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EXECUTIVE SUMMARY 
The objectives of this effort were to examine safety benefits associated with characteristics of 
crash warnings with a focus on vehicle-to-vehicle (V2V) applications. Specifically, we aimed to 
identify measurable characteristics of a crash warning auditory interface that have the potential 
to provide safety benefits. This project used high-priority crash scenarios in the NADS miniSim 
driving simulator and a multi-site data collection to obtain data from a representative sample. 
Five data collection sites across the United States provided a diverse driver population, 
geographic diversity (bi-coastal, southern, and mid-west regions), and a range of population 
densities and socioeconomic factors. The sites included the National Advanced Driving 
Simulator (NADS) at the University of Iowa, University of Washington, Texas A&M 
Transportation Institute, Clemson University (Phase 1 FCW only), and the Reston, Virginia, 
engineering company Leidos. We identified representative scenarios through the work of Najm, 
Toma, and Brewer (2013), who reviewed national crash statistics for light-vehicle crashes. The 
project used three crash scenarios: rear-end crashes with forward collision warning (FCW) that 
represent 43 percent of V2V pre-crash scenarios, junction-crossing crashes that represent 19 
percent of V2V pre-crash scenarios, and opposite direction crashes that represent 13 percent of 
total crashes while left-turn-across-path (LTAP) crashes comprise the majority of those at 10 
percent of total crashes.  

This project examined the auditory characteristics of fundamental frequency, duty cycle, and 
tempo, each at five levels. In this work, fundamental frequency is the lowest frequency present in 
the auditory alert. Duty cycle is the percentage of time sound is present within an alert. Tempo is 
the number of pulses of sound per second. We created 13 experimental conditions by varying 
one characteristic at a time while holding the others constant at a central level. Each scenario 
used the same 13 alerts. Each participant experienced only one scenario and one alert condition. 
The central or medium level of each characteristic was used as the baseline in the statistical 
analysis. 

Five sites collected data from 104 participants each for a rear-end collision with FCW scenario 
for a total of 520 participants. During the FCW event, participants engaged in a distraction task 
to allow researchers to orchestrate the event and to ensure the driver’s response was to the alert. 
We only used four sites for the junction crossing with intersection movement assist (IMA) and 
left-turn-across-path scenarios with 52 participants for each scenario at each site for a total of 
416 participants. We balanced participants at each site across gender and two age groups (25 to 
40 and 41to 55). Each data collection site used the same protocol.  

This research focused on how characteristics of auditory alerts affect driver response in 
connected vehicle forward-crash and intersection-crash situations. Crash situations differed with 
the FCW event having a distracted driver and a visible threat at the time of alert and with the 
IMA and LTAP events having no visible threat at the time of alert. Additionally, the LTAP event 
had the complexity of the driver trying to turn without clear view of the oncoming lane.  

The results indicate that despite the same alert characteristics, reaction time varies by type of 
event. Additionally, changes in alert characteristics do not necessarily lead to similar changes in 
effect across crash events. The results also indicate that whether the driver crashes may be 
determined by not only how quickly the driver responds but also by the nature of the response. 
The results presented have potentially profound impacts on the design of auditory alerts.  
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The first consideration was the extent to which an alert configuration produces similar responses 
in different types of event. Ideally, an auditory crash alert should draw the driver’s attention to 
the threat and cause the driver to respond to avoid the crash situation. This is complicated with 
connected vehicle alerts that may alert the driver to a threat that is not yet visible. Results 
indicate that when an actual threat is visible, such as the FCW event or a potential threat that can 
be surmised, such as the LTAP event, drivers respond with similar haste. However, the absence 
of an obvious threat, such as the IMA event, does not lead to an immediate avoidance response 
to the alert.  

The primary focus of this research is how alert effectiveness varies based on the characteristics 
of the alert. Results showed that changes in fundamental frequency, duty cycle, and tempo did 
not produce uniform variations in driver performance measures across scenarios, yet there was 
some consistency. Similarly, there was not a consistent crash rate across the three types of events 
due to differences in the kinematics of the driving situations.  

For fundamental frequency, three of the levels tested showed increases in reaction time and only 
one level showed a reduction in crash rate. There was no overlap between these levels that may 
indicate better overall performance. For fundamental frequency, around 234 Hz provided faster 
responses, whereas fundamental frequencies over 319 Hz or near 115 Hz did not improve 
reaction time and reduce crash rate.  

For duty cycle, extremely low duty cycles produced an increase in reaction times associated with 
a 0.05 percent duty cycle. Duty cycles at 25 percent and 75 percent cycles showed a reduction in 
crash rate yet an increase in reaction time for some situations. 

For tempo, there were few consistent responses. Under none of the levels was there a significant 
change in crash rate. There was, however, some evidence that the lowest level of tempo (1 pulse 
per second) can slow reaction time.  
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1 INTRODUCTION 
Vehicle-to-vehicle (V2V) technologies will enable, over a secure network, the exchange of raw 
data between and among vehicles (vehicle’s latitude, longitude, heading angle, speed, etc.). This 
raw data goes to the connected vehicle processor where the safety applications perform their 
calculations. The system will not necessarily present the raw data to the driver in this form; the 
V2V system must take the raw data received from the network and transform it into useful 
information, managing the information based on importance and presenting that information to 
the driver in an effective way.  
Being the sole mechanism by which the driver receives information from the safety system, the 
driver-vehicle interface (DVI) directly affects the driver’s response to the information from the 
system. Characteristics of the DVI can affect the driver’s response, depending on human abilities 
and limitations (Sanders & McCormick, 1993). The safety benefits of crash warning systems are 
based on how well they address the target safety need and the overall effectiveness of the system. 
Since the intention of these systems is ultimately to warn the driver, with the goal of causing a 
correct and timely response, the warning itself is a primary factor in the effectiveness and 
benefits of the system. Minimum performance levels may define characteristics of the DVI to 
ensure safety even when design specifications are not dictated.  
In a recent report summarizing the readiness of V2V technology, NHTSA concluded that the 
interface warning was very important for V2V safety, but posed challenges for the agency 
(Harding et al., 2014). The report suggested that NHTSA needed more data to understand how 
the interface affects driver response. The report recommended that NHTSA obtain additional 
research and analysis on DVI warning characteristics that can effectively enable drivers to react 
appropriately and avoid the crash. Further, this research should consider the safety problem and a 
representative sample of U.S. drivers.  
The main goal of the current project is to address the research gap identified by NHTSA, 
specifically to provide the data from a representative sample of drivers and crash scenarios to 
help better understand driver response to the crash warning (CW) DVI. Of particular interest in 
this project is data to help determine performance criteria that specify the minimum level of 
performance for an effective CW DVI for V2V safety applications (i.e., drivers will be able to 
interpret the warnings and react in a manner so as to avoid the crash). This research aims to 
determine objective, repeatable, and measureable characteristics of the CW DVI that have the 
potential to provide safety benefits and to explore possible CW DVI characteristic minimum 
performance criteria. 
The selected approach provides data from a cross section of the country in an effort to provide a 
representative sample. Additionally, the selection of three different crash types provides a robust 
and representative sample of situations in which the driver might need to be alerted by a V2V 
system. The consideration of a range of alert characteristics across sites and crash types results in 
a large sample size to adequately address the research questions. Although the sample size is 
quite large, it is still limited when considered in the context of the sample size for individual cells 
in the analysis, which limits the power of the analyses. 
This report provides a summary of the work completed in this project. The report first 
summarizes the background including crash statistics and auditory alert characteristics. The 
report then provides an overview of the methodology and data analysis approach. The report 
presents the results by type of CW system. Finally, the report summarizes the key results from 
the study. 
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2 BACKGROUND 
This project focuses on V2V applications in light vehicles. To identify representative crash 
scenarios, the research team consulted work from the Volpe National Transportation Systems 
Center on pre-crash scenarios and associated applications to identify specific scenarios for 
inclusion. The research team then consulted work from the Crash Warning Interface Metrics 
(CWIM) 3 program to specify protocol and event details (Lerner et al., 2011). The research team 
conducted the project in two phases with the first focused on rear-end crash scenarios and the 
second focused on intersection crash scenarios. 

2.1 The Safety Problem 
Najm, Toma, & Brewer (2013)  reviewed national crash statistics for light vehicle crashes from 
2004 to 2008. They developed a list of prioritized pre-crash scenarios that included five 
categories specifically relevant to V2V applications: rear-end, lane change, opposite direction, left-
turn-across-path – opposite-direction, and junction crossing. 

 

 
Figure 1 Percentage of total crashes by pre-crash scenario 

Junction Crossing, 
19%
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Light Vehicle V2V Pre-crash Scenarios

2.1.1 Rear-End Crashes 
Rear-end crashes represent 43 percent of V2V pre-crash scenarios. Within this group, three 
scenarios exist: lead-vehicle-stopped and two vehicle-moving scenarios, lead-vehicle-
decelerating and lead-vehicle-moving at a slower constant speed. The stopped-lead-vehicle 
scenario, with a posted speed limit of 35 mph, represents the largest percentage of rear-end 
crashes (57.2%). This speed limit poses a problem for evaluating V2V safety systems, 
specifically FCW since most FCW systems do not function below 35 mph. To address this issue, 
the research team chose a lead-vehicle-decelerating scenario from the two lead-vehicle-moving 
scenarios where crashes are typically associated with a higher posted speed limit, such as 55 
mph, and which represent 24.2 percent of rear-end crashes.  
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2.1.2 Junction-Crossing Crashes 
Junction-crossing crashes represent 19 percent of V2V pre-crash scenarios. Within this group, 
the straight-crossing-path scenario represents 89.5 percent of crashes. The scenario chosen 
involves the cross traffic running a red light. An IMA system was employed in this scenario.  

2.1.3 Left Turn Across Path 
Opposite-direction crashes represent 13 percent of total crashes while left-turn-across-path 
(LTAP) crashes comprise the majority of those at 10 percent of total crashes. Crashes at 
signalized intersections comprise a slight majority at 52.6 percent of LTAP crashes. The LTAP 
scenario chosen involves the driver stopping at a red signal in a left-turn lane. Once the left-turn 
signal changes to green, an oncoming vehicle runs a red light. An LTAP warning system was 
employed in this scenario. 

2.2 Safety Applications 
This project considered three safety applications based on the identified safety problems.  

2.2.1 Forward Crash Warning 
Historically these systems used vehicle sensor data to track vehicles in front of the driver and 
then to issue warnings. The number of vehicles tracked was limited by the system hardware and 
many simplifying assumptions were needed to distinguish between vehicles and stationary 
objects. V2V-based FCW warnings can use data directly from other vehicles, including data that 
is not available from vehicle sensors, such as pedal force. One of the key V2V advantages is that 
warnings can be provided sooner and that it can warn about crash situations that are not yet 
visible to the driver. 

2.2.2 Left Turn Across Path  
These systems are designed to warn a driver who is attempting to turn left that there is oncoming 
traffic that would make the turn unsafe. The system warns when it determines that a collision 
will occur unless the driver responds. These V2V systems provide warnings even when the 
oncoming vehicle is not visible to the driver. 

2.2.3 Intersection Movement Assist 
These systems warn the driver about intersection crashes. Two common scenarios are the 
situation where the driver is stopped at an intersection before proceeding and when the driver is 
proceeding through an intersection without stopping. In either case, the system warns the driver 
that a vehicle is on a collision course with them in the intersection and a driver response is 
required. In some cases, this can be associated with an incurring vehicle that does not stop at a 
controlled intersection. 

2.3 Crash Warning Driver Vehicle Interface Modalities 
In pre-crash situations, an alert directs the driver’s attention back to the roadway so that drivers 
may respond appropriately to the unfolding situation. Three commonly used alert modalities 
available in light vehicles include visual, tactile or haptic, and auditory. This project began with 
only the rear-end crash scenario and an FCW system and chose alert modalities and 
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characteristics representative of those commonly employed in these types of warning systems 
designed to mitigate these crashes.  

The Society of Automotive Engineers (2003) has defined auditory alerts as an appropriate 
modality for an FCW system. Additionally, the SAE (2003) recommends that visual alerts 
should only be used if paired with an auditory alert. Visual alerts, when presented alone, may go 
unnoticed by drivers when they direct their visual attention away from the location of the visual 
icon (Curry, Bloomer, Greenberg, & Tijerina, 2009). For example, when a driver looks down and 
to the right, he or she may not notice a visual-only alert on the vehicle dashboard. Additionally, a 
visual-only alert may divert a driver’s attention toward the alert rather than toward the roadway, 
as several visual icons exist on a vehicle dashboard and when one illuminates, the driver must 
direct visual attention to that icon, identify which icon illuminated, and determine its meaning.  

Haptic or tactile alerts are a vibration of a portion of the vehicle the driver is in direct contact 
with, such as the seat, steering wheel or pedal. If the driver is not in direct contact with the 
specific portion of the vehicle at the time an alert is issued, the alert may be missed entirely by 
the driver. Equipment to produce haptic alerts does not exist in all vehicles. Additionally, within 
the context of a research study, clothing layers and thickness may impact driver sensitivity to this 
type of warning system alert. In comparison, auditory alerts are most prevalent in cars for 
collision warning systems and their characteristics can be consistently manipulated.  

Auditory alerts are recommended for FCW systems in combination with a visual alert (SAE, 
2003). The equipment to produce an auditory alert is prevalent in vehicles. Auditory alerts do not 
necessitate the driver to direct their attention to a location inside the vehicle to identify the alert’s 
meaning. For these reasons, the scope of this research project was limited to auditory warning 
characteristics. Additionally, speech-based alerts and distinctiveness of alerts are beyond the 
scope of this work. 

Junction crossing and LTAP crash scenarios were added in the second round of data collection. 
In order to maintain comparability across the first and second rounds of data collection, the same 
alert modalities and specific characteristics were also used for the IMA and LTAP protocol. This 
allows for a more overall evaluation of alert characteristics across different collision warning 
systems. 

2.4 Auditory Alert Characteristics 
The goal was to identify measurable ranges of characteristics that might provide a safety benefit 
and ranges that might be a safety concern (i.e., not eliciting an effective driver response). Studies 
examining the potential benefit of in-vehicle safety systems have typically compared the safety 
benefits between different alert modalities rather than between different levels of a single alert 
characteristic within a single modality. Some examples include: 

• A combination auditory/visual alert resulted in larger minimum time to collisions than 
either haptic (brake pulse) or baseline conditions (Lerner et al., 2011); 

• A combination of visual icon, sound, seat vibration, and brake pulse together resulted in 
faster brake reaction times than when a visual icon alone was combined with each (Lee, 
McGehee, Brown, & Marshall, 2006); and 
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• Among a head-up display (HUD) visual alert, an auditory beeping alert, a seatbelt 
tensioning device, or a combination of two or all three of these alerts, the seatbelt 
tensioning device was the most effective (Forkenbrock, Snyder, et al., 2011). 

At the time the research team selected the experimental conditions and protocol for this project, 
no studies were found comparing driver performance response time across levels of auditory 
alert characteristics. To address this gap, the research team developed another method of 
identifying appropriate characteristics and levels. Edworthy, Loxley, and Dennis (1991) and 
Edworthy and Adams (1996) propose urgency mapping, the concept that matches the perceived 
urgency of an alert with the urgency of the situation signaled by the alert as a method for 
identifying auditory characteristics and levels for crash scenarios. The perceived urgency 
associated with an auditory alert is a subjective measure based on how individuals perceive the 
auditory alert tone. This subjective measure can be manipulated by changing the physical 
characteristics of an alert, such as the sound pressure or intensity, frequency, or the inter-pulse 
interval. 

2.5 Identifying Alert Characteristics  
The research team identified auditory alert characteristics that affect perceived urgency of an 
alert through a literature review. The team then prioritized these auditory alert characteristics 
through consultation with Carryl Baldwin at George Mason University on work conducted 
within the CWIM program and later published in Driver-Vehicle Interfaces for Advanced Crash 
Warning Systems: Research on Evaluation Methods and Warning Signals (Lerner et al., 2015). 

The perceived urgency associated with an auditory alert is a subjective measure based on how 
individuals perceive the auditory alert tone, which can be manipulated. People respond more 
quickly to alerts that sound more urgent (Burt, Bartolome, Burdette, & Comstock, 1995; 
Edworthy, Helier, Walters, Weedon, & Adams, 2000; Haas & Casali, 1995; Haas & Edworthy, 
1996). There is a substantial research base that shows differing levels of auditory alert 
characteristics are associated with different levels of perceived urgency. Example effects include: 

• Alert tones with higher fundamental frequency are perceived as more urgent (Edworthy 
et al., 1991; Hellier, Edworthy, & Dennis, 1993; Marshall, Lee, & Austria, 2007); 

• Shorter inter-pulse intervals produce alert tones with higher perceived urgency (Haas & 
Casali, 1995; Haas & Edworthy, 1996; Hellier et al., 1993; Marshall, Lee, & Austria, 
2007); 

• Amplitude envelopes (onset and offset profiles) affect perceived urgency with no onsets 
having greater urgency than slow onsets which, in turn, have greater urgency than slow 
offsets (Edworthy, Loxley, & Dennis, 1991; Marshall, Lee, & Austria, 2007); and 

• Higher intensity (loudness) levels for alerts are perceived as more urgent (Haas & Casali, 
1995; Haas & Edworthy, 1996). 

 

Auditory alert characteristics are arranged by a range of perceived urgency ratings in Table 1, 
with those with larger ranges on top. Characteristics of auditory alerts can be thought of as 
falling into three categories. There are characteristics that create an identifiable sound, such as 
fundamental frequency and harmonic series. Changing these characteristics produces alerts that 
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are perceived as different sounds. The base sound can then be arranged into pulses with 
characteristics such as inter-pulse interval (silence between pulses of sound) and amplitude 
envelopes. Pulses can then be arranged into one or more bursts of sound with intervals of silence 
between the bursts (inter-burst interval) to create an alert. The characteristics listed in Table 1 
represent a mixture of those that determine the base sound, the pulse and the burst that comprise 
an auditory alert.  

Table 1 Auditory Alert Characteristics and Perceived Urgency Rating 

Characteristic Influence on Perceived Urgency 
Burst Speed Fast > Moderate > Slowa 
Inter-pulse 
Interval 

Shorter > Longer (9 ms to 475 ms)b 

Intensity Higher > Lower (66 dB to 84 dB)c 
Amplitude 
Envelope (pulse) 

Regular > Slow On > Slow Off a 

Harmonic Series  Random > 10% Irregular > 50% Irregular > 
Regular a 

Number of Units 
(burst) 

4 units > 2 units > 1 unit a 

Fundamental 
Frequency  

Higher > Lower (150 Hz to 350 Hz)a 
Higher > Lower (210 Hz to 680 Hz) a 

Speed Change Speeding up > Regular > Slowing a 
Musical 
Structure 

Atonal > Unresolved > Resolved a 

Delayed 
Harmonics 

Absent > Present a 

Pitch Range Large > Small > Moderate a 
Rhythm Regular > Syncopated a 
Pitch Contour Random > Up/Down a 
a) Edworthy et al. (1991); b) Baldwin and Lewis (2014); c) Lerner et 
al. (2015) 

 

Another aspect of perceived urgency is whether or not drivers would identify a sound as an alert 
indicating an urgent situation. As part of the CWIM program, Lerner et al. (2015) conducted a 
series of experiments to identify the levels of alert characteristics where sounds would be 
classified by drivers as highly urgent collision alerts rather than less urgent notifications. In their 
study, the mean values at which participants identified sounds as time-critical alerts were base 
frequency (931.71 Hz), tempo or inter-burst interval (330 ms), pulse duration (460 ms), and 
pulses per burst (2.73). These values may be different from recommended levels, yet represent 
starting points used in this research for identifying ranges of auditory characteristics that would 
span the transition point between effective alerts and ineffective alerts. The lowest frequency 
present in a tone  is similar to fundamental frequency. Since fundamental frequency is the 
characteristic explored in the body of research investigating perceived urgency, we identified it 
as a characteristic to be explored in this effort. Fundamental frequencies just above and below 
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the mean level identified for time-critical alerts were explored since an upper limit was not 
identified. 

The lowest frequency present in a tone (Lerner et al., 2015) is related to, yet different from, 
fundamental frequency. Examining a tone easily reveals the lowest frequency present, the 
method used by Lerner et al., yet this lowest present frequency may not be the fundamental 
frequency. The lowest frequency present may result from one of several fundamental frequencies 
which may or may not be present in the tone. For example, a lowest present frequency of 250 Hz 
may result from a fundamental frequency of 50 Hz or 125 Hz since 250 Hz is a multiple of both 
50 Hz and 125 Hz. Since fundamental frequency is the characteristic explored in the body of 
research investigating perceived urgency and is more easily manipulated, we identified it as a 
characteristic to be explored in this effort.  

Pulse duration and pulses per burst are both temporal parameters of auditory alerts, as are inter-
pulse interval and inter-burst interval. Since these parameters are similar at the pulse or burst 
level, we chose to examine characteristics that encompass both. We combined these parameters 
into overall characteristics of alerts in the duty cycle (percentage of time sound is present) and 
tempo (number of pulses per second). Marshall, Lee, and Austria (2007) determined that people 
perceived longer pulse durations and shorter inter-pulse intervals as more urgent. Together these 
parameters determine the duty cycle. Duty cycle equals the total pulse duration divided by the 
sum of the total pulse duration and the sum of the inter-pulse intervals. Marshall, Lee, and 
Austria (2007) determined that people perceive a higher duty cycle as more urgent.  

Inter-pulse interval determines the tempo, defined as the pulses per second, of a sound. A shorter 
inter-pulse interval produces a faster tempo. Holding duty cycle constant and manipulating 
tempo creates sounds perceived as faster or slower. The CWIM project determined that 
manipulating tempo influenced whether sounds were categorized as highly urgent collision alerts 
rather than less urgent notifications.  
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3 METHODOLOGY 
This section describes the methodology for the project including the scope of CW DVI 
characteristics, apparatus, experimental designs, and conditions. The first phase of this project 
involved the collection of data at five sites across the United States for the rear-end with FCW 
scenario with a total of 520 participants, 104 at each site completing experimental procedures. 
The second phase only included four data collection sites for the junction crossing with IMA and 
LTAP scenarios with a total of 416 participants completing the experimental protocol, 52 
participants in each scenario at each site. Participants were healthy men and women who held a 
valid driver’s license from 25 to 55 years old. Section 3.6 describes inclusion and exclusion 
criteria. The independent variables are alert characteristics (fundamental frequency, duty cycle, 
tempo) and urgency levels (five levels: low-low, medium-low, medium, medium-high, high-
high). The goal was to collect a representative sample across the United States. To this end, as 
many participants as possible were enrolled within the scope of study. Researchers conducted a 
preliminary power analysis prior to data collection for the FCW scenario based on estimated 
response data. The analysis revealed that the planned sample size could detect a medium effect 
size. Based on a preliminary analysis of the FCW data, the LTAP and IMA scenarios had a lower 
sample size that allowed data collection with these two additional scenarios because no 
differences between data collection sites were expected.  

3.1 Levels of Auditory Alert Characteristics 
The scope of this project allowed for the inclusion of three alert characteristics, each at five 
levels. Based on the body of literature on perceived urgency and the work that was part of the 
CWIM program, the three characteristics explored in this effort were: fundamental frequency, 
duty cycle, and tempo. To reflect a large range of perceived urgency, we chose five levels of 
each characteristic. Prior research predicted that the levels of characteristics associated with low 
levels of perceived urgency produce slower driver response times to alerts than characteristic 
levels associated with higher levels of perceived urgency. To identify measurable ranges of 
characteristics that might provide a safety benefit and ranges that might be a safety concern (i.e., 
not eliciting an effective driver response), we included levels of alert characteristics that were 
expected to be less effective and produce slower driver responses. 

Based on values explored in the perceived urgency literature and the CWIM program, we 
selected preliminary levels for each characteristic. We included these levels in a pilot study at the 
National Advanced Driving Simulator (NADS) to test the experimental protocol, scenarios, and 
driver responses to the chosen levels. The range of fundamental frequency explored in perceived 
urgency body of literature was 150 Hz to 680 Hz, with the higher frequencies being associated 
with higher perceived urgency. Duty cycles ranged from 0.1 to 0.9 and tempo ranged from 2 to 8 
pulses per second represent a wide range of potential values. We analyzed driver response data 
from the pilot and identified no significant differences between the levels of characteristics. 
Based on the pilot results, we expanded the ranges of all three characteristics. We accomplished 
this by keeping the central point of each range the same and expanding the extreme levels. Table 
2 shows the levels of each characteristic evaluated in the main data collections. The sound levels 
for each miniSim were calibrated relative to a constant and consistent sound. This ensured that 
each alert level is consistent. 
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Table 2 Levels of Alert Characteristics 

Low- 
Low 
(LL) 

Medium- 
Low 
(ML) 

Medium 
(MM) 

Medium- 
High 
(MH) 

High- 
High 
(HH) 

Fundamental 
Frequency 

115 Hz 234 Hz 319 Hz 641 Hz 963 Hz 

Duty Cycle 0.05 0.25 0.5 0.75 0.95 

Tempo 1 2 4 8 12 

3.2 Apparatus 
All data collection sites used identical ¼-cab miniSims with 42-inch 720p plasma displays, 
Figure 2. The miniSims include three screens (each 3.0 feet wide by 1.7 feet tall) placed 4 feet 
away from the driver’s eye point. This configuration produces a horizontal field of view of 132 
degrees and a vertical field of view of 24 degrees. Before the study, we upgraded the hardware 
and software at each site to the most recent version of the miniSim software, comparable cab 
interface boards, steering encoders, and sound cards to ensure the same data collection apparatus 
at each site. Each site used sound calibration procedures to ensure consistent presentation of 
auditory alerts across sites. Section 3.3 below describes these procedures. 

Figure 2 miniSim driving simulator with a quarter cab 

3.3 Creation of Auditory Alerts 
The sounds were produced using a program called MakeWaves that was written by David 
Muller, March 11, 2014, using Visual Basic language (VB.net). MakeWaves provides a 
Windows form which is used to enter the parameters for each sound. The data in the form is 
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loaded from or saved to a text file for archiving and traceability. MakeWaves then renders the 
text files into wave (.wav) files for playing in the simulator. The wave files are uncompressed, 16 
bit, 48,000 samples per second. 

The parameters used for each sound include: number of bursts, inter burst interval, pulses/burst, 
inter pulse interval, pulse duration, pulse frequency, onset time, offset time, first pulse 
attenuation, amplitude, cutoff frequency, and spectrum file. The spectrum file parameter opens a 
text file of harmonic number, phase and amplitude. This allows for tones of any harmonic 
structure to be rendered. All sounds for this study used the spectrum of a saw tooth wave, which 
consists of all harmonics with descending amplitudes. MakeWaves renders the sounds by 
summing the values of the cosine waves for each harmonic in the spectrum file. This guarantees 
there are no inharmonic aliasing effects caused by the interference of the sample rate with the 
frequency of the tone. Only the harmonics whose frequency values were below the cutoff 
frequency were rendered. MakeWaves notifies the user if any of the sounds exceed the 
maximum level allowed by the wave file, to ensure none of the sounds are clipped or distorted. 

3.4 Calibration and Measurement of Sound Levels 
Each research site, in coordination with the NADS, insured installation of the software and 
hardware necessary for this data collection on miniSims at each of the five data collection sites. 
We coordinated schedules to plan this installation immediately prior to the beginning of data 
collection at each site to minimize the possibility of changes to specific or global settings within 
the miniSim software and hardware between calibration and data collection. We defined a 
constant and consistent sound for the calibration of the sound levels for each miniSim. This 
ensured that each alert level was consistent. 

3.4.1 Consistency Across Data Collection Sites 
Principal investigators for each data collection site discussed with the overall Principal 
Investigator the potential differences of data collection areas amongst data collection sites and 
the protocol for this study. For each data collection site, the team developed and implemented 
measures to address concerns. Staff involved in research involving human subjects understood 
the effect sound can have on data collection and each site attempted to minimize ambient or 
background noise. Additionally, 45 CFR 46 for human subjects’ data collection requires privacy 
which includes the use of isolated locations away from potential sources of ambient noise, such 
as machinery, person to person conversation, and noises from outside the building. The driving 
simulator was in a separate room at all data collection sites, minimizing the potential sources of 
ambient noise.  

Another potential source of differences were the characteristics for the simulator data collection 
rooms. Room configurations affect perceived sound intensity levels, yet the closer the speaker is 
to the participant’s head, the less potential effect of room configuration. To compensate for this, 
the configuration of these miniSims included placing the speakers 48 inches from the expected 
driver’s head position. The exact measurement varied based on the preferred seat position within 
the driving simulator, much like a driver’s position within a vehicle. This small variation in 
speaker distance was necessary to allow participants to adjust the seat to a comfortable driving 
position, thus allowing realistic accelerator release and braking response times. The minor 
differences in room configuration did not significantly change the measured sound level readings 
across sites.  
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At the beginning of each day and again after any significant breaks in data collection, researchers 
conducted sound calibration procedures. These procedures documented that the ambient noise 
level in the data collection room was less than 69 dB and alerts during participants’ study drives 
were presented at 75 dB. Due to the slow nature of sound system drift, researchers did not 
conduct sound calibration between individual participants.  

3.5 Data Collection Sites 
The study sample was collected from up to five data collection sites; the NADS, Clemson 
University, Texas A&M Transportation Institute, University of Washington, and the engineering 
firm, Leidos. The selected sites represent the diverse driver population across the United States 
and provide geographic diversity (bi-coastal, southern, and mid-west regions of the United 
States) and a range of population densities and socioeconomic factors from which to draw a 
representative sample. 

The NADS provided experimental protocol material to all data collection sites for submission 
and approval by their individual institutional review boards (IRBs). The NADS provided paper 
versions and access to online versions of all surveys, participant training materials, scenario 
descriptions, and documentation on the online survey service and associated security information 
for submission to individual IRBs for approval.  

The NADS developed and provided additional materials not subject to IRB review and approval 
that supported collection of consistent data across all data collection sites. These materials 
included checklists to verify simulator settings associated with experimental conditions, such as 
confirmation that sound levels of auditory alerts matched specified experimental levels, 
participant accountability records, and checklists for individual participant experimental drives, 
to ensure consistent notation of any issues that may explain variations in collected data. 

3.6 Sampling and Participant Recruitment  
Participants were healthy men and women 25 to 55 years old with valid driver licenses. This was 
determined through a telephone screening questionnaire (Appendix A). To facilitate a 
distribution across the overall age range, we separated the participants into two age groups, 25-
to-40 and 41-to-55 (Najm, Stearns, Howarth, Koopmann, & Hitz, 2006). Each age group had an 
equal number of male and female drivers. Although the sample of participants may not represent 
the general driving population, these participants do represent those drivers who are the most 
likely to use CW systems (Najm, Stearns, Howarth, Koopmann, & Hitz, 2006; Antin et al., 2011; 
Lerner et al., 2011). The age and gender groups are comparable to those used in related studies; 
for example, the CWIM project also selected a similar age group of 25 to 59 (Lerner et al., 
2011).  

The research team attempted to recruit a racially and ethnically diverse sample. Each site 
determined compensation amounts to attract participants in their area without being coercive. 
Based on previous experience conducting simulator studies, we determined the following 
inclusion and exclusion criteria for inclusion in the study. 

• Possess a valid U.S. driver’s license 
• Licensed driver for 2 or more years 
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• Drive at least 3,500 miles per year for the past 2 years 
• Drive at least once per week 
• Restrictions on driver’s license limited to corrective lenses 
• Report normal or corrected to normal vision 
• Report normal or corrected to normal hearing 
• Have experience engaging in distracting activities while driving, including talking on a 

cell phone, sending or receiving text messages, sending or receiving emails, eating, or 
changing compact discs 

• Does not use any special equipment to drive, such as pedal extensions, hand brake or 
throttle, spinner wheel knobs, or other non-standard equipment that would limit 
interpretation of accelerator pedal, brake pedal, or steering inputs 

• No participation in driving studies involving similar events or warning systems 
• No participation in a driving simulator study in the past 6 months 
• Be a native English speaker 
• Not identify as having a high likelihood of experiencing simulator sickness 

Each site used a combination of the following recruitment methods: advertisements, flyers, and 
e-mails. Researchers first screened interested individuals who contacted the research team via 
telephone. Individuals who were willing to participate and met all inclusion criteria enrolled in 
the study.  

3.7 Independent Variables 
The study had a between-subjects design given that each driver could only experience one crash 
scenario during any one study. The independent variables were alert characteristics (fundamental 
frequency, duty cycle, tempo) and urgency levels (five levels: low-low, medium-low, medium, 
medium-high, high-high) which are presented in section 3.1. We counterbalanced the age levels 
and gender in each experimental block. 

3.8 Dependent Measures 
The research team combined all of the scenarios, event, and driver performance data with the 
questionnaire data to address each research question. We synchronized the simulator data and 
survey datasets over all five collection sites and verified the completeness of the data, as well as 
its validity, prior to analysis. Variables used for analysis include the following. 

• Event data – event information of specific scenarios generated in the driving simulator 
environment 

a. Relevant driving scenario 

b. Alert characteristic: three alert characteristics for auditory warnings  

c. Urgency level: five levels of urgency for alerts (low-low, medium-low, medium, 
medium-high, and high-high) 

d. Speed at alert: Speed of the host vehicle when the alert was triggered 

e. Event outcome: Contact between the participant vehicle and lead vehicle (incursion 
vehicle in IMA & LTAP scenarios) 
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f. Headway at alert: headway between host vehicle and lead vehicle when the alert was 
triggered 

• Driver performance data – longitudinal measures, as well as drivers' responses, obtained 
from driving simulator 

a. Initial driving state: driver’s pre-alert driving state (speed, accelerator/brake/steer state) 

b. Type of response: accelerate only, brake only, steer only, compound 

c. Throttle release reaction time: time after alert until driver’s release of throttle 

d. Brake reaction time: time after alert until driver’s depression of brake pedal 

e. Accelerating reaction time: time after alert until driver’s depression of accelerator 

f. Steering reaction time: time after alert until turning steering 

g. Max deceleration: maximum deceleration rate 

• Questionnaire data – obtained from the demographic questionnaire and pre- and post-
intervention questionnaires for drivers  

a. Demographics and driving history (age and years of driving, gender, race/ethnicity, 
education level, driving experience, vehicle type, crash history, etc.) 

b. Drivers’ perception and attitudes towards the effectiveness of alerts including 
noticeability, effectiveness, and understandability of alert 

3.9 Experimental Procedure 
Researchers first screened potential participants via telephone to determine if they qualified for 
the study. If the participant met all inclusion criteria and agreed to participate in this study, the 
research team scheduled a study appointment time. Once the participants arrived at their study 
appointment, the experimenter then verbally reviewed the informed consent form (ICF) and 
obtained participants’ written consent. All participants received a copy of the signed ICF at the 
end of their visit. Participants showed their driver’s licenses to confirm that they were valid, 
filled out payment forms, and completed a questionnaire that covered some general questions 
about their driving, demographics, vision, hearing, and motion sickness related to use of a 
driving simulator. 

The participants received training on the driving simulator, which included an overview of the 
simulator and a description of the in-vehicle task (rear-end with FCW only) from the 
experimenter. Researchers provided participants with no training on the in-vehicle system or 
alert in order to capture natural data from participants who had not experienced similar systems 
in vehicles nor were participants informed there would be a collision-imminent situation. This is 
consistent with the procedures from the CWIM program (Lerner et al., 2015). Instead, 
participants were told the purpose of the study was to examine differences in drivers across the 
United States. Then participants completed the study drive, which lasted approximately ten 
minutes. Immediately following the end of the experimental drive, participants completed a 
wellness survey on which they reported any symptoms associated with simulator sickness. If the 
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symptoms reported were moderate or severe, we provided the participant with a beverage and a 
snack and asked them to rest until the symptoms subsided (typically within 10 to 20 minutes). 
Researchers replaced participants reporting moderate or severe simulator sickness symptoms. 

After the simulator procedures were completed, participants filled out short questionnaires about 
their perceptions of the alerts and on the realism of the simulator. A researcher then provided a 
debriefing statement that explained the purpose of the research. A member of the research team 
completed participants’ payment form and the study visit was completed.  

3.10 Data Handling 

3.10.1 Data Transfer  
In order to ensure data quality and consistency in data reduction, each site transferred all raw 
data to the NADS. Researchers used the NADS UI Qualtrics account to collect survey data and 
NADS staff directly downloaded it for analysis and back-up. NADS Mercury, an in-house 
application designed to securely transfer simulator data between individual simulators to the 
NADS using end-to-end encryption (E2EE) transferred simulator data files to the NADS on a 
scheduled nightly basis. The application created file “thumbprints” before and after transfer, 
ensuring the validity of transferred data. It emailed receipts to site administrators and NADS 
staff each time a duplication process was initiated, detailing files transferred or if any file transfer 
failures. It completed failed file transfers during the next duplication process, which was 
typically the next night. The NADS defined unique logins for each study site using strong, 
system-generated passwords. The Leidos site was the only exception to this otherwise internet-
enabled process. Since Leidos did not have an internet connection capable of handling large file 
transfers, we used an offline version of the same Mercury client/server system using external 
USB hard drives. The USB Mercury system used the same thumbprint and receipt system to 
ensure file validity. 

Following receipt of the data, the NADS conducted initial verification procedures to ensure all 
data files we received were intact. The NADS reported any issues with data files to the data 
collection site and the site investigated the cause to resolve any issues. Project-related files stored 
at the NADS are mandated to have at least two copies of any file recorded. This includes an on-
site copy, as well as a duplicate of the original which is stored at a secure (physically and 
digitally) off-site location. At the conclusion of a study, the NADS generates two offline copies 
of the final data: one that stays in a physically secured area at the NADS and another that is sent 
to a physically secure off-site data storage locker. 

3.10.2 Data Verification 
Verification occurred for both data files received and for specific measures within the reduced 
data. NADS staff compared incoming data files to participant accountability information 
provided by each site. We compared the assigned participant number and expected experimental 
conditions to match the accountability and experimental condition matrix. We used this to 
confirm the correct simulator drive usage for each participant. We also confirmed that the 
experimental conditions within the simulator data file for each participant matched the 
experimental condition matrix. This provided confirmation that the experimental conditions were 
correct within the simulator drive. We next confirmed event timing and conditions in the reduced 
data file.  
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3.11 Data Variables  
For all the scenarios, we combined event and driver performance data with the questionnaire data 
to address each research question. We synchronized the simulator data and survey datasets over 
all five collection sites and the completeness of the data will be verified prior to analysis. Variables 
used for analysis include the following. 

• Event data – event information of specific scenarios that will be generated in the driving 
simulator environment 

a. Relevant driving scenario 

b. Alert characteristic: six alert characteristics for auditory warnings (including baseline, 
i.e., no warnings) 

c. Urgency level: five levels of urgency for alerts (low-low, low-medium, medium, 
medium-high, and high-high) 

d. Speed at alert: speed of the host vehicle when the alert was triggered 

e. Crash status: contact between the host vehicle and lead vehicle (incursion vehicle in 
IMA and LTAP scenarios) 

f. Headway at alert: headway between host vehicle and lead vehicle when the alert was 
triggered 

• Driver performance data – longitudinal measures, as well as drivers’ response behavior, 
obtained from driving simulator 

a. Initial driving state: driver’s pre-alert driving state (e.g., speed, accelerator/brake/steer 
state) 

b. Type of response: accelerate only, brake only, steer only, compound 

c. Throttle release reaction time: time after alert until driver’s release of throttle 

d. Brake reaction time: time after alert until driver’s depression of brake pedal 

e. Accelerator reaction time: time after alert until driver’s depression of accelerator 

f. Steering reaction time: time after alert until turning steering 

g. Max deceleration: maximum deceleration rate 

• Questionnaire data – obtained from the demographic questionnaire and pre- and post-
intervention questionnaires for drivers  

a. Demographics and driving history (age/years of driving, gender, race/ethnicity, education 
level, driving experience, vehicle type, crash history, etc.) 

b. Drivers’ perception and attitudes towards the effectiveness of alerts 
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4 DATA ANALYSIS AND STATISTICAL MODELING 

4.1 Occurrence of Crash 
Crash occurrence was analyzed to gain insights on drivers’ ability to understand and respond to 
different alert characteristics. The crash frequencies and crash rates were evaluated for different 
alert characteristics with multiple urgency levels for each scenario. The purpose of this analysis 
is to examine if there exists any particular urgency level greatly affecting crash rate. 

4.2 Driver Response Data 
The alert characteristics were expected to impact drivers’ response to the alert. Then drivers’ 
reaction to the alert and the conditions of the near-collision scenario (e.g., the urgency of the 
event or whether the driver was distracted) were studied to determine if they would impact the 
occurrence of crash. Drivers’ responses to alerts can be classified into two perspectives:  

1. How quickly a driver reacts to the alert (i.e., reaction time)  
2. To what extent the driver reacts to the near-collision scenario (i.e., reaction intensity)  

In this study, braking maneuvers dominated as the majority of crash avoidance maneuvers. 
Hence, we used drivers’ throttle release reaction time and brake reaction time to measure how 
quickly drivers responded to the alert. We used the drivers’ maximum deceleration observed in 
the entire crash avoidance process as a measure of reaction intensity.  

For all the analyses, we set the medium (MM) level as the unique baseline for comparison across 
all the alert characteristics and scenarios. 

We used analysis of variance (ANOVA) as the primary statistical method to examine the 
difference in driving performance across different treatment groups. For this study, each alert 
characteristic (e.g., frequency, tempo, and duty cycle) was examined separately in a one-way 
ANOVA.  

We also examined the differences among treatment groups (or alert characteristics) using 
separate linear regression models. In these regressions, the dependent variable was one of the 
reaction times and reaction intensity of participant. The independent variables considered for 
each alert characteristic included urgency levels, scenarios, age, gender, and testing location. 

Both the ANOVA and multiple linear regression are based on regression techniques (Grace-
Martin, 2013). The outcomes of the one-way ANOVA did not show any differences in treatment 
conditions. However, the overall difference in treatment groups was not the primary goal of this 
study. We therefore used the MM level as the reference group in the multiple linear regression 
model, which provides a more useful comparison and is in line with the project aim to identify 
the relatively best and worst alert urgency level.  

4.3 Subjective Data 
We derived the subjective data from surveys with seven outcomes indicating subject’s agreement 
levels with the statement evaluated. These questions investigated drivers’ feedback on the alert 
from three different perspectives: noticeability, effectiveness, and understandability. The 
noticeability measures how easy the alert attracted a driver’s attention. The effectiveness 
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measured how well the alert helped drivers to avoid a collision. The understandability measured 
whether the alert was easy to interpret and understand. 

We analyzed the subjective data using bubble charts. The size of each bubble represents the 
frequency of rating for a particular rating score (1-7) and an urgency level. The bubble charts 
provided visualization for three alert characteristics in each of the three scenarios (FCW, IMA, 
and LTAP). The chart also displays the mean value for rating scores for reference.  

In order to validate the consistency with reaction data, we made additional line charts to compare 
the results of subjective data with reaction data. Similarly, we made this visualization for each of 
the three scenarios and three alert characteristics. 

4.4 Treating Missing and Invalid Data 
In order to evaluate the effectiveness of the alert based on the event outcome (crash), as well as 
the driver’s reaction data after receiving the alerts, each driver should have a valid pre-crash 
scenario and responses after the alerts. We excluded some missing or invalid data from the 
analysis of outcome for the following reasons. 

• Excessive speeding drivers: samples with speed beyond 60 mph when receiving alerts 
were removed for all analyses 

• No threat with incursion (or lead) vehicle: samples with infinite minimum time-to-
collision (TTC) were removed for all analyses 

• Drivers react before alert: some participants responded before an alert (e.g., throttle 
release, brake, steering and throttle press), with no response detected after alert. These 
drivers were removed for all analyses 

• Drivers without valid reaction measures: participants with no valid throttle release and 
brake reaction after alert but with other kinds of reactions (steering or throttle press) were 
removed only for reaction time analysis but kept for subjective analysis 
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5 FORWARD CRASH WARNING STUDY 

5.1 Specific Method 

5.1.1 Driving Scenarios 
Once comfortably seated in the simulator and prior to beginning the drive, participants practiced 
the in-vehicle distraction task, described in section 5.1.1.1. The protocol employed a distraction 
task to allow the rear-end collision event to be orchestrated without eliciting a response from the 
driver prior to the presentation of the FCW alert. 

The drive began with the participant’s vehicle parked on the side of the road and the participant 
was instructed to begin driving. Once on the roadway, the simulator instructed the participant to 
steer left and right in their lane to become familiar with steering in the simulator. Participants 
encountered a stop sign controlled intersection several seconds into the drive to allow them to 
become familiar with braking in the simulator. At a point early in the drive following the stop 
sign controlled intersection, a lead vehicle turned onto the roadway at an intersection and 
remained present throughout the drive. The lead vehicle maintained 2.2-second headway from 
the participant’s vehicle. The posted speed limit was 55 mph. The participant encountered 
intersections at regular intervals where a lead vehicle decelerating event could be orchestrated 
within a context typical of that type of event. Following this practice portion of the drive, 
participants periodically interacted with the distraction task. The first four instances of the task, 
one prior to beginning the drive and three during the drive, allowed participants to become 
familiar with the task prior to the final instance. During the final instance, the participant looked 
away from the forward view and the lead vehicle decelerated at 0.7 g to a stop near an 
intersection as if it intended to make a left turn. However, the lead vehicle did not employ turn 
signals to avoid alerting the driver to potential lead vehicle braking prior to the event. Figure 3 
provides a summary of the timing of the FCW event with the 5.8 average time of collision from 
participants who experienced collisions. Figure 4 provides a visualization of the driving scene at 
the point of the FCW warning. 

 
Figure 3 Timing of rear-end crash with FCW event 
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Figure 4 Rear-end crash scenario at point when FCW alert is issued 

 

5.1.1.1 Distraction Task for Rear-End Crash FCW Scenario 

Engaging the participant in an in-vehicle task that draws their attention, particularly their visual 
attention, away from the forward roadway allows the orchestration of a rear-end collision 
without the participant reacting to the event prior to the presentation of an FCW alert. If a 
participant responds to the event prior to the alert, then the response cannot be attributed to the 
alert. Since participants encountered only one rear-end collision event to minimize their 
anticipation of subsequent similar crash scenarios, it was critical that participants respond to the 
alert rather than before. 

Recent work at the NADS for the CWIM program showed that a number recall task was the most 
effective of those tested in providing sufficient time for rear-end collision events to be triggered 
without the participant looking forward early (Lerner et al., 2015). The participants experienced 
the task consistent with the FCW evaluation protocol specifications (Brown & Marshall, 2014; 
Lerner et al., 2015). A small screen located between 90 and 110 degrees to the right of the 
participant’s forward-facing position at the approximate height of the driver’s head displayed the 
task. The position varied slightly based on the driver’s preferred seat position. One second after 
receiving the instruction to begin the task, the display presented five random single-digit 
numbers for 472 ms each for a total task duration of 2.36 seconds. The numbers were 2.5 inches 
in height and 1.5 inches in width with a font similar to DS-Digital and a RGB color of 0.7, 0,0. 
The participant repeated the numbers aloud after all five had been displayed in the correct order 
to the experimenter following each instance of the task (Forkenbrock, Heitz, et al., 2011). Figure 
5 shows an example of the task in the 1/4-cab miniSim. We only used the distraction task in the 
rear-end collision with FCW scenario. 
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(a) (b) 

Figure 5 Number recall display 

5.1.2 Participants 
Table 3 provides the distribution of gender and age for the FCW study. For the three varying 
alert characteristics (fundamental frequency, duty cycle, tempo), the characteristic being tested is 
the only condition to be tested. All other characteristics were held at the “medium” level. This 
design results in a total of 40 unique participants per cell in the rear-end with FCW scenario. 
There were a total of 520 participants from the five sites for the rear-end with FCW scenario. 
Table 4 provides the distribution of participants across experimental conditions for each 
scenario. 

Table 3 Participant Age and Gender at Each Data Collection Site for the Rear-End With FCW 
Scenario 

Age group Male Female Total 
25-40 N=26 N=26 52 
41-55 N=26 N=26 52 
Total 52 52 104 

Table 4 Participants per Experimental Condition for the Rear-End With FCW Scenario 

Low- 
Low 
(LL) 

Medium- 
Low 
(ML) 

Medium 
(MM) 

Medium- 
High 
(MH) 

High- 
High 
(HH) 

Fundamental 
Frequency 

40 total 
8 per site 

40 total 
8 per site 

40 total 
8 per site 

40 total 
8 per site 

40 total 
8 per site 

Duty Cycle 
(% time present) 

40 total 
8 per site 

40 total 
8 per site 

40 total 
8 per site 

40 total 
8 per site 

Tempo 
Pulses/Second 

40 total 
8 per site 

40 total 
8 per site 

40 total 
8 per site 

40 total 
8 per site 

520 Total participants across five sites 
104 participants per site 
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5.2 Results 

5.2.1 Outcome 
When considering the outcome of the FCW scenario, the rate of crashes varied by experimental 
condition (see Table 5). For fundamental frequency, the medium-low level produced the fewest 
crashes. For duty cycle, the medium-low and medium-high levels produced the fewest crashes. 
For tempo, the low-low condition produced the fewest crashes.  

Table 5 FCW Crash Frequency 

Condition 
Urgency Level 

Low-Low 
(LL) 

Medium-Low 
(ML) 

Medium 
(MM) 

Medium -High 
(MH) 

High-High 
(HH) 

Fundamental 
Frequency 

27 
68% 

22 
55% 

31 
77% 

29 
73% 

34 
85% 

Duty Cycle 30 
79% 

23 
58% 

23 
58% 

30 
75% 

Tempo 26 
65% 

30 
75% 

30 
75% 

28 
70% 

5.2.2 Driver Performance 
Driver response in terms of throttle release time and brake reaction time characterizes driver 
response to the alerts associated with FCW scenarios. Additionally, maximum deceleration 
provides a measure of driver response. 

5.2.2.1 Throttle Release 

When considering the throttle release response for the FCW scenario, fundamental frequency 
and duty cycle produced significant results. In the following figures, the red dashed line was the 
mean value within each urgency level. For fundamental frequency, the low-low urgency level 
produced longer release times compared to the medium urgency level (Figure 6). For duty cycle, 
the low-low urgency level produced longer release times compared to the medium urgency level 
(Figure 7). Tempo produced no significant effects. 
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Figure 6 Fundamental frequency throttle release RT– FCW scenario. Box plots (left). 

Comparisons between medium and other urgency levels with a red box indicating significant 
differences (right). 

 

 
Figure 7 Duty cycle throttle release RT – FCW scenario. Box plots (left). Comparisons between 

medium and other urgency levels with a red box indicating significant differences (right). 
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5.2.2.2 Brake Press 

When considering the brake press response for the FCW scenario, fundamental frequency and 
duty cycle provided significant results. For fundamental frequency, the medium-high urgency 
level produced longer reaction times compared to the medium urgency level (Figure 8). For duty 
cycle, the low-low urgency level produced longer release times compared to the medium urgency 
level (Figure 9). Tempo produced no significant effects. 

 
Figure 8 Fundamental frequency brake press RT – FCW scenario. Box plots (left). Comparisons 

between medium and other urgency levels with a red box indicating significant differences 
(right). 
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Figure 9 Duty cycle brake press RT – FCW scenario. Box plots (left). Comparisons between 

medium and other urgency levels with a red box indicating significant differences (right). 

 

5.2.2.3 Max Deceleration 

When considering maximum deceleration for the FCW scenario, fundamental frequency, duty 
cycle and tempo provided significant results. For fundamental frequency, the low-low and 
medium-high urgency levels produced lower levels of maximum deceleration compared to the 
medium urgency level (Figure 10). For duty cycle, the low-low and high-high urgency levels 
produced lower levels of maximum deceleration compared to the medium urgency level (Figure 
11). For tempo, the high-high urgency levels produced lower levels of maximum deceleration 
compared to the medium urgency level (Figure 12). 
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Figure 11 Duty cycle max deceleration – FCW scenario. Box plots (left). Comparisons between 

medium and other urgency levels with a red box indicating significant differences (right). 

 

Expected Max Deceleration Increase (G)  
Figure 10 Fundamental frequency max deceleration – FCW scenario. Box plots (left). 

Comparisons between medium and other urgency levels with a red box indicating significant 
differences (right). 
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Figure 12 Tempo max deceleration – FCW scenario. Box plots (left). Comparisons between 
medium and other urgency levels with a red box indicating significant differences (right). 

5.2.3 Subjective Data 
This section summarizes the results of the subjective evaluation of the auditory alerts for FCW 
systems. These analyses considered the effects of changes in fundamental frequency, duty cycle, 
and tempo on the subjective assessment of the alerts. Figure 13 to Figure 15 focus on the 
noticeability of the alert. As can be seen in the figures, the low-low urgency level of duty cycle 
produced lower levels of noticeability for the FCW, but fundamental frequency and tempo 
produced less variability across the range of levels. Figure 16 and Figure 17 focus on the 
effectiveness of the alert. As can be seen in the figures, there is variability associated with duty 
cycle. As duty cycle increases from the low-low urgency level perceived effectiveness generally 
increases before falling off at the high-high urgency level. As with noticeability, fundamental 
frequency and tempo produced less variability across the range of levels. Figure 18 and Figure 
19 focus on the understandability of the alert. As can be seen in the figures, the low-low urgency 
level of duty cycle produced lower levels of noticeability, but fundamental frequency and tempo 
produced less variability across the range of levels. 
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Figure 13 FCW noticeability - The alert: Did not catch my attention (1)…Caught my attention(7) 

 
Figure 14 FCW noticeability - The intensity of the alert was: Very difficult(1)…Very easy(7) 

 
Figure 15 FCW noticeability – The intensity of the alert was: Too weak(1)… Too strong(7) 
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Figure 16 FCW effectiveness – Rate how helpful the collision warning was in identifying 

vehicles in front of you: Not helpful(1)…Very helpful(7) 

 
Figure 17 FCW effectiveness – The collision warning affected my driving: Negatively(1)… 

Positively(7) 

 
Figure 18 FCW understandability – My ability to interpret the information presented by the alert 

was: Very difficult(1)…Very easy(7) 
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Figure 19 FCW understandability – My ability to understand why the alert was presented was: 
Very difficult(1)…Very easy(7) 

5.2.4 Differences among Sites 
Data collection occurred at five sites: Austin, Texas, Clemson, South Carolina, Iowa City, Iowa, 
Seattle, Washington, and Washington, District of Columbia. These sites were selected given that 
differences may exist across different geographical regions; this is in addition to differences in 
response to the alert characteristics. It is important to note that every attempt was made to 
standardize data collection procedures. However, there were noted differences in the 
communication provided by the researchers at the Leidos site that may have impacted the 
outcome. 

5.2.4.1 Outcome of Crash Event 

The crash frequency and crash rate varied by data collection sites for the FCW scenario (see 
Table 6). Compared to the other four sites, Washington, District of Columbia. (Leidos) had 
significantly fewer crashes and a lower crash rate. 

Table 6 Crash Frequency and Rate among Data Collection Sites – FCW scenario 

Data Collection Site 

Austin 

(TTI) 

Clemson 

(Clemson U.) 

Iowa City 

(NADS) 

Seattle 

(UW) 

Washington 

(Leidos) 

Crash Frequency 
& Crash Rate 

81 

(77.9%) 

75 

(72.1%) 

80 

(76.9%) 

74 

(71.2%) 

53 

(52.0%) 

5.2.4.2 Driver performance 

There appeared to be differences among data collection sites for the FCW throttle release 
reaction time but they were not statistically significant (Figure 20). Compared to the other four 
sites, participants from Washington, District of Columbia, (Leidos) seemed to release the throttle 
more slowly, on average.  
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There were no significant differences among data collection sites in terms of throttle release 
reaction time and maximum deceleration.  

 

 
Figure 20 Throttle release RT among data collection sites – FCW scenario 
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6 INTERSECTION MOVEMENT ASSIST STUDY 

6.1 Specific Method 

6.1.1 Driving Scenario 

Prior to the drive, a researcher instructed participants to follow the directional signs to Shelby. 
Once comfortably seated in the simulator they began their drive. The drive began with the 
participant’s vehicle parked on the side of the road and the participant was instructed to begin 
driving. Once on the roadway, the simulator instructed the participant to steer left and right in 
their lane to become familiar with steering in the simulator. The posted speed limit was 45 mph. 
The participant encountered intersections at regular intervals preceded by directional signs to 
Shelby indicating whether participants should turn left, right, or continue straight. A subset of the 
intersections contained traffic signals. All traffic signals were green for the participant 
throughout the drive. Approximately ten minutes into the drive, the participant passed a 
directional sign indicating Shelby was ahead and then approached a signalized intersection with 
a green light. A heavy truck was on the shoulder of the crossroad to the left of the intersection 
blocking the driver’s line of sight. The simulator created the incursion vehicle as cross traffic 
from the left at the same speed the participant was traveling. As the participant approached the 
intersection, the connected vehicle IMA alert triggered before the incursion vehicle was visible 
to the driver. Figure 21 provides a summary of the timing of the IMA event. Figure 22 provides a 
visualization of the driving scene at the time of the warning. 

 
Figure 21 Timing of junction crossing with IMA event 



 

32 

 
Figure 22 Junction crossing scenario at point IMA is issued 

The distraction task was not necessary to ensure the driver was responding to the alert rather than 
the orchestration of the event as was the case in the rear-end collision scenario. The IMA 
warning was representative of a V2V system capable of alerting drivers to the presence of a 
threat before it is visible. The incursion vehicle was not visible to the driver until after the alert. 

 

6.1.2 Participants 
Table 7 provides the distribution of gender and age for the IMA study. For the three varying alert 
characteristics (fundamental frequency, duty cycle, tempo), the characteristic being tested is the 
only condition to be tested. All other characteristics were held at the “medium” level. This 
design results in a total of 16 unique participants per cell in the IMA scenario. There were a total 
of 416 participants from four sites for the junction crossing with IMA. Table 8 provides the 
distribution of participants across experimental conditions for each scenario. 

Table 7 Participant Age and Gender at Each Data Collection Site for the Junction Crossing with 
IMA and LATP Scenarios 

Age group Male Female Total 
25-40 N=13 N=13 26 
41-55 N=13 N=13 26 
Total 26 26 52 
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Table 8 Participants per Experimental Condition for the Rear-End with IMA Scenario 

Low- 
Low 
(LL) 

Medium- 
Low 
(ML) 

Medium 
(MM) 

Medium- 
High 
(MH) 

High- 
High 
(HH) 

Fundamental 
Frequency 

16 total 
4 per site 

16 total 
4 per site 

16 total 
4 per site 

16 total 
4 per site 

16 total 
4 per site 

Duty Cycle 
(% time present) 

16 total 
4 per site 

16 total 
4 per site 

16 total 
4 per site 

16 total 
4 per site 

Tempo 
Pulses/Second 

16 total 
4 per site 

16 total 
4 per site 

16 total 
4 per site 

16 total 
4 per site 

208 Total participants across four sites 
52 participants per site 

6.2 Results 

6.2.1 Outcome 
When considering the outcome of the IMA scenario, the rate of crashes varied by experimental 
condition (see Table 9). For fundamental frequency, the low-low and medium-high level 
produced the fewest crashes. For duty cycle and tempo, the medium-high levels produced the 
fewest crashes.  

Table 9 IMA Crash Frequency 

Condition 
Urgency Level 

Low-Low 
(LL) 

Medium-Low 
(ML) 

Medium 
(MM) 

Medium-High 
(MH) 

High-High 
(HH) 

Fundamental 
Frequency 

12 
75% 

14 
88% 

15 
100% 

12 
75% 

15 
100% 

Duty Cycle 15 
100% 

15 
94% 

14 
88% 

16 
100% 

Tempo 16 
100% 

14 
88% 

13 
81% 

15 
94% 
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6.2.2 Driver Performance 
Driver response in terms of throttle release time and brake reaction time characterizes driver 
response to the alerts associated with FCW scenarios. Additionally, maximum deceleration 
provides a measure of driver response. 

6.2.2.1 Throttle Release 

When considering the throttle release response for the IMA scenario, fundamental frequency and 
duty cycle produced significant results. For fundamental frequency, the high-high urgency level 
produced longer release times compared to the medium urgency level (Figure 23). For duty 
cycle, the low-low and medium-high urgency levels produced longer release times compared to 
the medium urgency level (Figure 24). Tempo produced no significant effects. 

 

 
Figure 23 Fundamental frequency throttle release RT – IMA scenario. Box plots (left). 

Comparisons between medium and other urgency levels with a red box indicating significant 
differences (right). 
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Figure 24 Duty cycle throttle release RT – IMA scenario. Box plots (left). Comparisons between 

medium and other urgency levels with red boxes indicating significant differences (right). 

 

6.2.2.2 Brake Press 

When considering the brake press response for the IMA scenario, duty cycle provided significant 
reults. Fundamental frequency and tempo had large effects that did not reach significance. For 
fundamental frequency, there was no statistical difference between levels. Figure 25 illustrates 
the largest effect between the high-high urgency level compared to the medium urgency level. 
For duty cycle, the low-low and medium-Low urgency levels produced longer reaction times 
compared to the medium urgency level (Figure 26). For tempo, although not statistically 
significant, the low-low urgency level produced longer reaction times compared to the medium 
urgency level of almost a second (Figure 27).  
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Figure 25 Fundamental frequency brake press RT – IMA scenario box plots  

 
Figure 26 Duty cycle brake press RT – IMA scenario. Box plots (left). Comparisons between 

medium and other urgency levels with a red box indicating significant differences (right). 
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Figure 27 Tempo brake press RT – IMA scenario. Box plot. 

 

6.2.2.3 Max Deceleration 

When considering maximum deceleration for the IMA scenario, tempo provided significant 
difference among urgency levels. For tempo, the high-high urgency levels produced lower levels 
of maximum deceleration compared to the medium urgency level as can be seen in Figure 28. No 
effects were observed for fundamental frequency or duty cycle. 
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Figure 28 Tempo max deceleration – IMA scenario. Box plots (left). Comparisons between 
medium and other urgency levels with a red box indicating significant differences (right). 

 

6.2.3 Subjective Data 
This section summarizes the results of the subjective evaluation of the auditory alerts for IMA 
systems. These analyses considered the effects of changes in fundamental frequency, duty cycle, 
and tempo on the subjective assessment of the alerts. Figure 29 to Figure 31 focus on the 
noticeability of alert. As can be seen in the figures, the low-low urgency level for duty cycle 
produced lower levels of perceived intensity. Figure 32 and Figure 33 focus on the effectiveness 
of the alert. As can be seen in the figures, the medium-high urgency level for tempo produced 
lower levels of perceived helpfulness. Figure 34 and Figure 35 focus on the understandability of 
the alert. As can be seen in the figures, the high-high urgency level for tempo produced higher 
levels of perceived understandability. 
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Figure 29 IMA noticeability - The alert: Did not catch my attention(1)…Caught my attention(7) 

 
Figure 30 IMA noticeability - The intensity of the alert was: Very difficult(1)…Very easy(7) 

 
Figure 31 IMA noticeability – The intensity of the alert was: Too weak(1)… Too strong(7) 
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Figure 32 IMA effectiveness – Rate how helpful the collision warning was in identifying 

vehicles in front of you: Not helpful(1)…Very helpful(7) 

 
Figure 33 IMA effectiveness – The collision warning affected my driving: Negatively(1)… 

Positively(7) 

 
Figure 34 IMA understandability – My ability to interpret the information presented by the alert 

was: Very difficult(1)…Very easy(7) 
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Figure 35 IMA understandability – My ability to understand why the alert was presented was: 

Very difficult(1)…Very easy(7) 

6.2.4 Differences among Sites 
The data was collected at four sites: College Station, Iowa City, Seattle, and Washington, District 
of Columbia. Similarly to the FCW testing there may have been some variation in geographical 
regions and testing at these four sites provides accountability for any differences. 

6.2.4.1 Outcome of Crash Event 

The crash frequency and crash rate varied by data collection sites for the IMA scenario (see 
Table 10). However, the differences among sites were not statistically significant. Compared to 
the other sites, Iowa City (NADS) had the highest number of crashes and highest crash rate. 

Table 10 Crash Frequency and Rate among Data Collection Sites - IMA Scenario 

 
Data Collection Site 

College Station 
(TTI) 

Iowa City 
(NADS) 

Seattle 
(UW) 

Washington 
(Leidos) 

Crash Frequency 
& Crash Rate 

46 
(90.2%) 

49 
(96.1%) 

46 
(88.5%) 

45 
(88.2%) 

 

6.2.4.2 Driver Performance 

There were significant differences among data collection sites for brake reaction time for the 
IMA scenario (Figure 36). Participants from Iowa City (NADS) braked more slowly than 
participants in the other three sites. Brake press reaction times for participants from Iowa City 
(NADS) were 0.3-0.4 seconds (p<0.1) slower on average. 

There were no significant differences among data collection sites in terms of throttle release 
reaction time and maximum deceleration. 
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Figure 36 Brake press RT among data collection sites – IMA scenario 
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7 LEFT-TURN-ACROSS-PATH STUDY 

7.1 Specific Method 

7.1.1 Driving Scenario 

As in the junction-crossing scenario, a researcher instructed participants to follow the directional 
signs to Shelby. Once comfortably seated in the simulator their drive began. The drive began 
with the participant’s vehicle parked on the side of the road and the participant was instructed to 
begin driving. Once on the roadway, the simulator instructed the participant to steer left and right 
in their lane to become familiar with steering in the simulator. The posted speed limit was 45 
mph. The participant encountered intersections at regular intervals preceded by directional signs 
to Shelby indicating whether participants should turn left, right, or continue straight. A subset of 
the intersections contained traffic signals. All traffic signals were green for the participant 
throughout the drive. Approximately ten minutes into the drive, the participant passed a 
directional sign indicating Shelby was to the left and approached a signalized intersection with a 
red light. A heavy truck was in the oncoming left-turn lane blocking the driver’s line of sight. 
The participant moved into the left-turn lane and came to a stop. The left-turn arrow on the signal 
turned green and the participant began to move through the intersection. When the participant 
began to move, the simulator created the incursion vehicle as oncoming traffic. As the participant 
proceeded through the intersection, the connected vehicle LTAP alert was triggered before the 
incursion vehicle was visible to the driver. Figure 37 provides a summary of the LTAP event. 
Figure 38 provides a visualization of the driving scene at the time of the warning. 

 

Figure 37 Timing of left turn across path with alert event 



 

44 

 
Figure 38 LTAP scenario at point alert is issued 

As with the junction-crossing scenario, the distraction task was not necessary as the IMA 
warning was representative of a V2V system capable of alerting drivers to the presence of a 
threat before it is visible. The incursion vehicle became visible to the driver after the alert. 

7.1.2 Participants 
Table 11 provides the distribution of gender and age for this study. For the three varying alert 
characteristics (fundamental frequency, duty cycle, tempo), the characteristic being tested is the 
only condition to be tested. All other characteristics were held at the “medium” level. This 
design resulted in a total of 16 unique participants per cell in the scenario. There were a total of 
416 participants from four sites for the left turn. Table 12 provides the distribution of participants 
per experimental condition. 

Table 11 Participant Age and Gender at each Data Collection Site for the Junction Crossing with 
IMA and LTAP Scenarios 

Age group Male Female Total 

25-40 N=13 N=13 26 
41-55 N=13 N=13 26 
Total 26 26 52 
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Table 12 Participants per Experimental Condition for the Rear-End with LTAP Scenario 

Low-Low 
(LL) 

Medium-Low 
(ML) 

Medium 
(MM) 

Medium-High 
(MH) 

High-High 
(HH) 

Fundamental 
Frequency 

16 total 
4 per site 

16 total 
4 per site 

16 total 
4 per site 

16 total 
4 per site 

16 total 
4 per site 

Duty Cycle 
(% time present) 

16 total 
4 per site 

16 total 
4 per site 

16 total 
4 per site 

16 total 
4 per site 

Tempo 
(pulses/second) 

16 total 
4 per site 

16 total 
4 per site 

16 total 
4 per site 

16 total 
4 per site 

208 Total participants across four sites 
52 participants per site 

7.2 Results 

7.2.1 Outcome 
When considering the outcome of the LTAP scenario, the rate of crashes varied by experimental 
condition (Table 13). For fundamental frequency, the medium-Low level produced the fewest 
crashes. For duty cycle, the high-high level produced the fewest crashes. For tempo, the medium-
high levels produced the fewest crashes.  

Table 13 LTAP Crash Frequency 

Condition 
Urgency Level 

Low-Low 
(LL) 

Medium-Low 
(ML) 

Medium 
(MM) 

Medium-High 
(MH) 

High-High 
(HH) 

Fundamental 
Frequency 

4 
27% 

1 
6% 

3 
19% 

3 
19% 

2 
15% 

Duty Cycle 6 
43% 

1 
8% 

1 
7% 

0 
0% 

Tempo 3 
20% 

2 
13% 

1 
7% 

2 
13% 
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7.2.2 Driver Performance 
Driver response in terms of throttle release time and brake reaction time characterizes driver 
response to the alerts associated with FCW scenarios. Additionally, maximum deceleration 
provides a measure of driver response. 

7.2.2.1 Throttle Release 

When considering the throttle release response for the LTAP scenario, duty cycle, for young 
drivers, produced significant results. For duty cycle, the low-low urgency level produced longer 
release times compared to the medium urgency level when young drivers were considered 
(Figure 39). Fundamental frequency and tempo produced no significant effects. 

 
Figure 39 Duty cycle throttle release RT – LTAP scenario for young drivers. Box plots (left). 
Comparisons between medium and other urgency levels with a red box indicating significant 

differences (right). 

 

7.2.2.2 Brake Press 

When considering the brake press response for the LTAP scenario, there were no significant 
effects. 

 

7.2.2.3 Max Deceleration 

When considering maximum deceleration for the LTAP scenario, there were no significant 
effects. 
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7.2.3 Subjective Data 
This section summarizes the results of the subjective evaluation of the auditory alerts for LTAP 
systems. These analyses considered the effects of changes in fundamental frequency, duty cycle, 
and tempo on the subjective assessment of the alerts. Figure 40 to Figure 42 focus on the 
noticeability of alert. As can be seen in the figures, perceived noticeability generally increased 
with duty cycle in the range tested with the exception of catching the driver’s attention for the 
high-high urgency level. For fundamental frequency, the low-low urgency level produced the 
least noticeability. As can be seen in the figures, the low-low urgency level produced the lowest 
ratings of helpfulness for duty cycle, fundamental frequency, and tempo. For duty cycle, the 
positive effect of the alert increased as a function of urgency level. For tempo, medium-high and 
high-high levels of urgency produced more positive perceptions of effect. Figure 43 and Figure 
44 focus on the effectiveness of the alert. Figure 45 and Figure 46 focus on the understandability 
of the alert. As can be seen in the figures, there are not consistent patterns across urgency levels. 
For duty cycle and tempo, the medium-high urgency levels produced the greatest 
understandability. For fundamental frequency, the high-high urgency level produced the greatest 
understandability. 

 
Figure 40 LTAP noticeability - The alert: Did not catch my attention(1)… Caught my 

attention(7) 

 
Figure 41 LTAP noticeability - The intensity of the alert was: Very difficult(1)…Very easy(7) 
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Figure 42 LTAP noticeability – The intensity of the alert was: Too weak(1)… Too strong(7) 

Figure 43 LTAP effectiveness – Rate how helpful the collision warning was in identifying 
 

vehicles in front of you: Not helpful(1)…Very helpful(7) 

 
Figure 44 LTAP effectiveness – The collision warning affected my driving: Negatively(1)… 

Positively(7) 
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Figure 45 LTAP understandability – My ability to interpret the information presented by the alert 

was: Very difficult(1)…Very easy(7) 

 
Figure 46 LTAP understandability – My ability to understand why the alert was presented was: 

Very difficult(1)…Very easy(7) 



 

50 

8 SUMMARY 
This research focused on how characteristics of auditory alerts affect driver response in forward-
crash and intersection-crash situations in which connected vehicle applications may have a safety 
benefit. The results indicate that despite the same alert characteristics, reaction time varies by 
crash event. Additionally, changes in alert characteristics do not necessarily lead to similar 
changes in effect across crash events. Similarly, subjective data was largely consistent with 
changes in the response data and varied across event. The results also indicate that whether the 
driver crashes is determined by not only how quickly the driver responds but also the nature of 
the response. The results show how characteristics of auditory alerts affect driver response under 
specific experimental conditions. 

Researchers designed the FCW, IMA, and LTAP events in this study to be severe collision 
events. The driver would crash if they did not respond in a timely and appropriate manner to the 
warning. Additionally, we employed levels of alert characteristics designed to include ineffective 
levels due to the exploratory nature of this study. The reported results reflect the severity of the 
crash situations and the effectiveness of the auditory alert characteristics and are not an 
indication of the efficacy of the warning systems. 

Reaction Time Varies by Crash Event  
The first consideration was the extent to which an alert configuration would produce similar 
responses in different types of event. Ideally, an auditory crash alert should draw the driver’s 
attention to the threat and cause the driver to make a response to avoid the crash situation. This is 
complicated with connected vehicle alerts that may be alerting the driver to a threat that is not 
yet visible. Results indicate that when an actual threat is visible, such as the FCW event, or a 
potential threat can be surmised, such as the LTAP event, drivers respond with similar haste. 
However, the absence of an obvious threat, such as the IMA event, does not lead to an immediate 
avoidance response to the alert.  

Alert Effectiveness Varies across Events 
Moving to the primary focus of this research, studying the how alert effectiveness varies based 
on the characteristics of the alert, we were hoping that the changes in alert characteristics would 
provide consistent changes in performance across the three types of crash events. Unfortunately, 
the results showed that changes in fundamental frequency, duty cycle, and tempo did not produce 
consistent variations in performance. Table 14 through Table 16 show that although there is 
some consistency, it is not uniform.  

The effects related to duty cycle show the most consistency across the warning types with low-
low (0.05) producing slower throttle release and brake press reaction times for the FCW and 
IMA events. However, fundamental frequency produces less consistent results with high-high 
(963 Hz) performing worse for the IMA event and inconsistent results for FCW between throttle 
release and brake press; neither of which match with the IMA results. 
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Table 14 Differences in Response for Fundamental Frequency Relative to MM 

Throttle Release RT 

FCW ML 
-0.03

MM 
0 

MH 
0.05 

MH 
0.07 

LL 
0.11* 

IMA LL 
0.08 

MH 
0.13 

MM 
0 

ML 
0.18 

HH 
0.37* 

LTAP No significant differences 

Brake Press RT 

FCW ML 
-0.03

MM 
0 

HH 
0.06 

LL 
0.07 

MH 
0.09* 

IMA No significant differences 
LTAP No significant differences 

*indicates significant difference from MM

Table 15 Differences in Response for Duty Cycle Relative to MM 

LL ML MM MH HH 

Throttle Release 
RT 

FCW ML 
-0.07

HH 
-0.01

MM 
0 

MH 
0.02 

LL 
0.19* 

IMA MM 
0 

HH 
0.07 

ML 
0.48 

LL 
0.72* 

MH 
0.78* 

LTAP ML 
-0.09

MM 
0 

HH 
0.25 

MH 
0.46 

LL 
0.98* 

Brake Press RT 

FCW MM 
0 

MH 
0.01 

HH 
0.04 

ML 
0.05 

LL 
0.15* 

IMA MM 
0 

HH 
0.56 

MH 
0.58 

LL 
0.94* 

ML 
1.02* 

LTAP No significant differences 
*indicates significant difference from MM

Table 16 Differences in Response for Tempo Relative to MM 

LL ML MM MH HH 

Throttle Release RT 

FCW 

No significant differences IMA 

LTAP 

Brake Press RT 

FCW 

No significant differences IMA 

LTAP 
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Subjective Data Similar to Performance Data 
Although subject assessment of the alert characteristics was not the primary focus of this 
research, it is important to consider the extent to which the driver perceptions of system 
effectiveness align with the effects on reaction time. As was described in the in the results 
section for each of the alert characteristics, there was a general agreement between the reaction 
times and the trends in the subjective responses. Although not critical for drivers to perceive 
alerts as effective, agreement does help to reinforce the driver reaction time data.  

Crash Rate Inconsistent across Events 
After considering driver initial response, the next consideration becomes the extent to which the 
variation in alert characteristic affected the outcome of the event. Overall, there was not a 
consistent crash rate across the three types of events due to differences in the kinematics of the 
driving situations. In general, the LTAP event had the fewest crashes, followed by the FCW 
event. For the IMA event, most all participants crashed. The other complexity of crash outcome 
is the choice of response: despite each driver being exposed to the same situation, variations in 
choice of initial and overall response were observed with combinations of throttle release, brake 
press, throttle press, and steering. Additionally, in events with the same types of response, the 
choice of response intensity also varied. When considering how the changes in characteristics 
affected performance across events in our study, a medium-Low fundamental frequency (234 
Hz) resulted in fewer crashes and medium-Low and medium-high duty cycles (0.25 and 0.75, 
respectively) resulted in fewrer crashes. Changes in tempo had little effect on crash rate. It is also 
important to consider that this research did not consider all combinations of variations in 
characteristics. If these results were to be generalized, we would expect similar trends in 
outcome. 

Considering Driver Performance and Crash Rate 
When considering the overall impact, performance, and crashes for fundamental frequency, duty 
cycle, and tempo, the picture becomes complex. For fundamental frequency, three of the levels 
tested showed increases in reaction time and only one level showed and reduction in crash risk. 
There was no overlap between these levels that would indicate a clear selection. For fundamental 
frequency around 234 Hz performed well, whereas fundamental frequencies over 319 Hz or near 
115 Hz performed poorly. For duty cycle, the choice of cut-offs is less clear. The low-low 
(0.05%) duty cycle showed an increase in reaction times. Greater distinctions are more complex 
as the medium-Low and medium-high duty cycles show a reduction in crash rate despite an 
increase in reaction time for some situations. For tempo, under none of the levels was there a 
significant change in crash rate. There is, however, some evidence that the lowest level of tempo 
(1 pulse per second) can slow reaction time.  
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10.2 Appendix B – FCW Informed Consent 
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10.3 Appendix C – ICW Informed Consent 
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10.4 Appendix D – Driving Questionnaire 
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