the display for their
maximum glance for 0.255 seconds less than older drivers do. Females look at the display for their
longest glance 0.187 seconds longer than males.
Based on the analysis of glance durations within a contextual framework, there does not appear to
result in a safety decrement.
Driver Scanning and Awareness
No Glances to IVD
There were 110 cases of 1,480 (7.43%) where participants did not look at the display. Many of
these cases appeared to have occurred during the “Proceed with Caution” scenarios, however when
analyzed as a function of exposure, blackout display was comparatively high, however, given the
lack of auditory and visual stimulus for that scenario it is to be expected.
Table 45: Summary of No Glance to IVD Conditions × Sign State
Percent by
Percent by
SIGN
Count
Total
Exposure
20
20.20%
40.82%
BLACKOUT
72
72.73%
8.16%
PWC
4
4.04%
2.72%
STOP
1
1.01%
2.04%
SURPRISE
2
2.02%
2.04%
SWITCH

It does not appear that drivers not looking at the in-vehicle display are a poses a safety decrement
if the display is functioning normally. However, if there is an absence or auditory and visual
information from the IVD then drivers do not look at the display, ideally in that case, drivers would
scan traffic for hazards in lieu of looking at the IVD.
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Glance Allocation
The percent of where the driver is making potentially meaningful glances compared to the
percentage of time where the driver is not is an important measure to consider when thinking of
intersection approaches. While it may not be as necessary to take your eyes off the road to check
your speedometer while approaching the intersection when compared to scanning for traffic in the
surrounding environment and assessing potential hazards. However, while looking in a particular
location does not necessarily mean that the driver will see that hazard, it does not make this
measure irrelevant, it simply indicates that glance location is not a perfect indicator of attention
allocation, but it is quite good.
Scanning Behavior
Driver scanning behavior on their approach to the intersection is analyzed by looking at the mean
number of glances per exposure to locations that are within the sections of the vehicle highlighted
in
On the average, the mean glance duration to any location is less that one second, the glance
durations also have a standard deviation of less than one second. This indicates that drivers are
making relatively short glances to their surroundings and the in-vehicle display on their approach
to the intersection.
LOCATION
Display
Left
Right

Table 46: Glance Characteristics
Label
N
Mean
Std Dev
1156
0.64
0.62
MEAN_DURATION
1156
1.28
0.85
NUM_GLANCES
1156
0.08
0.06
PCT
1156
0.81
0.77
MEAN_DURATION
1156
1.85
1.39
NUM_GLANCES
1156
0.11
0.10
PCT
1156
0.69
0.87
MEAN_DURATION
1156
1.45
1.35
NUM_GLANCES
1156
0.08
0.09
PCT

Min.
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Max.
7.41
6.00
0.46
5.87
8.00
0.56
8.28
8.00
0.48

The mean glance frequency is significantly influenced by the sign, location, exposure, as well as
gender and traffic level [F (107, 3507) = 12.10, p<0.0001].
The mean glance duration to the in-vehicle display after the initial six exposures and the surprise
scenario is significantly influenced by the main effects of sign, location, exposure, turning
maneuver, and gender [F (104, 3363) = 10.34, p <0.0001]. The mean glance duration was
influenced by the location of the glance and traffic level [F (2, 3363) = 11.85, p<0.0001]. The
mean scanning related glance duration by exposure is shown in Figure 50.
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Figure 49: Mean Glance Frequency to on Road
Locations by Exposure

Figure 50: Mean Glance Duration to on Road
Location by Exposure

There is a marginal, but noticeable increase in driver mean glance duration to the left with an
increase in traffic volume (Figure 51). There is an apparent increase in glance frequency to the left
with an increase in traffic level (Figure 52).

Figure 51: Glance Duration × Traffic Interaction

Figure 52: Glance Frequency × Traffic Interaction

A Tukey’s post hoc analysis of the interactions between the glance location and traffic level and
the dependent variables of glance duration and number of glances was conducted (Appendix R).
The post hoc test shows that participant glance duration to the left is different from all other glance
durations. There is no difference between right glance duration and display glance duration when
there is traffic present. However, when no traffic is present, the duration of glances to the right is
significantly lower than glances to the display and to the left. The post hoc test conducted on the
number of glances and the interactions between the glance location and traffic level indicates a
trend in the number of glances as it relates to traffic level. The number of glances to the right is
not different except in the situations where traffic levels are high.
Generally, as traffic level increases, the number of glances to the environment increases, while the
number of glances to the in-vehicle displays decrease. These changes in scanning behavior indicate
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that drivers are not becoming complacent with the in-vehicle display, but are assessing their
surroundings and determining the appropriate course of action.

DISCUSSION
For each analysis that was conducted in this paper, an identical one was conducted on a dataset,
which contained all exposures to the in-vehicle system, including the first six initial exposures.
The findings from these analyses indicate that drivers were able to adapt to using this display
quickly, and did not have any substantial issues in acclimating to the new system beyond those
first six exposures.
The differences in how older and younger drivers use this technology seem to be negligible.
Younger drivers look at the IVD slightly fewer times while the vehicle is in motion, on the average,
and have a maximum glance duration to the IVD that is a quarter of a second shorter than older
drivers. While the differences between the two age groups are statistically significant, it does not
seem to be a practically significant.
In general, the glance allocation findings align well with the Wicken’s SEEV model in that with a
higher task demand (increased traffic) the desire for more task relevant information is apparent in
the driver’s visual search, and indicates that the driver’s level of vigilance is not compromised by
the addition of the in-vehicle display.
Salience in the SEEV model is the extent to which the area of interest stands out from the
background or the environment (Wickens, Hollands, Banbury, & Parasuraman, 2013). Drivers
tended to not allocate their attention to the in-vehicle display when it did not stand out to them,
e.g. there was no change in the visual appearance of the sign state, and no auditory alert
administered. As demonstrated in Table 45on page 71, the relative number of missed glances was
highest (40.8%) during the BLACKOUT scenario.
The increased salience of having the auditory pre-emption along with the visual area of interest
being located inside the vehicle, compared to outside of the vehicle allowed for a much lower rate
of change blindness. If there was an instance where the driver did not look at the IVD, it seems
that the driver deemed the information on the display as unimportant, perhaps due to the
observations of their environment (e.g. other vehicles activating their turn signals in advance or
not perceiving a conflict). This is supported by the observation that many of the non-display
glances for the PWC display occurred on right turns. The change blindness that did occur during
these right turns happened during the scenarios where non-conflicting movements were permitted
to enter the intersection at the same time, which may correlate to a high task load because
participants were not informed prior to the start of the study that this type of movement would be
allowed to happen.
Table 47: PWC Right Turn – No Display Glance under different “workload”
Non-conflicting movements
Not Permitted
Permitted

Count
2
43

Percent by Total
4.44%
95.56%

Percent by Exposure
2.04%
14.63%

The average number of glances to the in-vehicle display as a function of exposure to the system
decreased following a power series 𝑦 = 1.85𝒙−0.9834 + 0.8497 where y = number of glances to
the in-vehicle display. The number of glances decreases rapidly over the course of the first seven
exposures to the system, and levels out at about one glance to the display per exposure. Factors
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found to influence the number of glances to the number of glances to the in-vehicle display such
as traffic level, display type, and the age and gender of the participant all influenced the number
of glances made to the in-vehicle display in a statistically significant way.
In referencing the paper, Relative Risks of Secondary Task Induced Driver Distraction (Thomas
A. Dingus & Klauer, 2008) the glance duration and the number of glances away from the roadway
would classify this as a relatively simple secondary task. While the Relative Risks paper analyzes
tasks that require visual, and manual attention from the driver, this in-vehicle display only truly
requires one of those modalities, and for a short duration.
Driver glance frequency to the in-vehicle display seems to increase when their expectations are
violated, e.g. the display shows the driver a PWC and then a STOP sign, or nothing at all (Table
36). However, the mean glance durations have minimal difference, the only clear outlier is the
scenario where the driver is shown a PWC sign, and another vehicle subsequently enters the
intersection from behind a visual obstruction, as seen in Table 39.
The driver’s attention allocation to the in-vehicle display is relatively low, the driver is able to look
at the display and gather the necessary information from the IVD quickly and return to their
primary task. The duration of driver gaze to the forward location decreases with an increase in
traffic volume. There is a marginal, but noticeable increase in driver mean glance duration to the
left with an increase in traffic volume as seen in Figure 51 on page 73. There is an apparent increase
in glance frequency to the left with an increase in traffic level (Figure 52). This indicates that
drivers believe that there is more task relevant information to be found in these locations than in
the vehicle on the display, which when functioning appropriately, will only change state once. This
finding is substantiated by Werneke et al (Vollrath & Werneke, 2012) who found that under high
traffic density, drivers made more glances to the left-hand side of the intersection than when traffic
density was lower.
The display types have a statistically significant influence on the percent glance allocation except
for the SURPRISE case. The most significant percentage of eyes on display time increase comes
from the BLACKOUT case, followed by the SWITCH case. This is something to be considered
prior to deployment, when the system malfunctions and violates user’s expectations their attention
is taken away from the roadway. Regardless of the state of the in-vehicle display, driver’s scanning
behavior does not vary in a statistically significant way between the display types.
The kinematic factors affecting the glance duration show that drivers are using the display
appropriately. The amount of time that drivers have their eyes off the road decreases
proportionately with closing distance to the stop bar, and with an increase in speed. Drivers shortly
allocate their attentional resources to the in-vehicle display to assess the state of the traffic control
device, and then return their gaze to the forward roadway to scan for any potential conflicts and
hazards.
The protective effects of having a traffic control in the vehicle appear to be high. Drivers have a
lower likelihood of change blindness, or experiencing the “looked, but did not see” phenomena
that is a current problem on public roads. The concern of driver vigilance does not appear to be
validated by the data, nor does the concern of driver complacency. Drivers are assessing their
environment noticeably with an increase in traffic level, and over time, the percentage of
intersection approach time where the driver’s eyes are off road or on the in-vehicle display stabilize
to a low, reasonable percentage when compared to their eyes on road time.
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Design Implications
The 100-Car Case Crossover Study by Klauer et al. (Klauer, 2010) discusses the different
standards used by The American Automobile Association (AMA) and the Society of Automotive
Engineers (SAE), located in Table 48, are not based upon associations with actual crash/near-crash
risk. It seems that both standards fail to consider the context in which the user is taking their eyes
off the road, which for an application such as in-vehicle signage is extremely important. Drivers
should not be looking at the display just prior to entering the intersection when they are
approaching the point where a collision avoidance is no longer useful. Klauer goes on to say invehicle display designers should consider the total “time eyes off road” (TEOR) measurements
being reviewed in conjunction with task duration and single glance duration.
Table 48: Glance/Task Duration Standards
Source

Glance Duration [s]

AAM
SAE

≤2
—

Total Glance time
to Display [s]
≤ 20

Total Task Time
≤ 15

An issue with the standards highlighted by Driver Interface Safety and Usability Standards- An
Overview (Green, 2008), is that none of these standards are context based, meaning the
recommended glance duration does not change as a function of the risk of bodily harm or litigation
that could be incurred by the driver. An example of this is SAE J2364 - Navigation and Route
Guidance Function Accessibility While Driving Rationale, where the calculation of the standards
recommended values were developed in a parked vehicle. This methodology completely ignores
the temporal demand and risk compensatory behaviors that a driver would have in a moving
vehicle (Green, 1999). The author states that glance behavior studies are inconsistent with the rapid
product cycles of ITS. From a human factors perspective, every single in-vehicle ITS technology
should be tested in the manner that it was intended to be used, as well as in the ways it was not
intended to be used. Glance behavior studies need to account for human error when evaluating the
effectiveness of an in-vehicle display whether the modality is strictly visual, auditory, manual, or
combination of all factors. The manner in which a user divides their attention when it considered
with regard to a strictly visual in-vehicle display context should be evaluated not strictly based on
glance location, glance duration, frequency of glances, or any factors that have been covered in
previous literature.
The analysis of eye glance behavior within the situational context, surrounding the use of an invehicle system will incorporate a multi-level, multi-faceted analysis of several very important
factors related to the driving task. Factors such as roadway environment (e.g. road type, location
on the road — proximity to intersection), vehicle speed, weather, traffic density, speed variations,
and individual characteristics through subjective analysis, in addition to the analysis of eye glance
data is the most useful way to assess the safety benefits and determents of an in-vehicle technology.
The relationship between these factors will be helpful in knowing when to administer alerts to
driver, in a connected vehicle environment. For example, if the vehicle CAN indicates that the
windshield wipers are on, perhaps then the alert for the Adaptive Stop Display would be
administered further away from the intersection, because drivers so drivers have more time to react
to the situation taking into account the high risk of entering an intersection coupled with the
reduced visibility due to precipitation.
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CONCLUSIONS AND RECOMMENDATIONS
Findings indicate that there is not a substantial performance decrement from the addition of the
adaptive in-vehicle stop display. Participants were able to quickly acclimate to the system over the
course of a few exposures, so drivers will likely become accustom to the system in their first trip
or two in the real world. There are several limitations to the study should be acknowledged: 1) On
a test track participants may drive differently as compared to driving on an actual roadway. 2) The
effect of having an experimenter in the vehicle is likely to effect the driving behavior of all
participants in unknown ways. Prior to deploying this system, additional testing should be
conducted on the location of the display, the HHD display did not appear to substantially impact
scanning behavior or cause prolonged eyes off road time, however, perhaps and alternative display
type, such as a Head Up Display, or a different location would improve driver performance.
Additionally, an unsupervised on road study should be conducted so that the experimental results
are not in any way biased by the presence of an experimenter and the display can be tested in a
less controlled environment.
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CHAPTER 6 - CONCLUSIONS & ENGINEERING SIGNIFICANCE
The objective of this research was to assess several key benefits of an in-vehicle adaptive stop
display system, as well as to determine if there are any negative safety implications with the use
of an in-vehicle display. This proof of concept study into the futuristic idea of in-vehicle adaptive
stop displays demonstrates that many of the concerns associated with connected vehicle
technology are minimal, or non-existent in the test track environment, and provides reason to
believe that this would extend to the public road setting as well.

SAFETY IMPLICATIONS
Results indicate that the in-vehicle adaptive stop display does not pose any more of a hazard to
drivers than checking the speedometer or the time. Drivers are generally able to learn how to use
the display quickly, and the number of glances required to the in-vehicle display decrease to about
one glance per intersection approach after the first six to eight exposures to the system. Driver
scanning increased during situations of higher traffic levels, which is a sign that drivers are not
becoming complacent with the system, and still seek information from their surroundings prior to
committing to proceeding through the intersection.
Overall, adaptive stop display compliance was substantially higher than that of traditional stop
signs, as analyzed in the 100-Car data. The stopping behavior for the traditional stop signs and the
adaptive display shows no statistically significant difference in terms of location of braking onset,
indicating that drivers were able to stop at the traditional stop signs but chose not to. Compliance
with the adaptive stop display was not influenced by driver demographics. Many inappropriate
stops over the stop bar occurred during the first three exposures to the system. The majority
occurring in the first exposure. All participants except for one only committed an inappropriate
stop once; however, one participant contributed four inappropriate stops to the overall number.
This implies that drivers would be more likely to stop appropriately with more education on the
purpose of the system, though the stopping behavior of participants in the test track study at a
traditional stop sign was not analyzed.

REDUCING DELAY, FUEL CONSUMPTION, AND EMISSIONS
The potential for time savings and the subsequent fuel consumption and emissions savings in a
connected vehicle environment is present using Adaptive Stop Displays, however, in a real world
application, there are more factors to consider in the system architecture, some that are overlooked
in transportation engineering today, and some that have never been an issue previously.
The savings that can be passed on the consumer is a multi-tiered issue, which must be given much
scrutiny. In the Adaptive Stop Display application, time savings are largely dependent on the
driver’s willingness to comply with this type of device, but in a non-test track environment, the
volumes of the intersection on the approach leg, and resultant the probability of a conflict occurring
at the intersection. These factors would be best analyzed through a series of simulations under
varying traffic volumes to assess the system and determine where system inefficiencies arise.
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IMPLICATIONS FOR CONNECTED VEHICLE TECHNOLOGY
This study assesses how drivers respond to having safety critical information presented
electronically, inside of the vehicle that is traditionally located on the roadside. The
appropriateness of use of this technology as well as the length of time it takes drivers to become
accustomed to using the in-vehicle display is important for a broad range of applications as it
pertains to disseminating safety critical and non-safety critical information to drivers.
The in-vehicle Adaptive Stop Display would be best suited for typical stop controlled intersection
locations, where traffic volumes are relatively low. The feasibility of this system is contingent
upon how connected vehicles are introduced into the open market, and it is important to identify
the potential economic impacts of this technology to assess the benefits of its use. The impact on
the consumer in terms of upfront out-of-pocket costs and maintenance is important to consider
when discussing the implementation of any new technology. To date, all connected vehicle
technology from the DSRC transceivers to the Road Side Equipment are prototypes of what could
be used in the future. As the state-of-the-art evolves, this technology will become less expensive
to purchase upfront and maintain, and will have a longer lifecycle.
In all likelihood, the state of connected vehicles technology will continue to press ahead and the
costs of instrumenting vehicles and infrastructure will become a more palatable alternative to the
current static infrastructure that is in place today. However, without a 100% connected driving
environment the benefits of the connected vehicle system cannot be optimized, and such system
like Adaptive Stop Displays would not be able to work in a purely V2V environment, but would
rely on additional costly infrastructure.
Multiple fail-safes and redundancies are required within the system architecture to ensure the
safety of the driver and reliability of the information being transmitted. Full system development
will require a more thorough analysis of the in-vehicle adaptive stop display system in a variety of
conditions.
Connected vehicle technology and the application of the in-vehicle Adaptive Stop Display have
the potential to tackle some of the biggest problems facing the transportation industry today. The
Adaptive Stop Display has demonstrated in closed test track studies that it has the potential to
reduce driver delay and the excessive use of fuel that is caused by unnecessary stops at unsignalized intersections. Additionally, moving the traffic control device into the vehicle does not
cause drivers to become complacent or adopt any behaviors that may be detrimental to their safety,
or the safety of others.
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APPENDIX A - INITIAL SCREENING QUESTIONNAIRE
Initial Contact Participant Screening Questionnaire
Eligible:

Yes

No

Name
Phone Numbers
Best Time to Call
Screener

Male/Female

Note to Researcher:
Initial contact between participants and researchers may take place over the phone. If this is the
case, read the following Introductory Statement, followed by the questionnaire. Regardless of how
contact is made, this questionnaire must be administered verbally before a decision is made
regarding eligibility for this study. Once this questionnaire is completed, remove this cover sheet
and file separately from the screening questions.
Introductory Statement:
After prospective participant calls or you call them, use the following script to guide you through
the screening interview.
Hello. My name is _____ and I am a researcher at the Virginia Tech Transportation Institute in
Blacksburg, VA. I am recruiting participants for a driving study that will take place on the Smart
Road. I obtained your contact information from the VTTI internal participant database.
The purpose of the study is to see how people react to the new technology of an adaptive stop/yield
sign. This study will look at how drivers react to and use this sign design, to see if further research
is needed on the sign concept or design. If you choose to participate, you will drive a test vehicle
on the Smart Road while navigating the Smart Road intersection and obeying the in-vehicle sign,
maintaining a specific speed. You will be driving the vehicle, however an experimenter will be with
you at all times while you are driving. The vehicle is equipped with cameras that allow us to collect
data. The cameras, however, are very small and are placed out of the way.
The study consists of two distinct parts. The first is filling out the necessary paperwork, and
performing simple vision tests. If these are passed, you will perform the driving portion of the
study. The driving portion will consist of driving an experimental vehicle on a Smart Road for
approximately one and a half hours. The study takes up to two hours. Participants are paid $30.00
per hour. Does this sound like something you would be interested in doing?
If they indicated that, they are not interested:
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Thank you for your time.
If they indicated that, they are interested:
That’s great. I would like to ask you some questions to see if you are eligible to participate.
Questions
1. Do you have a valid driver’s license? (Criterion for participation: the response must be Yes)
□ Yes □ No
2. Please note that for tax recording purposes, the fiscal and accounting services office at
Virginia Tech (also known as the Controller’s Office) requires that all participants provide
their social security number to receive payment for participation in our studies. You do NOT
need to provide it now, but are you willing to provide us with your social security number?
□ Yes □ No
3. What is your age? ________ (Criterion for participation: must be 18-25 or 50+ at time of
experiment)
4. Have you had any moving violations in the past 3 years? If so, please explain each case.
□ Yes (Criterion for participation: the driver must not have more than two moving violations
in
the
past
3
years)
Description: ______________________________________________________
□ No
5. Do you have normal hearing and vision? (Criterion for participation: subject must have normal
hearing and vision or corrected to normal).
□ Yes
□ No
6. Are you able to drive an automatic transmission vehicle without assistive devices or special
equipment? (Criterion for participation: the driver must be able to drive an automatic
transmission vehicle without assistive devices)
□ Yes □ No
(Females only) Are you currently pregnant?

□ Yes

□ No
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If YES--While being pregnant does not disqualify you from participating in this study, you are
encouraged to talk to your physician about your participation to make sure that you both feel
it is safe. If you like, we can send you a copy of the consent form to discuss with your physician.
7. Have you been involved in any accidents within the past 3 years? If so, please explain.
(Criterion for participation: the driver must not have caused an accident in the past 3 years.)
□ Yes ______________________________________________________
□ No
8. Do you have a history of any of the following? If yes, please explain.
Heart Condition
□ No
□ Yes________________________________
Stroke
□ No
□ Yes________________________________
Brain tumor
□ No
□ Yes________________________________
Head injury
□ No
□ Yes________________________________
Epileptic seizures
□ No
□ Yes________________________________
Respiratory disorders
□ No
□ Yes________________________________
Motion sickness
□ No
□ Yes________________________________
Inner ear problems
□ No
□ Yes________________________________
Dizziness, vertigo, or other balance problems
□ No
□ Yes________________________________
Diabetes
□ No
□ Yes________________________________
Migraine, tension headaches □ No
□ Yes________________________________
(Criterion for participation: subject cannot have lingering effects of heart condition, brain damage
from stroke, tumor, head injury, recent concussion, or infection. Cannot have had epileptic
seizures within 12 months, uncontrolled current respiratory disorders, motion sickness, inner ear
problems, dizziness, vertigo, balance problems, uncontrolled diabetes for which insulin is required,
chronic migraine or tension headaches.)
9. Are you currently taking any medications on a regular basis that impair your ability to drive?
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(Criterion for participation: subject cannot currently be taking any substances that may interfere
with driving ability, cause drowsiness or impair motor abilities.)
10. Are you eligible for employment in the United States? (Driver must be eligible for employment
in the US)
□ Yes □ No
11. How often do you drive?
□ Less than 2 times per week
□ 2 to 4 times per week
□ More than 4 times per week
(Criterion for participation: Participants must drive at least 2 times per week)

Note to Researcher:
If a response to any of the first 12 questions does not meet its criterion, read the following:
Unfortunately you are not eligible for this particular study. Thank you for your time. Would you
like to be called for future studies?

-----------------------------------------------------------------------------------------------------------Criteria For Participation
1.
Must hold a valid driver’s license.
2.
Must not have more than two moving violations in the past three years.
3.
Must have normal (or corrected with contacts to normal) hearing and vision.
4.
Must be able to drive an automatic transmission vehicle without assistive devices.
5.
Must not have caused an injurious accident in the past three years.
6.
Cannot have lingering effects of heart condition, brain damage from stroke,
tumor, head injury, recent concussion, or infection. Cannot have had epileptic
seizures within 12 months, uncontrolled current respiratory disorders, motion
sickness, inner ear problems, dizziness, vertigo, balance problems, uncontrolled
diabetes for which insulin is required, chronic migraine or tension headaches.
7.
Cannot currently be taking any substances that may interfere with driving ability,
cause drowsiness or impair motor abilities.
8.
Must be eligible for employment in the U.S.
9.
Participants must fall in the age range of <18-25 or 50+> years old
10.
Must drive at least 2 times per week.
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APPENDIX B - INFORMED CONSENT FOR TEST TRACK
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APPENDIX C - PARTICIPANT DEBRIEFING FORM
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APPENDIX D - IN-BUILDING EXPERIMENTER PROTOCOLS
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APPENDIX E - ON ROAD EXPERIMENTER PROTOCOLS
On Road Experimenter Responsibilities
1. You are in charge of the safety of the participant. If a scenario appears to be going wrong,
hit the passenger side brake or call it off entirely. DO NOT RISK THE SAFETY OF
THE PARTICIPANT IN ORDER TO COLLECT DATA!
2. You are responsible for notifying confederate vehicles of when scenarios are about to begin
without informing the participant you are doing so. You are also in charge of discretely
giving the confederate vehicles audio signals of when to go.
General Responsibilities
1.
2.
3.
4.
5.
6.

Maintain a professional attitude.
Treat the participant with respect.
Be early
Follow all Smart Road safety Protocols
Follow proper Smart Road radio protocols
Be alert and attentive while on the road

In-vehicle Protocols
--- Prior to participant arrival ---

1. Set up the Data Collection System
1. Turn on laptop and enter passwords
2. After logged in to Windows, enter SolEye application
3. Connect laptop to Ethernet cable near passenger seat [might need to wait for
connection]
4. Click connect to SOL button on upper left side of application window
5. Application should then load settings for ASY. If an error message is received, turn
off the car and exit SOL.
6. Wait for the DAS to turn off (open car door to turn off power in vehicle) after about
5 minutes turn car back on and repeat steps 4 and 5.
7. If you still receive errors contact HEL team.
At no time during the study should you turn off the vehicle
--- After completion of participant screening and assessment ---

2. Take participant out to the vehicle
1. Vehicle will be parked out in the front of the building
2. Participant should not chew gum, and should not have food or drink in the vehicle
3. Ask participant to mute/power off their cell phone if they have one.
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3. Orient participant to the vehicle
1. Power seat: when sitting in seat controls are on the left side of the seat
2. Steering wheel: can be positioned forward, backward, up, and down
3. Power mirrors: controls are on driver side door panel
4. Windshield wipers: automatic sensor does exist, but wipers can be manually activated or changed
5. Explain to participant that they will not need nor should they use the cruise control
4. Ask participant to drive to the Smart Road, making sure all passengers have their seat belts
buckled.
1. Radio dispatch that study has one car entering the road

For this study you will be asked to drive a vehicle on the Smart Road. Your primary task, or what
you should pay the most attention to, is the driving task.
Do you have any questions before we go down to the Smart Road? (Answer any questions.) Okay,
we will head down to the road now. We will be down there for approximately 2 hours. If you feel
that you need a break, please let me know and we will drive back to the building.
5. Proceed to the T1 training area
1. Instruct them to put the vehicle in park  a cone will be set up to mark the position
2. Explain that this is the training area that we will be using throughout the study
6. Orient participant to the Smart Road
1. Allow participant to drive a lap up and down the Smart Road pointing out key
features such as the Intersection, Zero Crown, T2 turn around (downhill turn) and
Start Cone (T1 turn or the uphill turn), etc. Also use this time to mention to
participants other studies may be using the road as it is in high demand by many
notable companies (i.e. GM, Google).
7. Orient the participant to the study

8.



This study is to determine if people accept a new technology the “adaptive” display.



The display in this study will change based on traffic conditions, time of day, etc.



We will be running scenarios on the Smart Road to simulate conditions one might
encounter at a real intersection.

Orient participant to technology to be tested


This study involves testing connected vehicle technology. Connected vehicle
technology may be available in the near future, and its main purpose will be to reduce
the number of car crashes on public roads.



The technology works by allowing vehicles to send messages via wireless
communication to equipment installed on the side of the road (Road Side Equipment
or RSE). The vehicles are constantly sending a signal to the RSE sharing important
information such as speed and relative position.
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When multiple vehicles are equipped with this capability, the units on the side of the
road can give the driver information that they might find useful, particularly about the
location of other drivers on the road.



In this study we will be testing an in-vehicle display which relies on this V2I
technology.



These scenarios we will be going through today are designed to imitate situations you
may experience in the real world using this technology.



During our study today, you will see an intersection on the Smart Road that has no
working traffic lights, and no stop signs or yield signs like you would see at a typical
intersection controlling traffic. Instead, the technology will ‘talk’ to the roadside unit
and you will receive information on the display that advises your course of action for
the intersection.



Stop signs require the motorist to stop and ensure that it is safe to proceed through
the intersection.

8. List Remaining Tasks and Instructions as necessary
Instruct participant


Approaches should be done in 3rd gear.



<proceed toward intersection at about 35 mph>



<follow the on screen prompt>



Provide with navigational instructions (turn left, turn right, etc.) at the intersection

9. Check with Participant about halfway through and see if they need a break
10. Instruct Participant to Return to Building
11. Complete post drive survey
12. Pay Participant


Thank them for their time



Ask them to sign payment log

13. Provide participant with debriefing/payment form


Make sure form is completed and signed before giving to participant

101

APPENDIX F - PRE-DRIVE SURVEY
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APPENDIX G - POST- DRIVE SURVEY
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APPENDIX H - VIRGINIA TECH W-9 TAX FORM
Participants were instructed to complete only the highlighted portions of this tax document.
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APPENDIX I - NUMBER OF GLANCES TO IVD OVER ALL EXPOSURES
ANOVA TABLE
Source
Model
Error
Corrected Total

DF
334
1,074
1,408

Sum of Squares
772.896
875.333
1,648.229

Source
SIGN
EXPOSURE
GENDER
AGE
NAV
TRAFFIC
SIGN×EXPOSURE
SIGN×GENDER
SIGN×AGE
SIGN×TRAFFIC
EXPOSURE×GENDER
EXPOSURE×AGE
EXPOSURE×NAV
EXPOSURE×TRAFFIC
GENDER×AGE
GENDER×NAV
GENDER×TRAFFIC
AGE×NAV
AGE×TRAFFIC
NAV×TRAFFIC
SIGN×GENDER×AGE
EXPOSURE×GENDER×AGE
GENDER×AGE×NAV
GENDER×AGE×TRAFFIC

DF
3
29
1
1
2
3
62
3
3
1
29
29
46
65
1
2
3
2
3
1
3
29
2
3

Mean Square
2.314
0.815

Mean Square
14.863
2.474
0.331
0.758
0.014
1.163
0.593
0.570
1.515
0.535
0.314
0.350
0.183
0.369
1.997
0.246
0.097
0.134
0.504
0.140
1.188
0.948
0.075
0.022
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F
2.84

F Value
18.24
3.04
0.41
0.93
0.02
1.43
0.73
0.70
1.86
0.66
0.39
0.43
0.23
0.45
2.45
0.30
0.12
0.16
0.62
0.17
1.46
1.16
0.09
0.03

p
<.0001

p
<.0001
<.0001
0.5240
0.3350
0.9830
0.2333
0.9434
0.5528
0.1348
0.4181
0.9987
0.9966
1.0000
0.9999
0.1178
0.7399
0.9486
0.8487
0.6030
0.6781
0.2244
0.2531
0.9126
0.9941

APPENDIX J - NUMBER OF GLANCES TO IVD AFTER INITIAL EXPOSURE
ANOVA TABLE
Source
Model
Error
Corrected Total

DF
307
817
1,124

Sum of Squares
374.654
290.146
664.800

Source
SIGN
EXPOSURE
GENDER
AGE
NAV
TRAFFIC
SIGN×EXPOSURE
SIGN×GENDER
SIGN×AGE
SIGN×TRAFFIC
EXPOSURE×GENDER
EXPOSURE×AGE
EXPOSURE×NAV
EXPOSURE×TRAFFIC
GENDER×AGE
GENDER×NAV
GENDER×TRAFFIC
AGE×NAV
AGE×TRAFFIC
NAV×TRAFFIC
SIGN×GENDER×AGE
EXPOSURE×GENDER×AGE
GENDER×AGE×NAV
GENDER×AGE×TRAFFIC

DF
3
23
1
1
2
3
62
3
3
1
23
23
46
65
1
2
3
2
3
1
3
23
2
3

Mean Square
1.220
0.355

Mean Square
14.863
0.621
0.178
0.212
0.212
1.163
0.593
0.570
1.515
0.535
0.251
0.305
0.183
0.369
1.384
0.246
0.097
0.134
0.504
0.140
1.188
0.202
0.075
0.022

109

F
3.44

F Value
41.85
1.75
0.50
0.60
0.60
3.27
1.67
1.60
4.27
1.51
0.71
0.86
0.52
1.04
3.90
0.69
0.27
0.38
1.42
0.40
3.35
0.57
0.21
0.06

p
<.0001

p
<.0001
0.0163
0.4786
0.4397
0.5500
0.0206
0.0013
0.1870
0.0053
0.2201
0.8422
0.6553
0.9969
0.3947
0.0487
0.5010
0.8438
0.6864
0.2356
0.5296
0.0187
0.9482
0.8107
0.9800

APPENDIX K - MEAN GLANCE DURATION TO IVD- ALL EXPOSURES
ANOVA TABLE
Source
Model
Error
Corrected Total

DF
334
1,074
1,408

Sum of Squares
43.379
77.352
120.731

Source
SIGN
EXPOSURE
GENDER
AGE
NAV
TRAFFIC
SIGN×EXPOSURE
SIGN×GENDER
SIGN×AGE
SIGN×TRAFFIC
EXPOSURE×GENDER
EXPOSURE×AGE
EXPOSURE×NAV
EXPOSURE×TRAFFIC
GENDER×AGE
GENDER×NAV
GENDER×TRAFFIC
AGE×NAV
AGE×TRAFFIC
NAV×TRAFFIC
SIGN×GENDER×AGE
EXPOSURE×GENDER×AGE
GENDER×AGE×NAV
GENDER×AGE×TRAFFIC

DF
3
29
1
1
2
3
62
3
3
1
29
29
46
65
1
2
3
2
3
1
3
29
2
3

Mean Square
0.130
0.072

Mean Square
0.008
0.125
0.137
0.564
0.105
0.091
0.045
0.034
0.032
0.018
0.054
0.051
0.057
0.059
0.013
0.017
0.012
0.047
0.061
0.006
0.024
0.033
0.025
0.033
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F
1.80

F Value
0.11
1.74
1.91
7.83
1.46
1.27
0.62
0.47
0.44
0.24
0.75
0.70
0.79
0.82
0.18
0.23
0.17
0.65
0.85
0.09
0.34
0.46
0.34
0.45

p
<.0001

p
0.9527
0.0093
0.1675
0.0052
0.2336
0.2841
0.9903
0.7021
0.7224
0.6220
0.8237
0.8798
0.8443
0.8412
0.6691
0.7907
0.9157
0.5201
0.4688
0.7683
0.7977
0.9935
0.7115
0.7149

APPENDIX L - MEAN GLANCE DURATION TO IVD AFTER INITIAL EXPOSURE
PERIOD
ANOVA TABLE
Source
Model
Error
Corrected Total

DF
307
817
1,124

Source

Sum of Squares
27.13
44.912
72.042

Mean Square
0.088
0.055

F
1.61

p
<.0001

DF

Mean Square

F Value

p

SIGN

3

0.008

0.15

0.9312

EXPOSURE

23

0.097

1.77

0.0147

GENDER

1

0.172

3.13

0.0772

AGE

1

0.716

13.02

0.0003

NAV

2

0.154

2.81

0.0611

TRAFFIC

3

0.091

1.66

0.1740

SIGN×EXPOSURE

62

0.045

0.82

0.8435

SIGN×GENDER

3

0.034

0.62

0.6035

SIGN×AGE

3

0.032

0.58

0.6281

SIGN×TRAFFIC

1

0.018

0.32

0.5726

EXPOSURE×GENDER

23

0.040

0.72

0.8257

EXPOSURE×AGE

23

0.049

0.89

0.6138

EXPOSURE×NAV

46

0.057

1.03

0.4155

EXPOSURE×TRAFFIC

65

0.059

1.08

0.3217

GENDER×AGE

1

0.020

0.37

0.5436

GENDER×NAV

2

0.017

0.31

0.7352

GENDER×TRAFFIC

3

0.012

0.22

0.8793

AGE×NAV

2

0.047

0.86

0.4249

AGE×TRAFFIC

3

0.061

1.11

0.3448

NAV×TRAFFIC

1

0.006

0.11

0.7360

SIGN×GENDER×AGE

3

0.024

0.44

0.7222

EXPOSURE×GENDER×AGE

23

0.033

0.61

0.9272

GENDER×AGE×NAV

2

0.025

0.45

0.6402

GENDER×AGE×TRAFFIC

3

0.033

0.59

0.6190
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APPENDIX M - MAXIMUM GLANCE DURATION TO DISPLAY – ALL EXPOSURES
ANOVA TABLE
Source
Model
Error
Corrected Total

DF
92
1316
1408

Source
SIGN
EXPOSURE
GENDER
AGE
NAV
TRAFFIC
SIGN×GENDER
SIGN×AGE
EXPOSURE×AGE
AGE×TRAFFIC
AGE×NAV
GENDER×TRAFFIC
GENDER×NAV
SIGN×GENDER×AGE

Sum of Squares
69.384
256.218
325.603

DF
3
29
1
1
2
3
4
3
29
3
2
3
2
5

Mean Square
0.754
0.195

Mean Square
1.562
0.903
0.552
4.487
0.071
0.022
0.516
0.923
0.133
0.154
0.129
0.135
0.361
0.763
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F
3.87

F Value
8.02
4.64
2.83
23.05
0.37
0.11
2.65
4.74
0.68
0.79
0.66
0.69
1.86
3.92

p
<.0001

p
<.0001
<.0001
0.0926
<.0001
0.6941
0.9517
0.0319
0.0027
0.8976
0.4983
0.5147
0.5554
0.1568
0.0016

APPENDIX N - MAXIMUM GLANCE DURATION TO DISPLAY AFTER INITIAL
EXPOSURE PERIOD
ANOVA TABLE
Source
Model
Error
Corrected Total

DF
80
1045
1125

Source
SIGN
EXPOSURE
GENDER
AGE
NAV
TRAFFIC
SIGN×GENDER
SIGN×AGE
EXPOSURE×AGE
AGE×TRAFFIC
AGE×NAV
GENDER×TRAFFIC
GENDER×NAV
SIGN×GENDER×AGE

Sum of Squares
32.940
116.120
149.060

DF
3
23
1
1
2
3
4
3
23
3
2
3
2
5

Mean Square
0.412
0.111

Mean Square
1.602
0.125
0.647
3.522
0.039
0.121
0.385
1.012
0.112
0.099
0.046
0.155
0.076
0.581
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F
3.71

F
14.41
1.12
5.83
31.69
0.35
1.09
3.46
9.1
1.01
0.89
0.41
1.39
0.68
5.23

p
<.0001

p
<.0001
0.3098
0.016
<.0001
0.7047
0.3529
0.0081
<.0001
0.4464
0.4457
0.6633
0.2431
0.5046
<.0001

APPENDIX O - MAXIMUM GLANCE DURATION AFTER INITIAL EXPOSURES
ANOVA INTERACTIONS
Sign × Gender
Level of SIGN
BLACKOUT
PWC
SURPRISE
SWITCH
STOP

Level of GENDER
FEMALE
MALE
FEMALE
MALE
FEMALE
MALE
FEMALE
MALE
FEMALE
MALE

N
13
16
408
402
24
24
49
47
73
70

DURATION
Mean
Std Dev
0.544
0.237
0.421
0.187
0.520
0.254
0.507
0.210
0.623
0.184
0.576
0.191
0.861
1.010
0.615
0.468
0.680
0.570
0.583
0.418

Sign × Age
Level of SIGN
BLACKOUT
PWC
SURPRISE
SWITCH
STOP

Level of Age
25 and Under
55 Plus
25 and Under
55 Plus
25 and Under
55 Plus
25 and Under
55 Plus
25 and Under
55 Plus

N
16
13
410
400
25
23
49
47
73
70
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DURATION
Mean
Std Dev
0.425
0.187
0.539
0.240
0.444
0.182
0.585
0.257
0.539
0.160
0.664
0.196
0.515
0.268
0.975
1.063
0.447
0.209
0.826
0.632

Sign × Gender × Age
Level of SIGN

Level of GENDER
FEMALE

BLACKOUT
MALE
FEMALE
PWC
MALE
FEMALE
SURPRISE
MALE
FEMALE
SWITCH
MALE
FEMALE
STOP
MALE

Level of AGE
25 and Under
55 Plus
25 and Under
55 Plus
25 and Under
55 Plus
25 and Under
55 Plus
25 and Under
55 Plus
25 and Under
55 Plus
25 and Under
55 Plus
25 and Under
55 Plus
25 and Under
55 Plus
25 and Under
55 Plus
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N
6
7
10
6
207
201
203
199
13
11
12
12
26
23
23
24
37
36
36
34

DURATION
Mean
Std Dev
0.545
0.213
0.543
0.274
0.354
0.134
0.534
0.220
0.442
0.170
0.601
0.299
0.447
0.194
0.569
0.207
0.549
0.142
0.710
0.196
0.529
0.183
0.623
0.194
0.495
0.160
1.274
1.363
0.537
0.356
0.690
0.553
0.437
0.191
0.931
0.710
0.458
0.227
0.716
0.525

APPENDIX P - SCANNING BEHAVIOR ALL EXPOSURES
ANOVA TABLES
Mean number of Glances
Source
Model
Error
Corrected Total

DF
125.00
4,317.00
4,442.00

Source

Mean Square
15.70
1.30

F Value
12.11

p
<.0001

DF

Mean Square

F Value

p

SIGN

4

61.94

47.77

<.0001

LOCATION

2

57.82

44.59

<.0001

EXPOSURE

30

4.41

3.4

<.0001

NAV

2

33.18

25.59

<.0001

TRAFFIC

3

21.70

16.74

<.0001

GENDER

1

22.11

17.05

<.0001

AGE

1

0.21

0.16

0.69

LOCATION*SIGN

8

10.72

8.27

<.0001

LOCATION*EXPOSURE

60

5.02

3.87

<.0001

LOCATION*NAV

4

66.69

51.43

<.0001

LOCATION*TRAFFIC

6

17.74

13.68

<.0001

LOCATION*AGE

2

7.49

5.78

0.0031

LOCATION*GENDER

2

14.47

11.16

<.0001
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Mean Glance Duration
Source
Model
Error
Corrected Total

DF
125.00
4,317.00
4,442.00

Source
SIGN
LOCATION
EXPOSURE
NAV
TRAFFIC
GENDER
AGE
LOCATION*SIGN
LOCATION*EXPOSURE
LOCATION*NAV
LOCATION*TRAFFIC
LOCATION*AGE
LOCATION*GENDER

DF
4
2
30
2
3
1
1
8
60
4
6
2
2

Mean Square
6.48
0.61

Mean Square
18.02
17.39
1.83
10.55
0.34
8.67
4.19
4.11
2.41
28.99
5.45
14.91
1.66
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F Value
10.67

F
29.68
28.64
3.01
17.37
0.56
14.28
6.91
6.77
3.97
47.75
8.97
24.56
2.73

p
<.0001

p
<.0001
<.0001
<.0001
<.0001
0.6444
0.0002
0.0086
<.0001
<.0001
<.0001
<.0001
<.0001
0.0654

APPENDIX Q - SCANNING BEHAVIOR AFTER INITIAL EXPOSURE PERIOD
ANOVA TABLES
Mean number of Glances
Source
Model
Error
Corrected Total

DF

Mean Square

F Value

p

104.00
3,363.00
3,467.00

4.71
0.46

10.34

<.0001

Source

DF

Mean Square

F Value

p

SIGN
LOCATION
EXPOSURE
NAV
TRAFFIC
GENDER
AGE
LOCATION×SIGN
LOCATION×EXPOSURE
LOCATION×NAV
LOCATION×TRAFFIC
LOCATION×AGE
LOCATION×GENDER

4
2
23
2
3
1
1
8
46
4
6
2
2

62.09
32.41
1.88
32.87
21.47
9.90
1.04
10.08
1.41
66.49
17.65
7.75
9.22

53.25
27.79
1.62
28.19
18.41
8.49
0.9
8.65
1.21
57.02
15.14
6.65
7.91

<.0001
<.0001
0.0319
<.0001
<.0001
0.0036
0.3441
<.0001
0.1545
<.0001
<.0001
0.0013
0.0004
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Mean Glance Duration
Source
Model
Error
Corrected Total

DF

Mean Square

F Value

p

104
3,363
3,467

4.71
0.46

10.34

<.0001

Source

DF

Mean Square

F

p

SIGN
LOCATION
EXPOSURE
NAV
TRAFFIC
GENDER
AGE
LOCATION×SIGN
LOCATION×EXPOSURE
LOCATION×NAV
LOCATION×TRAFFIC
LOCATION×AGE
LOCATION×GENDER

4
2
23
2
3
1
1
8
46
4
6
2
2

18.02
9.44
0.81
10.46
0.32
2.68
0.35
3.75
0.58
28.86
5.40
14.22
1.17

39.53
20.71
1.79
22.95
0.7
5.89
0.76
8.23
1.27
63.3
11.85
31.2
2.56

<.0001
<.0001
0.0119
<.0001
0.5541
0.0153
0.382
<.0001
0.1075
<.0001
<.0001
<.0001
0.0777
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APPENDIX R - POST HOC TEST FOR APPENDIX Q
Table 49: Glance Duration
Tukey-Kramer Comparison LS Means: LOCATION×TRAFFIC
LSMEAN
GROUP a
LOCATION
TRAFFIC
MEAN_DURATION
A
1.44
Left
3
A
1.43
Left
2
B A
1.28
Display
0
B A C
1.21
Left
0
B
C
1.13
Left
1
D C
0.76
Display
1
D C
0.73
Display
3
D C
0.69
Display
2
D
0.49
Right
1
E
D
0.38
Right
2
E
D
0.37
Right
3
E
-0.05
Right
0
a

: LS Means with the same letter are not significantly different
Table 50: Number of Glances
Tukey-Kramer Comparison LS Means: LOCATION×TRAFFIC
LS MEAN
GROUP a
LOCATION
TRAFFIC
NUM_GLANCES
A
3.57
Left
3
B
3.07
Left
2
C
B
2.44
Left
0
C
2.36
Left
1
C D
1.95
Display
0
C D
1.53
Right
3
C D E
1.50
Display
3
C D E
1.48
Display
1
D E
1.38
Display
2
D E
1.11
Right
1
D E
1.02
Right
2
E
0.49
Right
0
a

: LS Means with the same letter are not statistically different
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ABSTRACT
Traffic signs are an important communication tool used to communicate regulatory, warning, and
guidance information to road users. Signs that are inappropriately designed or misused can have
unintended consequences for the operators of motor vehicles such as confusion and missed
messages. Given the emerging practice of connected vehicle technology, there are no standards on
the shape and colorings of in-vehicle regulatory signs, in lieu of focusing on a particular standard,
the focus was instead turned to optimizing in-vehicle display’s ability to convey the appropriate
message. Ninety-four participants participated in the online survey; participants were randomly
given one of three versions of the survey, asking the same questions about different displays
Results indicated that the wording on the display matters much more to users than the shape or
colors used in the display.
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INTRODUCTION
Traffic signs are an important communication tool used to communicate regulatory, warning, and
guidance information to road users. Signs that are inappropriately designed or misused can have
unintended consequences for the operators of motor vehicles such as confusion and missed
messages. In the development and evaluation of new signs intended to convey important regulatory
type messages, it is essential that the opinion of the driver be taken into account in evaluating new
symbol usage particularly in the application of in-vehicle displays and warnings.
Problem Statement
Given the emerging practice of connected vehicle technology, there are no standards on the shape
and colorings of in-vehicle regulatory signs. On public roads, the governing standard of sign shape,
color, and conspicuity is the Manual on Uniform Traffic Control Devices (MUTCD), in consumer
products, the American National Standards Institute (ANSI) is the primary authority, and when it
comes to workplace hazards, the International Standards Organization (ISO). The road and the
vehicles that occupy them do not fit neatly under one category as it pertains to a connected vehicles
environment. The automobile is of course a consumer product; however, the roadway itself can be
considered at times a consumer product and a work place. The selection of any one standard to
follow in the design of an in-vehicle display can be challenging.
According to the MUTCD, traffic control devices “notify road users of regulations and provide
warning and guidance needed for the safe, uniform, and efficient operation of all elements of the
traffic stream.” (MUTCD, 2009) The MUTCD also states that for a traffic control device to be
effective it should, fulfill a need, command attention, and convey a clear, simple meaning.
There are several basic provisions for regulating, warning, and guiding traffic:
1.
2.
3.
4.
5.

Fulfill a need
Command attention
Convey a clear, simple meaning
Command respect of road users
Give adequate time for proper response

Support:
State or local laws written in accordance with the “Uniform Vehicle Code” (see Section 1A.11)
establish the right-of-way rule at intersections having no regulatory traffic control signs such that
the driver of a vehicle approaching an intersection must yield the right-of-way to any vehicle or
pedestrian already in the intersection. When two vehicles approach an intersection from different
streets or highways at approximately the same time, the right-of-way rule requires the driver of the
vehicle on the left to yield the right-of-way to the vehicle on the right. The right-of-way can be
modified at through streets or highways by placing YIELD (R1-2) signs (see Sections 2B.08 and
2B.09) or STOP (R1-1) signs (see Sections 2B.05 through 2B.07) on one or more approaches.
Objective
In lieu of focusing on a particular standard, the focus was instead turned to optimizing in-vehicle
display’s ability to convey the appropriate message. The MUTCD was followed closely as a
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reference for development of these displays primarily due to the context of when the alert is
intended to be given (at/approaching an intersection)
1. Determine what alternative display type would be most appropriate for our application?
2. Which matters most shape/color or wording?
3. Are there any demographic variations in user comprehension?
Display Design Goals
1. The display meaning should be easily understood by drivers.
2. The display should not provide road users with a false sense of security
3. The display should be easily identified both in and out of context (vehicle)
Display Designs
Multiple displays were designed to be tested in a comprehension survey in order to allow for a
range of color, shape, and word pairings across participants. The following criterion were
considered in designing the displays.
Symbology (Shape/Color)
Section 1A.12 Color Code
Support:
The following color code establishes general meanings for 11 colors of a total of 13 colors that
have been identified as being appropriate for use in conveying traffic control information
tolerance limits for each color are contained in 23 CFR Part 655, Appendix to Subpart F and are
available at the Federal Highway Administration’s MUTCD website at http://mutcd.fhwa.dot
02 The two colors for which general meanings have not yet been assigned are being reserved for
future applications that will be determined only by FHWA after consultation with the States, the
engineering community, and the public. The meanings described in this Section are of a general
nature.
Standard: Meaning for select colors used in this study as specified by the MUTCD.
A. Black—regulation
G. Green—indicated movements permitted, direction guidance
K. Red—stop or prohibition
L. White—regulation
M. Yellow—warning
The symbology used for the in-vehicle display types analyzed in this study was inspired by two
signs from the MUTCD, the Yield Sign, and the Cross Road Symbol. According to the MUTCD,
a Yield sign depicted in Figure 53, may be used on the approaches to a through street or highway
where conditions are such that a full stop is not always required. The Cross Road Symbol shown
in Figure 54 may be used in advance of an intersection to indicate the presence of an intersection
and the possibility of turning or entering traffic.

124

Figure 53: Yield Sign MUTCD R1-2

Figure 54: Cross Road Symbol MUTCD W21

Base displays shown in Figure 55 were selected/designed due to subtitle variations that could
potentially have an impact on a road user’s comprehension of the in-vehicle display. The shape of
Displays 1 and 3 were designed with the intention of looking similar to a yield sign; however, the
apex of the triangle was inverted so as not to cause confusion to drivers. Additionally, the colored
portions of the triangle were modified to create further distinction between these displays and a
yield sign. The color used for Display 1 is the same as the background color of W2-1; the color
used for Display 3 is green, and a similar shade to that used on a freeway/expressway guide sign
according to the MUTCD.
Display 2 is MUTCD W2-1; it was selected as a potential candidate because it is already in use on
public roads so participants would likely already be familiar with its meaning. All displays tested
in this study share the Cross Road symbol from MUTCD W2-1.

Display 1

Display 2
Figure 55: Base displays

Display 3

Table 51: Comparison of MUTCD Signs and Base Experimental Displays
Shape
Border
Background
Legend
Inverted
equilateral triangle

Red

R1-2: Yield Sign
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White

Red

Diamond

Black

Yellow

Black

Equilateral
triangle

Yellow

White

Black

Diamond

Black

Yellow

Black

Equilateral
triangle

Green

White

Black

W2-1: Cross Road

Display 1

Display 2

Display 3
Message Selection
The intended purpose of the display is to advise drivers that there is an intersection ahead and
while they are legally permitted to proceed through, they should remain alert for drivers who may
violate their expectations.
The Standard Alphabets for Traffic Control Devices were prepared by the Federal Highway
Administration (FHWA) to create uniform signing of all by-ways open to public travel. FHWA
series fonts are of the Sans-serif category and consist only of upper case letters (with the exception
of E (M)).
To improve conspicuity of the in-vehicle display, FHWA Series E was the chosen font type for
written messages.
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Display 1-A

Display 2-A

Display 3-A

Display 1-B
Display 2-B
Display 3-B
Figure 56: Alternative displays to base displays

METHODOLOGY
Ninety-four participants participated in the online survey; participants were randomly given one
of three versions of the survey, asking the same questions about different displays. Thirty-three
people completed version A; 36 completed Version B; 24 completed Version C. The screening
criteria for participation in this study was participants must be 18 years of age or older and they
must hold a valid United States driver’s license.
Participant ages are shown in Table 52. Forty-seven percent of the participants who participated
in the survey were male. Fifty-two percent of survey respondents worked in the transportation
industry, this was expanded to mean transportation and materials moving occupations,
transportation policy and safety research. The large portion of participants working in the
transportation industry has been accounted for in the statistical analysis of the reported data in
order to decrease the impact of those who might have a higher level of knowledge of traffic signs
than the general public.
Table 52: Participant Ages
Age Ranges
Distribution
18 - 24 years old
22%
25 - 34 years old
24%
35 - 44 years old
19%
45 - 54 years old
20%
55 - 64 years old
14%
65 years or older
1%

Table 53: Participant Years of Driving Experience
Driving Experience
Percent
Less than 1 year
1%
1 - 5 years
7%
6 - 10 years
27%
11 - 15 years
8%
16 - 20 years
7%
Over 20 years
49%
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Recruiting and Informed Consent
Participants completed an online survey. The survey was estimated to last approximately 10 to 15
minutes. Participants were recruited via email listervs and social media outlets, in using this
strategy, the research team hoped to obtain responses from a wide range of drivers, including those
who work in the field and those naïve to connected vehicles and signage.
Participants were informed of the purpose of the survey as a connected vehicles in-vehicle display
development tool prior to beginning questions pertaining to display development.
“Adaptable traffic signs have been proposed by some transportation
professionals to improve travel time, reduce air pollution, and increase
fuel economy. These signs have the capability to adjust to different traffic
conditions, weather, or emergency vehicles. With the advent of Connected
Vehicle (CV) technology, we now have the ability to have these signs
change based on vehicle-to-infrastructure (V2I) communications. This
technology would also allow traditional physical traffic signs to be
replaced with electronic in-vehicle displays. This survey will help to select
an in-vehicle display that will convey the appropriate message to drivers
about what course of action they should take when approaching the
intersection.”

Consent was implied upon the return of the completed survey.
Experimental Design
The participants were randomly assigned either Version A, B, or C. All versions of the survey have
identical sets of questions showing different base displays. Participants were shown question in
increments so not influence to their responses to later questions.



Open responses – “What does this display mean to you?”
Multiple Choice of best representation – “Of the following options, which best fits with
the shown display”
 Words rating – ranking the same display background with different words printed
 Shapes rating – ranking the same words printed on different display backgrounds
 Rank order – rank all displays shown over the course of the study
 Participant suggestions for improvement about their most preferred display
109 people responded to the survey, 8 participants were removed from the dataset due to
incomplete surveys or ineligibility based on age.

RESULTS
Open Response Questions
Participants were asked two open response questions after they provided some demographic
information. The open response questions were the first display related questions presented so not
to influence the participant’s perception of the meaning of the display.
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Display Meaning
Participants were shown a base display, which varied depending on the version of the survey they
received. The participants were asked, “What does this display mean to you?” the responses were
grouped as “Correct”, “Nearly Correct”, and “Incorrect” based on the participant response in
relation to the desired meaning of the display, which is, “there is an intersection ahead.”

Version A
Base Display

Version B
Base Display

Version C
Base Display

Table 54: Meaning - Percent Open Ended Response

Response Group
Incorrect
Generally correct
Correct

Version A
25%
18%
57%

Version B
0%
3%
97%

Version C
62%
27%
12%

Display Action
The participants were then asked about their original base display, “What action, if any, is required
when you see this display?” the responses were grouped as “Correct”, “Nearly Correct”, and
“Incorrect” based on the participant response in relation to the desired meaning of the display,
which is, “proceed through the intersection with caution.”
Table 55: Action - Percent Open Ended Response

Response Group
Incorrect
Generally correct
Correct

Version A
21%
14%
64%
129

Version B
3%
9%
88%

Version C
42%
27%
23%

Multiple-Choice Questions
The purpose of having multiple choice questions available was to give the participant limited
options of the meaning of the display and to allow them to interpret the meaning of the display as
they saw fit given the options available. This simulated a “within context” scenario.
Multiple-Choice; Display Meaning
The participants were then asked, “Select the choice that best represents the meaning of this
display or is true about this display.” as it pertains to their base display.
Table 56: Multiple Choice - Frequency

Response Group







Version A Version B
There is an intersection ahead
0%
14%
There is an intersection ahead and
93%
83%
you should use caution
There is a hospital ahead
7%
0%
There is an intersection ahead and
0%
3%
you should proceed through
There is a church ahead
0%
0%
There is a church ahead
There is an intersection ahead
There is an intersection ahead and you should use caution
There is a hospital ahead
There is an intersection ahead and you should proceed through

Version C
19%
31%
15%
35%
0%

Preference
Wording
Survey participants were told, “The intended meaning of the display is to alert the driver that they
should vigilantly driver through the oncoming intersection. For our purposes, consider vigilantly
to mean in a watchful manner. Using that definition, for each presented display, selected the
number that corresponds with how well you think the display describes its intended meaning.
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Table 57: No wording

No Wording
Version A

Version B

60%
50%
40%
30%
20%
10%
0%
Poor

Fair
Version A

Good
Version B

Very
Good

Excellent

Version C

Version C
The responses to the displays from Version A, B, and C from the Likert Scale ranking question
(Table 57) indicate that an absence of wording does not adequately convey the intended message.
The responses to the “Use Caution” wording on different display types show that this particular
wording offers some improvement in user understanding of the message, but perhaps is still not
the best terminology for the display.
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Table 58: Use Caution

Use Caution
Version A

Version B

60%
50%
40%
30%
20%
10%
0%
Poor

Fair
Version A

Good
Version B

Very
Good

Excellent

Version C

Version C
Table 59: Proceed with Caution

Proceed with Caution
Version A

Version B

60%
50%
40%
30%
20%
10%
0%
Poor

Fair
Version A

Version C
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Good
Version B

Very
Good

Excellent

Version C

The results for the “Proceed with Caution” displays in Table indicate that users found that this
wording best conveyed the intended message. Users were partial to the yellow and lack triangular
sign with “Proceed with Caution” written on the sign face.
Shape
Participants seem to favor the Shape 1 when regardless of the wording, or lack thereof on the sign
face. This is likely because the sign is in use on public roads, and they are familiar with it. However
Table 60 - Table 62 show that participant preference of the sign changes much more dependent on
which selection of wording is present on the sign. Table
Table 60: Version A Responses

Version A Responses
80%
Shape 1

60%
40%

20%
Shape 2

0%
Poor

Fair

Good

Shape 1

Shape 2

Very
Excellent
Good
Shape 3

Shape 3

As mentioned in the previous section, regardless of the sign’s shape or color, No Wording is
generally perceived as less helpful, where “Proceed with Caution” is perceived as most helpful.
The wording “Use Caution” does not appear to be descriptive enough for users to properly
ascertain what the appropriate response is to the situation.
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Table 61: Version B Responses

Version B Responses
Shape 1

Shape 2

60%
50%
40%
30%
20%
10%
0%
Poor

Fair
Shape 1

Good

Very
Good

Shape 2

Shape 3

Excellent

Shape 3

Table 62: Version C Responses

Version C Responses
Shape 1

50%
40%
30%
20%

10%
Shape 2

0%
Poor

Fair
Shape 1

Shape 3
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Good

Very
Good

Shape 2

Shape 3

Excellent

CONCLUSIONS
The results from the survey indicate that the user’s preference was more heavily biased based on
the wording on the sign than any other factor. Participant’s preferred the sign that they were most
familiar with in all cases, however for the purpose of the display, it was deemed that it would not
be appropriate to alter an existing roadway sign and risk negative safety implications. It was
decided that the display shown in Figure 57 would be most appropriate for our purposes because
of the color schemes used and the user preference of this wording “Proceed with Caution”.

Figure 57: Proceed with Caution Display

The final in-vehicle display as used in the on road portion of the Adaptive Stop Display Study is
shown below in Figure 58 and Figure 59.

Figure 58: Proceed with Caution on in-vehicle display

Figure 59: Close up of Proceed with Caution
on in-vehicle display
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