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(ABSTRACT) 

The goal of this experiment was to determine what if any effect two different types of 
warnings have the brake reaction time of distracted commercial motor vehicle operators.  The 
warning conditions were: No Warning, Auditory Tire Skid Warning, and One Second Brake 
Pulse Warning.  Each participant was distracted via a distracter task during the experiment.  As 
the participants were distracted, an obstacle was launched out into their forward path.  Each 
participant received his/her appropriate warning, according to what condition they were placed, 
when the obstacle entered their headway.  It was determined that the Auditory Tire Skid Warning 
aided in decreasing the movement times, while the One Second Brake Pulse Warning aided in 
decreasing the number of collisions with the barrels and speed at contact with the barrels. 
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CHAPTER 1.  INTRODUCTION 

Motor vehicle collisions were the seventh leading cause of death in the United States in 
1993 and in Virginia in 1994 (United Nations, 1997).  Motor vehicle collisions are the leading 
cause of death for all people between the ages of six and 27 (National Highway Traffic Safety 
Administration, 1996).  Multiple vehicle collisions represent a majority (72.9%) of all collisions 
in the United States (United Nations, 1997).  Of the multiple vehicle collisions, the rear-end 
collisions category contained the most collisions (23% of all crashes) when compared to other 
types of collisions (Wang, Knipling, and Blincoe, 1996). 
 

One way to combat the problem of driver inattention and rear-end collisions is through 
the use of a collision avoidance system (CAS).  There are six types of CASs that potentially 
could be used to reduce different types of crashes.  These warning systems are designed to warn 
the driver when there is a potential for a single vehicle road departure, front-to-rear-end collision, 
intersection collision, lane-change-merge collision, head-on collision, or backing collision 
(Dingus, Jahns, Horowitz, and Knipling, 1998).  The front-to-rear-end warning system alerts the 
driver when there is a vehicle or other obstacle in front of him/her with which he/she may collide 
if no evasive action is taken.  Headway warning systems are designed primarily to help the driver 
avoid a front-to-rear-end collision with another vehicle, but will also assist the driver in avoiding 
collisions with other obstacles.  An example obstacle could be a pedestrian; thus, this type of 
system could lead to a decrease in the number of pedestrians hit by vehicles. 
 

CASs will be most successfully used in situations where the driver’s attention is diverted 
from the roadway.  A well-designed system could potentially warn the driver and direct his/her 
attention back to the roadway.  However, if the system warns a driver who is already aware of 
the hazard, the driver may become irritated with the system and ignore it or disengage it.  
Therefore, the system must be designed to ensure that the warnings are not activated when a 
driver is alerted to the hazard.  This could be accomplished by only activating the system when a 
hazard is imminent.  The system must give the driver enough time to react, but must not be 
engaged too early. 
 

McGehee and Dingus (1992) stated that by understanding brake response times (BRTs) 
and changes in velocity, a front-to-rear-end collision warning system could be designed that 
could enhance driving performance by compensating for different levels of driver attention.  
Therefore, it is necessary to determine BRTs of distracted drivers to properly design a front-to-
rear-end CAS.  A properly designed front-to-rear-end CAS would be able to decrease the number 
of front-to-rear-end collisions between two automobiles, between an automobile and a 
pedestrian, and an automobile and between an inanimate obstacle. 
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CHAPTER 2.  LITERATURE REVIEW 

Many different aspects need to be considered when attempting to determine BRTs of 
distracted drivers for implementation into front-to-rear-end CASs.  Justification for such a study 
must come from facts that show that there is a need to design a system that could decrease the 
number of front-to-rear-end collisions between vehicles.  Therefore, an understanding of what a 
CAS is and how it can be used is required before research can begin.  An understanding of the 
different types of alarms that can be used in these systems is also needed before a proficient 
study can be designed. 

Collision Background 

In 1995, there were a total of 2,203,000 motor vehicle accidents in the United States of 
America.  In these accidents, 41,798 people were killed and 3,386,000 were injured (United 
Nations, 1997).  In Virginia alone, there were 127,126 traffic accidents reported in 1995, with 
900 people killed and 82,400 people injured in these accidents.  Following too close was 
reported as the cause of 7.1% of these accidents (Virginia Department of Motor Vehicles, 1996).  
Multiple vehicle collisions accounted for 1,606,000 (72.9%) of the total number of crashes in the 
U.S. in 1995.  Rear-end-collisions represented 39.3% of the multiple vehicle collisions and 
28.6% of the total number of collisions (United Nations, 1997).  Crashes categorized as rear-end 
collisions result in the greatest number of collisions (Wang, Knipling, and Blincoe, 1996).  This 
category involves collisions where the lead vehicle is stopped and is struck by a following 
vehicle, or where the lead vehicle is moving and is struck by a following vehicle.  It is also 
known that drivers often follow other vehicles at distances that are too short for the driver to 
react to an impending collision (McGehee and Dingus, 1992). 
 

Streff (1991) listed unsafe driving acts and the percentage of collisions caused by each 
act.  It was found that failure-to-yield caused 19.3% of collisions, speeding caused 16.9%, 
following too close caused 10.3%, driver inattention caused 6.6%, careless driving caused 5.8%, 
and other driver behavior accounted for 17.9%, the rest were spread across 13 other categories.  
Therefore, it is assumed that the collisions caused by inattention, following too close, and 
careless driving could be combated through the use of CASs, thereby reducing the number of 
collisions by up to 22.7%. 
 

These numbers show that much pain and suffering occurs each year from vehicular 
accidents, particularly from front-to-rear-end collisions.  There is an obvious need to decrease 
these numbers.  The ideal solution for this problem is the implementation of technology to 
reduce the number of collisions. 

Perceptual Factors in Front-to-Rear-End Collisions.  When one vehicle is driving behind 
another vehicle, there are several visual cues to notify the following driver when his/her headway 
is becoming too small.  The following driver will see the headway decrease, will perceive an 
increase in the width of the vehicle in front, and possibly will perceive an increase in the area of 
the vehicle in front (Mortimer, 1990).  There will also be a change in the visual angle as the 
following driver views the vehicle in front: the following driver’s visual angle will become larger 
as the distance between the two vehicles decreases.  When the vehicle distances decrease to 400 
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feet or less, the rate of change of the visual angle can provide visual cues of closure and an 
unrefined estimation of the extent of closure rate.  The following driver can detect that the gap is 
closing with another vehicle fairly easily, but he/she is not able to detect changes in relative 
velocity until the distance between the two vehicles is relatively short (Mortimer, 1990). 

 
If a driver glances away from the roadway as the distances between the two vehicles 

becomes small enough to detect changes in relative velocity, he/she may not have enough time to 
properly react, and therefore a collision may occur.  Thus, if a distracted driver could be alerted 
to the roadway earlier, he/she might be able to avoid a collision.  One solution is to implement a 
collision avoidance system (CAS) that could alert a distracted driver to a hazardous situation. 

Time to Collision.  A driver, when entering a front-end collision scenario, needs to be 
able to foresee the exact time of the impending collision in order to decide when to start braking.  
Time-to-collision (TTC), the time before the driver's vehicle strikes an object, is a necessary 
parameter used to determine when to start evasive actions (Cavallo, and Lauren, 1988).  Cavallo 
and Lauren (1988) stated three hypotheses to describe the visual information used for a person to 
estimate TTC.  The first hypothesis states that the expansion of the object to be collided with 
provides optic-flow information.  Thus, the information that is provided by the impending object 
provides cues as to when the collision will occur.  The next hypothesis utilizes the driver's speed 
and the absolute distance from a stationary object simultaneously to explain TTC.  The third 
hypothesis uses distance-change information to explain TTC estimates.  The distance does not 
have to be evaluated absolutely, but the driver must perceive the change over time. 

 
In order to determine exactly how TTC is estimated, Cavallo and Lauren (1988) 

conducted actual driving studies, varying visual conditions used to estimate speed and distance.  
The participants were passengers in a car traveling towards an obstacle (a mockup of the rear end 
of a car).  The participant's visual field was initially blocked.  The participant was then able to 
view the object for 3 seconds, from which the vehicle was 3-6 seconds from impact, and then 
his/her visual field was blocked again.  The participant was then instructed to press a button at 
the moment he/she thought the collision would occur.  It was found that the true TTC was 
systematically underestimated.  The results also indicated that both speed and distance are taken 
into consideration when estimating TTC.  It has been stated that “changes in angular velocity 
during optic expansion of the leading vehicle may be used as a cue to moderate braking 
movement” (Liebermann, Ben-David, Schweitzer, Apter, and Parush, 1995, p. 1894). Although 
it is not known exactly how people estimate TTC, it is known that TTC has an effect on brake 
initiation in a collision scenario (Van Winsum and Heino, 1996). 

Collision Avoidance Systems.  A collision avoidance system (CAS) is a system that alerts 
a driver to a probable collision situation (Lerner, Kotwal, Lyons, and Gardner-Bonneau, 1993).  
These systems use a combination of object detection sensors and existing electronic systems to 
determine if a collision is probable.  A CAS typically will contain three subsystems: recognition, 
processing, and presentation (Wilson, Butler, McGehee, and Dingus, 1996).  The activities of 
these subsystems include recognizing data involving potential collisions, processing this data 
into a usable format for the driver, and presenting the data to the driver in a usable structure. 
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The main purpose of a CAS is to warn the driver of a hazardous situation that requires the 
immediate attention of the driver in order to avoid a collision with another vehicle or object.  The 
system should also be able to reduce the emergency braking response time of the driver, and 
therefore aid in collision avoidance.  The driver would also receive feedback from the system 
about situations that may become hazardous.  This knowledge should help the driver prevent 
similar occurrences in the future (Lerner et al., 1993).  A CAS is not intended to provide the 
driver with continuous information about traffic flow, which would cause the driver to constantly 
monitor the system.  Instead, it alerts the driver to an error or other potential hazardous behavior, 
such as improperly directed attention, misjudgment, or drowsiness (Suetomi and Kido, 1997). 

Levels of Warning.  Many researchers have stated the need for at least two levels of 
alarm when implementing a CAS into a vehicle (Lerner et al., 1993; Dingus, 1996; Wilson et al., 
1996).  The system should produce at least two levels of warnings: imminent and cautionary 
warnings.  An imminent warning should be activated when immediate evasive actions are 
immediately needed to avoid a collision.  A cautionary warning should be initiated when there is 
the possibility of a collision and the driver needs to be alerted, but in which the driver does not 
need to take immediate evasive action.  The alarm activation is preferred when there is danger of 
colliding with an obstacle, and should remain inactive if the driver could brake normally 
(Kuchar, 1997).  One problem with cautionary warnings is that they are activated more often 
than imminent warnings, which can potentially annoy the driver and cause him/her to ignore the 
warning (Horowitz and Dingus, 1992).  This is especially true when the driver’s attention is 
directed to the roadway.  Thus, the driver may tend to ignore the warnings, resulting in nuisance 
alarms. 

Nuisance Alarms.  Nuisance alarms, again, can cause the driver to be annoyed or to 
ignore the warning (Dingus, 1996).  Dingus (1996) stated that participants in experiments 
exploring the effectiveness of CASs, in which the warning implementation algorithm was very 
conservative (activated very early), reported that the system was not working correctly. 

 
False alarms are another type of nuisance alarm.  False alarms are alarms that are 

activated by the system when there is no probability of a collision.  In a study exploring the 
effect of false alarms in CASs, it was found that once the false alarm rate exceeded 60%, 
younger drivers altered their driving performance.  The younger drivers actually decreased their 
headways, thus diminishing the effects of the CAS (Dingus, McGehee, Manakkal, Jahns, Carney 
and Hankey, 1997). 
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Alarm Modality.  Collision alarms need to be presented in at least two modalities: one 
being visual and the other being either auditory or tactile (Lerner, 1993; Horowitz and Dingus, 
1992).  This is especially true for imminent warnings in which the driver needs to immediately 
focus attention on the roadway.  The visual alarm will only be effective if the driver is focusing 
on the display; therefore, if the driver is distracted from the display, this type of alarm alone 
would be ineffective.  Thus, another sensory modality must also receive the alarm in order to 
accommodate distracted drivers.  Lerner (1993) stated that imminent warnings should be 
displayed in either the auditory or tactile modalities.  Tactile and auditory alarms, specifically, 
will be discussed later in this document. 

Activating Algorithm.  The criteria for system activation must also be addressed.  Proper 
activation of the system will reduce the number of nuisance alarms and collisions by not 
presenting the warning too early or too late, but at the optimal time.  Janssen (1989) suggests 
three different criteria for activation.  The first is fixed time criteria, which will activate the 
system whenever an object is within a certain distance from the vehicle.  However, fixed time 
criterion does not take into consideration the fact that the object may move or may be moving.  
The second criterion is conditional criteria, in which the system will be activated only when the 
system anticipates the worst case scenario, a scenario where a collision could occur at almost any 
moment.  The last criterion is momentary TTC criteria, which will activate the system whenever 
an object is within a specified TTC.  Dingus (1996) states that the CAS algorithm should be 
based on “time-to-collision as defined by range/range rate instead of only range (headway) time 
or distance” (Dingus, 1996, p. 9). 

 
A necessary parameter in this equation is driver BRT.  The BRT is important because it 

partially determines how fast the vehicle can be stopped.  The quicker the response time, the 
sooner the vehicle will stop.  A CAS will be of use most successfully in alerting distracted 
drivers to hazardous situations.  Therefore, BRTs of distracted drivers derived from actual 
driving studies should be used in the activating algorithm. 

Collision Avoidance Systems in Commercial Motor Vehicles.  Commercial motor 
vehicles (CMVs) are vehicles that are associated with commerce, personal transport, and 
emergency response operations.  This category includes the movement of almost any type of 
material, including people.  However, these vehicles differ from personal vehicles in that they 
are intended to transport more than just occupants in everyday excursions. 

 
Headway warning systems for CMVs have already been developed by a few companies 

to reduce the number of rear-end collisions in which CMVs are involved.  Eaton Vehicle On-
board Radar (VORAD) Technologies has produced a headway warning system for truck and bus 
applications (Wheeler, Campbell, and Kinghorn, 1998). This system uses an advanced 
technology radar system, along with adaptive cruise control technology.  The range of the system 
is up to 350 feet.  The system utilizes information from a gyro coupled with road curvature 
information to shape the radar detection zone to the curve.  The system also contains a side 
sensor, or blind spot sensor, to warn the drivers when there is a vehicle in their “blind spot.”  
This system warns the driver with a visual display when an obstacle has been detected, and with 
an auditory warning when there is danger of a collision.  Mitsubishi Motors Corporation has 
introduced a similar device that warns the driver when the relative distance between his/her 
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vehicle and an obstacle is too close (Wheeler et al., 1998).  Issues that need to be addressed when 
implementing CASs in CMVs are almost identical to those involved in passenger vehicles.  
Warning design, false alarms, and response times to alerts are all issues that are identical to the 
key issues regarding CASs in passenger vehicles.  Wheeler et al. (1998) stated that the 
perception-reaction time of drivers to CAS warnings is an essential issue in the design of CASs 
for CMVs. 
 

Collision avoidance systems seem to be an ideal solution to the front-to-rear-end collision 
problem.  Designed with the proper alarm and activation algorithm, a CAS should be able to 
drastically reduce the number of front-to-rear-end collisions.  These systems will be most useful 
when alerting distracted drivers, and they should be able to reduce the number of collisions 
resulting from inattention. 

Brake Response Times.  There have been numerous studies exploring the issue of brake response 
time and its components.  Studies have been conducted in which drivers’ response times were 
investigated when the participants were and were not alerted to the stimuli that were used to 
elicit a braking response.  These studies were conducted in a driving simulator or in a test vehicle 
and with or without a CAS implemented.  Studies conducted using these scenarios are discussed 
below. 

Drivers Aware that BRT is being Measured without CASs.  Studies conducted with 
alerted drivers involve braking scenarios in which the driver is notified of what stimuli to 
respond to with a braking response.  This basically means that the driver is notified that his/her 
brake response time will be measured.  The results from these studies, therefore, are not 
completely valid if they are to be applied to the algorithm in a CAS.  When driving during 
everyday conditions, a driver is not notified when he/she will have to brake.  However, these 
results and procedures, especially when investigating a CAS, provide a good base for further 
research. 

 
Johansson and Rumar (1971) conducted a study in which drivers’ brake response times 

were investigated.  Their experiment took place in two stages: the first was a large single 
measure study, and the second was a smaller repeated measures study.  The first study consisted 
of drivers being stopped by the police and asked if they would participate in a study.  If the 
drivers agreed to participate, they were asked to apply their brakes as quickly as they could after 
hearing a loud signal, which was to be presented to the drivers sometime during the next 10 km 
of roadway.  The drivers were instructed not to bring the car to a complete stop, but just to apply 
the brakes until the signal was finished.  The results produced a median brake reaction time of 
0.66 sec.  The second study involved fitting the participants’ vehicles with sensors and an alarm.  
The participants were instructed to apply their brakes as quickly as possible when they heard the 
alarm.  The alarms were sounded approximately a little more than an hour apart.  Ten 
measurements were made where the drivers were anticipating a braking response, and ten 
measurements were made where the drivers were “surprised” by the braking stimuli.  The BRTs 
from the first study, in which the participants were anticipating the stimulus, were shorter in 
every case.  The median BRT for the first experiment was 0.54 sec., and for the second 
experiment the median BRT was 0.73 sec.  This difference in response times was obviously due 
to the fact that the participants in the second study were anticipating the braking scenario. 
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Researchers have also conducted studies in which participants driving a test vehicle were 

instructed to initiate brakeing as rapidly as possible when the brake lights of the vehicle in front 
of them were activated (Plummer, Armstrong, and King, 1974; Schweitzer, Apter, Ben-David, 
Liebermann, and Parush, 1995).  Plummer et al. (1974) investigated the effects on brake 
response times of introducing auditory and visual stimuli to the interior of an automobile.  The 
study consisted of three levels:  (1) no stimulus, (2) an auditory or a light stimulus, and (3) both 
an auditory stimulus and a light stimulus.  These conditions were all activated when the lead 
vehicle’s brakes were applied.  It was found that the response times decreased significantly for 
the auditory stimulus condition and the auditory stimulus with the addition of the light condition, 
compared to the no stimuli and light only condition.  The mean brake response times were 0.656 
sec for no added stimuli, 0.624 sec when a light stimulus was added, 0.507 sec when an auditory 
stimulus was added, and 0.543 sec when both the light and auditory stimuli were added.  These 
results provide support for using auditory warnings in CASs.  The results also indicate that 
auditory alarms elicit faster responses than visual warning displays alone. 
 

The study conducted by Schweitzer et al. (1995) was similar, but did not contain any 
added stimuli.  This study did contain two following distances (6 m and 12 m), two driving 
speeds (60 km/h and 80 km/h), and three awareness levels, where the driver was unaware, 
partially aware and fully aware, of forthcoming braking by the lead vehicle.  It was found that 
following distance and awareness state had significant effects on brake response times, where the 
6 m following distance and full awareness condition had faster response times.  The mean 
response time for the participants traveling at 80km/h, at a 6 m following distance, and fully 
aware was 0.515 sec.  This response time was smaller than that of the previous experiment 
conducted by Plummer et al. (1974), in which added stimuli were presented to the driver. This 
could be due to the fact that the following distance has a significant effect on BRT and was not 
controlled in the previous study.  The mean response times for the unaware drivers were 0.619 
sec for 6m and 0.739 sec for the 12m following distance. 
 

Researchers have also conducted studies in driving simulators to determine the BRT of 
alerted drivers.  Broen and Chiang (1996) conducted a simulator study in which an unexpected 
obstacle was used to elicit a braking response.  They also investigated the effects of different 
pedal configurations on BRT.  The drivers were notified that if an unexpected obstacle appeared, 
they were to immediately brake.  Each participant repeated the study 21 times.  The description 
of the obstacle was not given, but the drivers were traveling at 25 mph when it appeared.  A 
mean BRT of 1.33 sec resulted. 

Drivers Unaware of the Obstacle Scenario without CASs.  Drivers not informed of the 
braking scenario are participants who are not aware that their brake response times are going to 
be measured.  This is different from drivers who are not informed, but whose attention is 
“distracted” from the roadway as a braking scenario occurs.  This factor makes the results from 
these studies more valid than those of alerted drivers.  The results from these studies, therefore, 
are more appropriate to apply to the CAS algorithm. 

 
Many experiments concentrating on drivers not alerted have been carried out in following 

car scenarios (Liebermann, et al., 1995; McKnight and Shinar, 1996; Olson and Farmer, 1982).  
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Lieberman et al. (1995) conducted a study to determine the response time of participants to 
emergency braking of a preceding vehicle.  Participants were instructed to maintain a specific 
headway (either 6 m or 12 m) from a lead vehicle at a specific speed (80 km/h or 60 km/h).  An 
experimenter in the lead vehicle would firmly brake when the prescribed gap between the two 
vehicles was obtained.  This braking, resembling emergency braking, would then cause the 
participant in the following vehicle to apply his/her brakes.  Occasionally, dummy braking was 
introduced, which consisted of lighting of brake lights manually without deceleration.  The 
results indicated a significant result for the following distance and braking condition.  This 
indicates that the lighting of brake lights normally elicits a braking response and that drivers 
react quicker when their following distance is short.  The fastest response time indicated was 581 
ms for the 6 m headway at 80 km/h, with the real braking condition.  The slowest response time 
was 827 ms for the 12 m headway at 60 km/h, with the dummy braking scenario.  It can be seen 
from these results that a driver responds quicker when he/she is traveling fast and following the 
lead vehicle at a shorter headway. 
 

McKnight and Shinar (1996) took a different approach to gathering response time data 
from vehicle-following studies.  The purpose of this study was to determine the effect of center 
high-mounted stop lamps (CHMSLs), in which there were two configurations on four vehicles, 
traveling at three different speeds.  A test vehicle was used, which would pull onto a road in front 
of a randomly selected oncoming vehicle, a monitoring vehicle would then pull out behind the 
randomly selected vehicle.  A road was chosen that did not allow for passing, and thus the test 
vehicle was able to set the speed.  The test vehicle would apply the brakes for 2 sec shortly after 
the headway was measured.  The monitoring vehicle then recorded the response of the random 
participant by measuring the difference between the onset of the brake lights of the test vehicle 
and the brake lights of the participating vehicle. It was found that brake response times increased 
as the headway increased.  The CHMSLs did have a small but significant effect on decreasing 
brake response times.  It was estimated that the use of a CHMSL decreased the BRT by 0.09 s. 
 

There have also been a few studies investigating the effect of road stimuli on a driver’s 
BRT (Triggs, 1987; Triggs and Harris, 1982).  Triggs and Harris (1982) investigated driver BRT 
to numerous road stimuli for drivers who were unaware that their BRT was being measured.  
Sites were chosen that would allow easy identification of exactly when the stimuli came into the 
view of the driver (e.g. after a hill crest or after a horizontal curve).  Stimuli used to elicit a 
braking response included: railway warning lights, motorcycle on the side of the road, hazard 
signs, vehicle pulled over changing tire, police car, and amphometers (two cables laid across the 
road to detect speeding drivers).  The BRT was measured using video cameras that recorded 
when the driver’s brake lights appeared in relation to when the stimuli came into view.  It was 
found that BRTs depend largely on the perceived urgency of the brake initiating scenario and the 
speed of vehicle.  The higher the perceived urgency and speed of the vehicle, the faster the BRT.  
The authors also noted that many drivers would exceed the commonly accepted design value of 
2.5 sec for BRT.  The study conducted by Triggs (1987) using the same experimental procedures 
confirmed these results. 
 

Studies have also been conducted measuring BRT elicited by unexpected roadway 
hazards (Lerner, 1993; Olson and Sivak, 1986; Rice and DellAmico, 1974).  Rice and DellAmico 
(1974) conducted a study that, among other things, investigated driver BRT to an unexpected 
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obstacle.  The obstacle was a barrel that was launched 100 feet in front of the participants on a 
straight portion of the test track.  This straight portion of the track was used for the intrusion of 
the obstacle because the vehicles traveled near the maximum speed that they obtained throughout 
the study (mean of 54 mph), and it was arranged so that pure braking would allow the 
participants to avoid the obstacle.  It was found that 75% of the participants reacted first with 
braking, and that 57% of the drivers reacted simultaneously with braking and steering.  The 
mean BRT of the drivers was 0.65 sec.  This result is below any of the BRTs previously 
discussed.  This is probably due to the fact that the perceived urgency to brake for the stimuli and 
speed of the vehicle was high. 
 

Lerner (1993) conducted a study that rolled barrels in front of drivers.  A barrel emerged 
from behind some brush approximately 200 ft in front of the driver, supplying a TTC of 3.4 sec 
when the vehicle was traveling 40 mph.  Although the barrel appeared to be rolling out into the 
road, it was tethered so that it stopped in the shoulder area before reaching the road.  Lerner 
investigated the BRT of older and younger (20-40, 65-69, and 70 plus years old) drivers.  It was 
found that the mean BRT was 1.5 secs.  This time is longer than the result of the study conducted 
by Rice and DellAmico (1974).  This may be a result of the fact that the drivers in this study 
were traveling slower than the drivers in the previous study.  The analysis of variance showed 
that there was no significant main effect for age or gender.  It should also be noted that the older 
group actually had faster movement times (time from release of accelerator to the point the brake 
is depressed) than the younger participants (Lerner, 1993). 
 

Olson and Sivak (1986) conducted a study using a piece of foam rubber as the 
unexpected obstacle.  The foam rubber was placed on the road over the crest of a hill.  This foam 
rubber was placed in the roadway when it was certain that the participant’s vehicle was next on 
the road.  The average visibility from the crest to the obstacle was 46 m, and the average speed 
was 29 mph.  It was found that the 95th percentile BRT was 1.6 sec., however, a mean BRT was 
not given. 
 

BRTs of drivers not alerted to the braking stimuli have also been investigated using 
driving simulators (Hankey, McGhee, Dingus, Mazzae, and Garrott, 1996; Van Winsum and 
Heino, 1996).  The simulator study conducted by Hankey et al. (1996) consisted of the 
presentation of unexpected stimuli to elicit a braking response but measured reaction time, not 
response time.  A vehicle would cross an intersection from either the right or left and fully or 
partially block the participant’s lane.  The speed limit was 55 mph and the participant’s vehicle 
had the right-of-way at the intersection.  Three times-to-intersection (TTI) were also used: 2.85 
secs, 3.60 secs, and 4.35 secs.  It was found that participants in the shortest TTI had significantly 
longer BRTs, with a mean of 1.25 secs, compared to 0.96 secs for the other TTI conditions.  This 
result may be due to the fact that the drivers contemplated not actually slowing down but 
speeding through the intersection around the upcoming vehicle (Hankey et al., 1996). 
 

Van Winsum and Heino (1996) conducted a simulator study in which TTC was 
investigated, as well as its effect on BRT, by using a car following technique.  Participants took 
part in a two-stage study.  The first stage measured the driver’s choice of headway when another 
vehicle merged in front of him/her.  The second stage involved the lead vehicle traveling at 
either 50 km/h or 60 km/h; as soon as the lead vehicle was 50 m in front of the participant’s 



 10 

vehicle, it decelerated to a speed 20 km/h below the initial speed.  It was found that the BRT was 
significantly faster when the lead vehicle was initially traveling at 50 km/h.  The BRT of drivers 
decreased as TTC decreased.  This is due to the fact that the initiation of braking is dependent on 
TTC as a measure of urgency.  It was also found that the shorter the headway, the more intense 
the braking.  This is again due to the effect of increased perceived urgency. 

Drivers Aware that BRT is being Measured with CASs.  A few studies have been 
conducted evaluating the effects of CASs on alerted drivers’ BRTs (Graham and Hirst, 1994; 
Vercruyssen, Folderberg, and Williams, 1996).  The study conducted by Graham and Hirst 
(1994) evaluated the BRT when a simulated CAS was in use in a simulator.  The simulated CAS 
consisted of a graded visual display that displayed headway information and auditory warnings 
that were initiated when a collision was considered imminent.  The participants sat in a stationary 
vehicle that was surrounded by video projections, so motion was simulated by visual cues only.  
Video clips displayed short approaches to a target vehicle.  The participants were instructed to 
apply the brakes at the latest point that they felt they could safely avoid a collision with the target 
vehicle.  They were also instructed to brake when they felt that it was safe, but not necessarily 
when the alarms were initiated.  Three warning initiation times, two video locations, two 
following car speeds, and three target car speeds were evaluated.  It was found that the warning 
time had a significant effect on BRTs in that earlier alarm actuation produced earlier braking 
responses.  This indicates that CASs can be used to initiate earlier braking by drivers, however, 
there is a trade-off between the degree of warning time and nuisance alarms.  The earlier the 
warning is activated, the more nuisance alarms that occur (Graham and Hirst, 1994).  Also, in 
this study, the participants considered a CAS a novelty, and thus they paid greater attention to it. 

 
Vercruyssen et al. (1996) conducted a study similar to the one conducted by Graham and 

Hirst (1994), but included an evaluation of age differences.  Again, a fixed base simulator was 
used.  The CAS consisted of either two blinking red lights or an auditory signal.  No signal was 
also used as a baseline condition to evaluate the effect of the CAS.  There were four conditions 
in which the participants were instructed to brake as quickly as possible upon the actuation of the 
alarm.  The four conditions were: when they were at a standstill (vehicle not moving), and three 
conditions when traveling on the road.  One of the three traveling conditions involved the 
participant driving on an empty road, and two conditions involved car following, either at a 
comfortable distance or at a close distance, 100 ft or less.  The participant again was instructed to 
respond to the warning signals or the appearance of brake lights of the lead vehicle.  It was found 
that participants reacted significantly quicker to the auditory signal than to the visual display.  
The auditory reaction time was 626 ms with a movement time of 331 ms, while the visual 
reaction time was 744 ms with a movement time of 187 ms.  The reaction time for the auditory 
signal was much quicker than that for the visual signal, however, the movement time was slower.  
It is speculated that participants initially reacted quicker because they did not need visual contact 
with a display, but the movement time was slower because there may have been a startle effect 
due to the fact that the participants were not accustomed to reacting to the auditory stimuli.  The 
results of the study by Graham and Hirst (1994) also confirmed that the presence of a warning 
significantly reduces response time. 
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It has been shown that the BRT of drivers is shortest when the drivers know that their 
BRT is being measured.  However the BRTs of drivers who are not notified that their BRT is 
being measured most closely resembles real life situations. 

Effects of a CAS on CMV Operators Unaware that BRT is being Measured 

One study investigating BRTs, conducted at Virginia Tech, involved commercial that 
BRT is being motor vehicle operators.  Winters (1997) conducted a study that investigated BRTs 
of commercial motor vehicle operators driving a Volvo VN heavy commercial truck.  This study 
measured BRTs of drivers to an unexpected obstacle, specifically four orange construction 
barrels.  A simulated CAS was also present in the truck and consisted of two different warnings: 
an auditory icon (tires skidding), and a haptic alarm (soft braking).  The auditory icon was 
presented through speakers located behind the head and on both sides of the participant.  The soft 
braking mechanism added an additional 75 psi of air pressure to the front brake lines when 
activated.  This caused the brakes of the truck to pump rapidly in short bursts, thus creating a 
haptic warning.  There were three warning conditions: no warning, an auditory warning, and a 
haptic warning.  Each participant was exposed to only one warning condition. 
 

During the first portion of the experiment, the participant was introduced to different 
auditory icons and asked to subjectively rate them.  During this presentation, the auditory icon 
and the haptic alarm were introduced.  After the introductory portion of the experiment, the 
participant was led to a parking lot to begin the handling portion of the experiment.  The 
participants were told that their navigation through obstacles was going to be investigated.  The 
driver began the handling course with a long straight path outlined by construction cones.  The 
cones were used to direct the driver along the prescribed route and encourage the driver to react 
to the obstacle through braking and not through evasive steering.  The straight portion of the 
course ran directly beside the trailer of the truck being used in the study.  This was where the 
mechanism used to roll the barrels in front of the participant was hidden, so that the participant 
could not see the obstacles before they actually needed to react to the obstacles. 
 

As the participant began driving down the “handling” course, he/she was instructed to 
maintain a speed of 15 mph.  This was further emphasized by instructing him/her to reach a 
speed of 15 mph as he/she passed two construction barrels standing upright on either side of the 
course approximately 10 ft prior to the obstacle activation mechanism.  The obstacle activation 
mechanism consisted of an infrared sensor that sent a signal to the in-truck equipment, which in 
turn activated the appropriate alarm to the obstacle release mechanism that was located 50’-10” 
down the course.  The in-truck equipment was designed to release the obstacles 300 ms after the 
appearance of the first barrel to the driver.  This was done to simulate an actual CAS, where 
signals have to be detected and processed, and the appropriate alarm systems have to be 
activated.  The obstacle release mechanism consisted of a wooden ramp where the barrels were 
placed so they could be rolled down and into the path of the truck.  The barrels were held in 
place on the ramp by a small wooden gate.  This gate was controlled by a solenoid that was 
linked to the infrared sensor.  As the truck passed the infrared sensor and a signal was sent to the 
solenoid, the gate was dropped and the barrels were released to roll out into the path of the truck.  
Through analysis of video recorded in the truck, it was found that the barrels were released in 
front of the truck at an average TTC of 1.9 seconds. 
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The results of this study failed to provide any significant main effect for any of the 
warning conditions.  The measured values included total brake response time (time from initial 
movement of foot to maximum brake depression), brake pedal contact time (time from initial 
movement to first contact with brake – BRT), accelerator reaction time, steering reaction time, 
maximum brake pedal activation, and first reaction time.  The mean brake pedal contact times 
were 1.662, 1.303, and 1.299 seconds for the no warning, auditory warning, and haptic warning, 
respectively.  The mean total brake response times were 2.024, 1.459, and 1.488 seconds for the 
no warning, auditory warning, and haptic warning, respectively.  Although none of these values 
were found to be significant, it was found that the mean values for the warning conditions were 
always smaller than for the conditions where there was no warning thus providing some evidence 
that a CAS warning can reduce BRTs.  Winters (1997) did state that for further research, the 
level of soft braking used may have been too small for a speed of 15 mph, but too great if the 
truck was traveling faster. 
 

The results of the study conducted by Winters (1997) were not significant, but the study 
is useful in that it provides a basis for future studies determining BRTs.  In addition, the brake 
response eliciting method is very useful.  This method allows for the determination of BRTs of 
drivers who are unaware that their BRT is being measured, and who are not expecting a braking 
scenario.  This methodology also provides for using a test vehicle, thus making the scenario 
more analogous to “real life” situations. 

Effects of a CAS on Distracted Drivers unaware that BRT is being measured 

Studies investigating BRTs do have much to offer to research involving CASs.  However, 
the previously discussed studies focused on drivers whose attention was not diverted away from 
the headway.  The main advantage of a CAS is the fact that it can alert distracted drivers (drivers 
whose attention is not directed at the roadway), when there is an impending situation in which a 
collision could occur.  Thus, research involving BRTs that is to be implemented into CASs 
should use distracted drivers in order to be valid.  A CAS will only be of use if it warns drivers 
whose attention is drawn away from the roadway; otherwise, it may be considered a nuisance. 
 

A few studies have investigated the use of a CAS on distracted drivers (Lee, McGehee, 
Dingus, and Wilson, In press; McGehee, Dingus and Horowitz, 1994; Suetomi and Kido, 1997).  
The studies conducted by Lee et. al.(In press), and Suetomi and Kido, (1997) were both 
conducted in simulators.  Lee et. al. (In press) conducted a study designed to determine how 
effectively drivers using a CAS are able to avoid collisions.  One CAS display condition was 
tested in which there was a visual display that was designed to resemble a trapezoidal display.  
The display contained horizontal colored bars.  As the headway between vehicles decreased, 
more bars were activated and the colors changed from green to yellow and finally to red.  This 
display was supplemented with an auditory alarm (a car horn sound), which was activated when 
the headway was decreased to the point where a collision was considered imminent, between 0.9 
sec and 1.1 sec.  Two headways were also examined, 2.7 sec and 3.2 sec.  In order to elicit a 
braking response, the participant’s vehicle was eventually coupled with another vehicle at one of 
the two stated headways.  When the simulator had coupled the vehicles, a voice came through 
the vehicle’s speakers and asked the driver to press a button on top of the rear-view mirror until a 
light was activated.  This was a secondary task that was designed to divert the driver’s attention 
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from the roadway, thus resembling the actions of a distracted driver.  After three-hundred ms of 
pressing the button, the lead vehicle began to brake to a full stop. 
 

The data analysis indicated that significantly fewer collisions occurred in the short 
headway when a CAS was used.  This indicates that distracted drivers maintaining a short 
headway are able to avoid collisions when using a CAS.  Drivers using the CAS also had 
significantly slower impact speeds when they collided with the lead vehicle.  This implies that 
using a CAS can reduce impact speed, thus potentially reducing the seriousness of injuries in an 
impact.  The participants using a CAS also released the accelerator pedal significantly faster than 
those who were not using a CAS.  This possibly indicates that BRTs would also be faster when 
using a CAS. 
 

Suetomi and Kido (1997) conducted the other study that explored the effects of a CAS on 
distracted drivers (using a driving simulator).  The system provided an auditory alarm, of 
unspecified type, that was supplied by a stopping distance algorithm when the participant’s 
vehicle had a sufficiently short headway to fulfill the warning distance.  In order to achieve the 
headway needed to activate the CAS, either one of two conditions was presented:  a vehicle in 
the adjacent lane changed lanes in front of the participant’s vehicle without activating its turn 
signal, or the participant followed a lead vehicle that braked suddenly.  The distraction task 
involved the participant pressing a button when an LED was lit.  The LED was lit just prior to 
the preceding vehicle braking or the vehicle in the adjacent lane changing lanes.  This caused the 
driver to move his/her attention from the road to the lit LED, thus inducing a distracted driver 
scenario.  The data showed that collisions could be reduced by the use of a CAS.  Eighteen 
percent of the participants who did not use a CAS were involved in a collision, compared to only 
2.3% of the participants who used a CAS.  It was also shown that the BRTs of the participants 
using the CAS were 0.5 sec faster on average than participants who did not receive a CAS 
warning.  These two results indicate that the use of a CAS involving an auditory alarm could 
reduce the number of vehicular collisions involving distracted drivers. 
 

None of the studies discussed in this section used an actual test vehicle.  Therefore, the 
extent of the generalizability of the results is questionable, and it is clear that studies are needed 
that measure BRTs of distracted drivers in test vehicles. 

Alarm Modality 

Different modalities have been suggested for CAS alarms including visual, auditory, and 
tactile or haptic signals.  However, for the purposes of this research, only the auditory and haptic 
modalities will be discussed.  Visual alarms have been shown to be effective in alerting drivers 
to hazardous scenarios, but are not of much use for the distracted driver.  When a driver’s 
attention is distracted from the roadway, there is also a good possibility that his/her attention is 
distracted from any visual warning display in the vehicle.  Thus, a warning displayed visually 
would not alert a distracted driver.  The auditory and haptic modalities have the advantage of 
being able to relay a message even though the driver’s attention is focused elsewhere (Edworthy, 
Loxley, and Dennis, 1991). 
 

Haptic alarms utilize the touch senses, including both tactile and proprioceptive 
information (Dingus, Hulse, and Barfield, 1997).  Haptic alarms, like auditory alarms, can be 
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processed at any time regardless of where a driver’s attention is focused.  Thus, a haptic alarm 
could be used to warn a distracted driver. 
 

Auditory and haptic alarms, which can be processed anytime, and not easily ignored, can 
be very irritating false alarms (Janssen, 1989).  Drivers have accepted the haptic alarm more 
readily than an auditory warning.  Drivers have a tendency to be embarrassed when an auditory 
alarm is sounded when passengers are present, whereas haptic warnings usually cannot be 
perceived by passengers (Dingus, Hulse, and Barfield, 1998). 

Auditory Alarms.  Auditory alarms can involve either simple tones or auditory icons 
(which have a particular stereotypical meaning associated with them; Belz, Winters, Robinson, 
and Casali, 1997).  Auditory icons are usable only if the person to whom they are presented is 
able to understand their meaning.  When correctly designed, it is speculated that reaction time to 
an auditory icon could be faster than reaction time to a simple tone. 

 
Belz et al. (1997) conducted a study to determine the appropriate auditory icons to relay 

information to commercial vehicle operators.  Fifty-one auditory icons were tested in which eight 
were tested with a collision avoidance warning as the intended meaning.  The icons tested for use 
as collision avoidance warnings were: short honk (car horn sound), long honk, double honk, one 
short and one long honk, tire skid, tire screech, tire skid and crash, and tire screech and crash.  
The authors reported that the tire skid icon should be used in further studies.  This icon was 
chosen because it ranked the highest in the measure in which participants were asked to assign 
meanings to the icons, it ranked highest in perceived association with the actual meaning, and it 
ranked second in perceived urgency.  This result should be applicable to non-commercial drivers 
as well as to commercial drivers because only 14 of the 34 participants were licensed 
commercial vehicle operators. 
 

It is speculated that the sound of a tire skid, if orientated in front of the driver, elicits a 
general feeling of impending front-end collision.  Once a vehicle in front starts to skid, meaning 
sudden maximum deceleration, there is the chance that a collision could occur with the front-end 
of the vehicle.  Thus, a tire skid icon should be used in further testing of front-to-rear-end 
collision avoidance warnings. 
 

Graham, Hirst, and Carter (1995) conducted a study in which four auditory warnings 
were tested for their effects on BRTs.  Two of the four auditory warnings were icons (a car horn 
and a tire skidding), and two were conventional warnings (a pure 600 Hz tone and a speech 
warning stating "ahead").  The study was carried out in a simulator, and the participants were 
notified that they were to respond to the collision avoidance warnings by pressing the brake 
pedal.  The warnings were given when the drivers came across possible collision situations.  The 
participants were required to perform a distraction task in order to increase the element of 
surprise.  The analysis of the data showed that the BRTs were significantly quicker when elicited 
by either of the auditory icons.  It was also found that the tire skid produced faster response times 
for a situation when a vehicle pulled out in front of the participant’s vehicle, while the car horn 
produced faster times when a stationary vehicle was ahead.  The mean BRT for drivers under 35 
years of age was 0.76 sec, while the mean for drivers over 35 years of age was 0.86 sec.  The 
differences in the response times for the icons and conventional alarms may result from drivers 
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having a preconceived notion regarding a type of vehicular situation that the auditory icons 
seemed to represent.  Even though these participants were alerted to the fact that they were to 
respond to the auditory warnings by braking, these findings may be applicable, for auditory icons 
used in CASs, where drivers may be distracted. 
 

Dingus, McGehee, Manakkal, Jahns, Carney, and Hankey (1997) conducted a study to 
determine the most appropriate modality for the display of warnings in a CAS.  This study was 
conducted using an instrumented vehicle.  Visual, auditory, and a combination of visual and 
auditory displays were tested.  The auditory display consisted of a digitized voice that stated 
"brake" if the headway was smaller than 0.9 seconds, and stated "look ahead" when the headway 
was between 0.9 and 1.1 sec.  The participants were required to perform a secondary task in 
order to represent a distracted driver.  These secondary tasks involved procedures related to the 
operation of a vehicle information center, cellular phone, radio, and climate controls.  Braking 
responses were elicited by braking of a confederate vehicle that the participant followed.  The 
data showed that when the three conditions were compared to each other, there were no 
significant differences in the maintained headway.  However, when the conditions were each 
compared to the baseline, it was found that the combination of the auditory and visual display 
had a significant effect on the maintained headway when the two vehicles were in a coupled 
situation.  Although the auditory display alone was not found to be significant, there is the 
possibility that when a driver is distracted and has both of the displays available in the vehicle, it 
would be the auditory warning that would be able to properly relay the warning to the driver. 
 

Weber, Mullins, Schumacher and Wright (1994) suggested a few general principles that 
should be applied when designing an auditory warning.  They state that auditory alarms should 
only be used in emergency situations.  This is because auditory stimuli are perceived more 
quickly than visual stimuli, which when unnecessarily produced have been found to be annoying.  
The authors also state that these types of alarms are particularly effective when the driver is not 
looking behind him/her while backing the vehicle; thus, these alarm types should be applicable 
for distracted drivers. 
 

Landau (1995) also suggested general guidelines for the design of auditory warnings.  He 
stated that the warning should be easily detectable from ambient sounds heard in the vehicle.  
Thus, sounds such as car horns and, car crashes should not be used as auditory warnings.  The 
warning should not startle the driver and should be instantly distinguishable from other warning 
sounds.  Repetition rates of the sound should match those of the visual display, and other audio 
systems should be muted when the warning is activated.  It was also stated that the fundamental 
frequency should not be higher than 2000 Hz because of high frequency hearing loss in older 
people.  The first guideline suggested seems to generally rule out any type of icon that is derived 
from a sound heard while traveling in a vehicle.  This is in direct contradiction to the studies 
performed by Belz et al. (1997) and Graham et al. (1995). 
 

Hass and Casali (1993) hypothesized that detection times decrease as the perception of 
urgency increases.  Thus, it may be speculated that as the perceived urgency of a CAS auditory 
warning increases, the BRT will decrease respectively.  Haas (1992) found that as the time 
between auditory signals decreased, the perception of urgency increased.  Hellier, Edworthy, and 
Dennis (1993) also stated that as the speed of the signals is increased, the perceived urgency 
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increases.  Increases in fundamental frequency, repetition units, and inharmonicity also increase 
the perception of urgency (Haas, 1992).  In a subsequent study reported in the same paper, the 
authors stated that increases in the fundamental frequency might have contributed the most to the 
perceived urgency.  Thus, increasing the fundamental frequency of an auditory icon may 
increase the perceived urgency. 
 

An appropriate level must be set for auditory warnings.  The warning must be able to be 
heard but should not startle the operator.  Patterson (1982) stated that the lower level for flight 
deck warnings should be 15 dB above the masked threshold to ensure that it will be noticed.  The 
Patterson (1982) findings are supported by Wilson et al. (1996), who stated that auditory 
warnings in CASs should be 15 dB above ambient noise. 

Haptic Alarms.  Johnston, Mayyasi, and Heard (1972) conducted a study with the 
purpose of investigating perception of a vibrotactile signal.  The experiment compared tactual, 
visual, and auditory warnings while participants were placed in conditions of visual and auditory 
loading.  The warning signals were a red light, a buzzer, and the haptic warning.  The haptic 
warning consisted of a small motor where the crankshaft was unbalanced, causing vibration 
when placed next to the skin.  The conditions of loading were: no loading, visual, auditory, and a 
combination of visual and auditory loading.  The visual loading was accomplished by flashing 
randomly selected three-digit numbers.  The participants were required to recite the numbers that 
ended in an even number.  The auditory loading was accomplished by playing recorded letters 
randomly and requiring the participants to recite the letters that followed the letter "E."  The 
combination loading simply used both methods defined for the auditory and visual loading.  
Participant response time, the time from the presentation of the warning signal to the point where 
the participant responded by pressing a button, was measured.  The findings indicated that the 
type of warning signal significantly affected the participant’s response time.  The tactile device 
elicited the fastest response time, while the visual warning had the slowest response time.  It was 
also found for the haptic alarm that visual loading, auditory loading, and combined loading 
effectively slowed the reaction times.  The results indicate that a tactile warning can be used 
effectively as an attention-eliciting warning.  The tactile warning also seems to have faster 
response times, notably under conditions of auditory, visual, or combined loading (Johnston, 
Mayyasi, and Heard, 1972).  It is speculated that these results could possibly represent the effects 
of a haptic warning in a vehicle, where the driver is under constant visual and auditory loading. 

 
Dingus (1996) presented some general guidelines for haptic warnings used in front-to-

rear-end collision avoidance systems.  Data was collected for this study and used in conjunction 
with data from previous studies to create the guidelines.  Dingus (1996) states that automatic 
“soft braking” (where the brakes of the vehicle are slightly activated) may be used as a haptic 
warning.  This type of warning has an advantage over other types of warnings in that it actually 
increases the time to collision when activated because the brakes are slightly activated.  “Soft 
braking” also has the advantage of not being detected as a driver error by passengers, unlike 
auditory alarms. 
 

Dingus (1996) showed in a simulator study that the crash velocity is 45 mph when “soft 
braking” is implemented compared to 62 mph when an auditory warning was used alone.  In 
another example, it was shown that a collision was avoided when using “soft braking”, and that a 



 17 

collision at 42 mph resulted without the use of “soft braking.”  The “soft braking” level was set 
at 0.2 g which was considered to be able to produce a strong enough cue to be used as a warning.  
Dingus (1996) states that if stronger soft braking levels were used, there could be more benefits.  
As these examples show, “soft braking” has the ability to decrease impact speed and to also 
decrease the number of collisions, thus providing promising evidence for the use of “soft 
braking” as a warning in a CAS. 
 

Other researchers have presented considerations for the implementation of haptic 
warnings (Landau, 1995; Onken, 1994; Weber et al., 1994; Wilson et al., 1996).  Landau (1995) 
presented a few considerations dealing with the implementation of a brake pulse as a collision 
warning, which is very similar to “soft braking.”  She states that the haptic warning should be 
felt at the same time or immediately after the auditory warning is activated.  The brake pulse 
should not startle the driver, nor should it interfere with the driver’s ability to safely maintain the 
vehicle.  The brake pulse should be approximately 300 msec in duration, with the onset and 
offset rates determined by experimentation (Landau, 1995). 
 

Weber et al. (1994) stated that a haptic warning consisting of a brake pulse should be 
used for forward emergency scenarios.  If “soft braking” can reduce the reaction time of drivers 
to previously unnoticed obstacles, then this type of alarm may aid in reduction of a large portion 
of front-to-rear-end collisions.  Onken (1994) provided some general advantages of a haptic 
display as a warning display.  He stated that there is less mental load on the driver, that 
passengers do not know that a warning has been activated, and that there may be some reduction 
in driver reaction time.  Wilson et al. (1996) stated that a haptic warning should correspond to an 
imminent warning. 

Literature Review Conclusion 

It has been shown that many front-to-rear-end collisions occur each.  One proposed 
solution to this problem is the implementation of CASs.  There are many aspects to properly 
designing a CAS.  The type of alarm to be used in the system must be determined.  A CAS will 
be of greatest value when it is used to warn a distracted driver; therefore, the alarm must be able 
to be perceived by the driver when his/her attention is diverted from the roadway.  When to 
activate the system must also be determined.  The activating algorithm of the CAS must activate 
the alarm at the optimal time: the alarm must be sounded early enough to allow for proper 
evasive maneuvers, but not too early, which might cause the alarm to become a nuisance to the 
driver.  Dingus (1996) states that this algorithm should be based on a TTC criterion.  Brake 
response times of drivers are a necessary component of this activating algorithm. 
 

Lerner (1993) stated that imminent warnings should be displayed in either the auditory or 
tactile modalities.  The specific alarms from these modalities should be chosen based on the 
response they elicit from users.  Belz et al. (1997) concluded that the tire skid icon should be 
used in further studies.   A car horn icon was determined by Graham, Hirst, and Carter (1995) to 
be the most appropriate auditory icon to be applied to CASs, as determined by BRTs.  Therefore, 
both of these icons need to be tested further.  The tactile, or haptic, warning that has received 
attention in the literature as being appropriate for CASs is soft braking.  Dingus (1996) showed 
that soft braking, when used as a CAS alarm, has the ability to decrease the number of collisions 
in hazardous situations, and decrease impact speed when a collision occurs. 
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Much research has been conducted in the area of brake response times, however, an area 

that has not received much attention is the BRTs of distracted drivers.  At this time, there is no 
literature exploring the BRTs of distracted drivers to unexpected obstacles in a CMV test 
vehicle.  These data are needed to properly design the activating algorithm for a CAS that would 
be implemented into a CMV. 
 

This study is being modeled after the study conducted by Winters (1997) and will be 
similar to Winters (1997) in that it will collect BRT data of drivers reacting to an auditory and 
haptic warning, elicited by barrels being rolled out in front of the drivers.  The most drastic 
differences is that this study will include a distraction task that will be used to divert the driver’s 
attention away from the roadway as the obstacles are released, and there will be a different TTC 
implemented.  This is being done so that the mean BRTs of distracted drivers can be obtained. 

Purpose and Objectives 

The purpose of this study is to determine if a distracted driver's brake response time 
(BRT) to an unexpected situation can be reduced through the use of auditory and haptic 
warnings.  These warnings can then be incorporated into CASs to improve performance of these 
systems.  Objectives of this study are to: 

1) Determine mean BRTs of distracted commercial motor vehicle operators to an 
auditory and a haptic warning. 

2) Determine the relative effectiveness of auditory and haptic messages as emergency-
braking warnings for CASs. 

 
The purpose of this study is to investigate the potential advantages of using auditory and 

haptic displays to convey front-to-rear-end collision information to distracted motor vehicle 
(CMV) drivers.  At this time, there is no literature that addresses BRTs of distracted CMV 
operators when driving an actual test vehicle.  McGehee and Dingus (1992) noted that BRTs are 
an important parameter in the activating algorithm for a front-to-rear-end CAS.  Therefore, a 
practical application of this study is to provide that information. 

Research Hypotheses 

The following are research hypotheses for this study: 
1. Both the Auditory - Tire Skid and the One Second Brake Pulse Warnings will reduce the 

driver’s BRT when compared to a no-warning condition.  This would be a result of the 
warning intensifying the participant’s view of the situation. 

2. The Auditory - Tire Skid Warning will elicit a faster BRT than the One Second Brake Pulse 
Warning.  This would be a result of participants being more comfortable in reacting to 
auditory warnings than to the One Second Brake Pulse Warning. 

3. The One Second Brake Pulse Warning will decrease the speed at collision with the obstacles 
because it engages the brakes of the truck before the participant is able to do so. 
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CHAPTER 3.  PRE-STUDY 

Two different auditory icons were tested, to be used in the actual experiment, in a small 
study to determine which auditory icon and volume level most closely matched the perceived 
urgency of the One Second Brake Pulse Warning condition.  Perceived urgency can be defined 
as the implicit necessity of the warning as a function of the warning parameters.  Originally it 
was determined that using the tire skid auditory icon, set at 15 dB above the ambient noise level 
of the truck, would be the most appropriate warning and would elicit the fastest response from 
the drivers.  However, the perceived urgency of this warning may not match the perceived 
urgency of the One Second Brake Pulse Warning.  Therefore, it was determined that one of the 
warnings may be perceived as being more urgent than the other warning, either auditory or one 
second Brake Pulse, thus introducing extraneous factors when analyzing the response time data.  
It was assumed that the main parameter in the One Second Brake Pulse Warning that determines 
the perceived urgency of this warning is the magnitude of deceleration.  The onboard equipment 
in the truck is designed to decelerate the truck at 0.3 g when the automatic braking mechanism is 
activated.  This equipment is not easily altered, therefore, it was determined that the level of 
perceived urgency of the One Second Brake Pulse Warning could not be altered to match the 
auditory warnings.  Hence, the auditory warning will need to be matched in perceived urgency to 
the One Second Brake Pulse Warning. 
 

It was assumed that the parameter for auditory warnings that can alter the perceived 
urgency of such warnings is the level of volume of the warning over the ambient conditions in 
which the warning is presented.  It was also noted that adjusting the volume levels of the original 
auditory tire skid icon might not actually allow the perceived urgency to be matched to the One 
Second Brake Pulse Warning.  The auditory icon may contain an inherent stereotypical meaning 
that may, at any level, elicit a different response than the One Second Brake Pulse Warning.  
Thus, it was determined that another icon would have to be included in the pre-study to increase 
the possibility of finding as close as possible a match in perceived urgency to the One Second 
Brake Pulse Warning.  The other icon chosen to be included in the pre-study is a car horn blast 
icon.  This icon was determined by Graham, Hirst, and Carter (1995) to be the most appropriate 
auditory icon to be applied to CASs, as determined by BRTs.  The study conducted by Graham, 
Hirst, and Carter (1995) found that the car horn icon produced faster BRTs than the tire skid icon 
in “stationary vehicle ahead” situations, whereas the tire skid icon produced faster BRTs in 
pullout situations.  It is not exactly clear which icon will elicit the fastest BRT from drivers 
during a collision scenario, although both are described as being appropriate for CASs.  Thus, 
both the car horn and tire skid icon will be tested in the pre-study. 
 

The levels of volume used for the auditory icons in the pre-study were 10, 15, and 20 dB 
above the ambient noise level in the truck.  These levels gave the participants three different 
levels of volume from which to match the perceived urgency of the icons to the One Second 
Brake Pulse Warning.  These levels of volume are also centered at 15 dB, the recommended 
level for warnings in vehicles.  The levels are also far enough apart to be easily discernable 
between each other.  Thus, with three levels of volume and two different auditory icons, there is 
a total of six different choices for the participants to rate against the One Second Brake Pulse 
Warning (Figure 1). 
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choice Tire skid choice Car horn 

1 10 dB 4 10 dB 
2 15 dB 5 15 dB 
3 20 dB 6 20 dB 

 

Figure 1.  Auditory icon levels to be rated against the One Second Brake Pulse Warning. 

The amplitude of the two icons, tire skid and horn blast, was equalized using the software 
program “Cool Edit.”  The amplitude of the horn blast icon was adjusted to equal that of the tire 
skid icon.  The average RMS value, found using “Cool Edit,” was used to accomplish this task.  
The wave file of each icon was then copied and pasted 20 times, producing an approximate 10-
second icon, end-to-end, so that an average RMS value over a 5-second period could be derived. 
 
 The Volvo heavy truck to be used in the experiment was used to set the volume levels.  
The truck was started and set at the idle speed.  The RION SA-27 one-third octave band real-
time analyzer microphone was then placed approximately where the driver’s right ear would be 
located (Figure 2).  Readings were taken of only the ambient sounds in the truck in order to 
determine what dB level would be 10, 15, and 20 dB above the ambient sound.  A decade box, 
which alters the volume of the output, was then placed inline with the output line to the speakers.  
Each 10-second icon was then played and measured using the RION SA-27 one-third octave 
band real-time analyzer.  The volume levels were altered and the decade box was then adjusted 
so that the icons could be played at 10, 15, and 20 dB above the ambient noise in the truck with 
just the flip of a switch.  The three volume levels of the icons were then set. 

Figure 2.  Location of the SLM microphone when taking sound level measurements. 

 
Six participants participated in this study.  The experimental protocol can be found in 

Appendix A.  The drivers were told that they would be rating different alarms that could be used 
in a CAS.  During a short drive, the One Second Brake Pulse Warning was introduced.  It was 
then explained to the driver that this alarm could be used in CAS, to alert distracted drivers.  The 
driver then parked the truck and was presented with one of the auditory icons at different volume 
levels.  After hearing each volume level, the driver was asked to rate, using a questionnaire, the 
attention getting ability, reaction speed, and understandability of the alarm when compared to the 
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One Second Brake Pulse Warning.  These scales were chosen, instead of perceived urgency, so 
that a layman would understand them.  The questionnaire can be found in Appendix B, and the 
informed consent form can be found in Appendix C.  The subjective data were analyzed to 
determine which auditory icon at which level would be used in the actual experiment. 

Pre-Study Results 

Six people participated in the Pre-Study.  The first participant’s data was removed 
because multiple marks were made on one of the rating scales, making it unreadable, that was 
needed in the final comparison.  It was found by analyzing the means from the rating scale 
results that the “tire skid” icon at 15 dB above the ambient sound in the truck was most closely 
matched to the “soft braking” warning.  The data were analyzed by calculating the mean 
response for each measure – Attention-getting Ability, Speed of Reaction, and Understandability 
– across each of the six different levels of auditory warning.  The mean of these means was then 
calculated.  These means were then compared to each other, and the icon that had a mean closest 
to 4 was chosen.  Four was used as the determining number because the scales used were 7-
point, with 4 being the middle number, meaning the “same” as the One Second Brake Pulse 
Warning.  The auditory tire skid icon at 15 dB above the ambient noise was determined to be the 
closest match with a mean value of 3.9333; it was therefore chosen to be used in the rest of the 
experiment.  The data are presented in Table 1. 

Table 1.  Pre-Study results. 

m e a n  S td 1 .2 5 0 7 3 2

A t tn 4 6 4 5 3 4 .4 1 .1 4 0 1 7 5 4 .4 6 6 6 6 7
T - 2 0 S p e e d 4 6 4 6 3 4 .6 1 .3 4 1 6 4 1

U n d e rs tn d 4 5 5 5 3 4 .4 0 .8 9 4 4 2 7

m e a n  S td 1 .1 2 5 4 1 4

A t tn 3 4 2 4 4 3 .4 0 .8 9 4 4 2 7 3 .7 3 3 3 3 3
H - 1 0 S p e e d 3 5 2 4 4 3 .6 1 .1 4 0 1 7 5

U n d e rs tn d 4 4 4 5 4 4 .2 0 .4 4 7 2 1 4

m e a n  S td 0 .8 2 7 2 7 2

A t tn 4 5 2 5 5 4 .2 1 .3 0 3 8 4 4 .4
H - 1 5 S p e e d 4 4 3 5 5 4 .2 0 .8 3 6 6 6

U n d e rs tn d 4 5 4 6 5 4 .8 0 .8 3 6 6 6

m e a n  S td 0 .9 9 2 3 8 7

A t tn 5 6 3 5 5 4 .8 1 .0 9 5 4 4 5 5
H - 2 0 S p e e d 6 6 4 4 5 5 1

U n d e rs tn d 6 5 4 6 5 5 .2 0 .8 3 6 6 6

m e a n  S td 0 .9 7 7 3 6 8
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CHAPTER 4.  METHODOLOGY 

Experimental Design 

A between subjects design will be used for this experiment.  The participants must all 
have a valid CDL to participate.  The participants will only participate one time in the study, so 
that it each will be surprised when the obstacles appear. 

Independent Variable.  

Warning (3 levels) Three warning conditions were used in this experiment: No Warning, 
Auditory - Tire Skid Warning, and the One Second Brake Pulse Warning conditions.  The no 
warning condition will be used to obtain a baseline BRT.  Originally it was believed that an 
Auditory - Tire Skid icon representing a “tire skid” would be optimal.  A small informal study to 
determine which “tire skid” icon to use was conducted and is presented in Appendix D.  It was 
then determined through a pre-study that the auditory tire skid icon played at 15 dB above 
ambient noise in the truck most closely matched the perceived urgency of the One Second Brake 
Pulse Warning.  The Auditory - Tire Skid Warning was played through two speakers located on 
the dashboard in front of the driver (see Figure 3).  The One Second Brake Pulse Warning is 
where the brakes of the vehicle are pumped to give an inertial cue, resulting from deceleration.  
The deceleration is at a rate of 0.3 g and lasts approximately 1 sec; it takes approximately 0.8 sec 
to reach full deceleration.  The warning conditions were evaluated so that differences between 
the warnings could be determined. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.  Auditory - Tire Skid Warning speakers. 

Participant Population 

Forty nine participants took part in this experiment.  There were 14 participants in the No 
Warning condition, 15 participants in the Auditory - Tire Skid Warning condition, and 20 
participants in the One Second Brake Pulse Warning condition.  Through the video analysis, it 
was discovered that a few of these participants did not react immediately to the barrels, and/or 

Auditory warning 
speakers 
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were not distracted when the warning was activated.  Only three participants did not try to stop 
the truck-it seemed as if they were more concerned with finishing the navigational task than 
avoiding the barrels.  The participants who were classified as not distracted when the warning 
was activated were participants who, through the video analysis, were seen to be looking toward 
the forward roadway when the warning was activated.  Participants were labeled as distracted if 
they were looking at the display when the warning was activated.  The participants who did not 
react immediately or were not looking at the display were removed for a second analysis.  A total 
of 16 participants were removed for this analysis, leaving 10, 11, and 12 participants in the No 
Warning, Auditory - Tire Skid Warning and the One Second Brake Pulse Warning conditions, 
respectively. 
 

Participants were recruited from flyers, personal contacts, newspaper ads, and through the 
Virginia Tech Center for Transportation Research participant pool.  Each participant attended 
one experimental session which lasted approximately one hour.  Presentation of a valid class A 
or B commercial motor vehicle driver’s license and successful completion of a medical screening 
questionnaire was necessary for a participant to be eligible to participate in the experiment.  The 
purpose of the medical screening was to ensure that no participants had neck problems that could 
be aggravated by sudden braking, and to ensure that participants were not under the influence of 
any medication that could impair their performance.  The medical screening questionnaire can be 
found in Appendix C.  In order to ensure that no one was scheduled who could not participate in 
the experiment, a phone interview was conducted with all participants during which they were 
asked the questions on the medical screening questionnaire and whether or not they held a valid 
Class A or B CDL. 

Experimental Procedures 

The experimental protocol was the same for each participant, except for the difference in 
warning condition.  The procedures were also the same for the pilot study as for the actual 
experiment (see Appendix F).  The experimental parameters were tested in pilot studies; the 
results and discussions of these pilot studies can be found in Appendix G.  The entire experiment 
was conducted at the New River Valley Speedway, located in Radford, VA.  The experiment 
took place in the pit area of the racetrack, as shown in Figures 4, 5, and 6. 

Orientation 

Each experimental session consisted of an orientation segment, experimental testing, and a 
debriefing segment.  The entire experiment lasted approximately one hour.  The orientation 
session began with the participants being led to the truck by the experimenter.  The truck was 
always facing away from the participants when they entered it so that they could not see the front 
of the truck (which received some damage as the experiment progressed), and possibly be alerted 
to a braking scenario.  Included in the orientation segment was the presentation of the informed 
consent form (Appendix H), and signing of the medical screening form.  The experimenter then 
read to the participants the experimental protocol (Appendix F), and answered all questions.  The 
participants were told that they are evaluating navigational displays by performing different tasks 
using different types of displays.  These tasks were carried out using the IVIS (in-vehicle 
information systems) display mounted in the truck (see Figure 4).  This protocol was undertaken 
to insure that the participants did not foresee a braking scenario.  The participants were also told 
what CASs are during the reading of the experimental protocol, and that they would be 
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introduced to different CAS warnings.  It was stated that they would be asked to rate different 
CAS warnings as part of another project. 
 
 
 
 

 

 

 

 

Figure 4.  IVIS navigational display in truck. 

 
The participants were then instructed to familiarize themselves with the truck used in the 

experiment.  The participants were asked to drive the truck around a small loop in the pit area 
repeatedly until they became comfortable with driving the truck.  The experimental routes are 
presented in Figure 5. 
 

Figure 5.  Experimental routes. 
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The participants drove around Loop A during the orientation portion of the experiment.  
Only after the participants agreed that they were completely comfortable with the truck and 
confident that they could safely operate the truck did the experiment continue.  After the 
participants notified the experimenter that they were comfortable driving the truck, the practice 
task portion of the experiment began.  Two areas were set up in which the navigational tasks 
were to be completed, and these were outlined by traffic cones.  One area was used exclusively 
for practice tasks (labeled area 1 in Figure 5), and one area was used for a practice task and the 
barrel release portion of the experiment (labeled area 2 in Figure 5).  A picture of area 1 is 
presented in Figure 6, and area 2 is shown in Figure 7. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.  Area 1. 
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Figure 7.  Area 2. 
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The driver was asked to perform a series of three practice route selection tasks using the 
IVIS display mounted in the truck; these tasks are discussed in the IVIS task section of the 
document.  The participant was informed that the tasks were only to be performed in the areas 
outlined by cones (areas 1 and 2), and that they were to maintain a speed of 20 mph when 
performing the tasks.  The participant was read the instructions by the experimenter 
approximately 10 sec before the task was to begin, and was notified that the two orange traffic 
barrels across from each other marked when the task was to begin. 
 

The participant first drove around loop A, and then through area 1 for the first practice 
task.  The participant then followed loop B through area 2 for the second practice task.  This was 
done so that the participant would drive once through the area where the barrels would be 
released with nothing happening to help insure he/she was not expecting any type of braking 
scenario.  Area 2 contains the trailer of the truck.  The participants were told that the trailer 
contained two data collection computers.  The trailer and the barrels beside the trailer were really 
used to hide the barrel release mechanism.  The participant then drove back through area 1 for 
the third and last practice task.  At this point, the participant was asked to drive around loop A 
for a brief period so that the different warnings could be introduced.  The warnings were 
introduced to each of the participants in random order.  The participant was then asked to rate the 
two different warnings, Auditory - Tire Skid Warning and the One Second Brake Pulse warning, 
in effectiveness as a CAS warning.  The participants were told that this was being done for 
another project, and were asked to verbally rate the warnings on a scale from 1 – 7, based on 
how effective the warning would be, with a 1 representing a bad warning, and a 7 representing a 
good warning. 
 

The warnings were only presented when the participant reached a speed of 20 mph so 
that the Auditory - Tire Skid Warning would be presented at the same decibel level above the 
ambient noise level, and the One Second Brake Pulse Warning would feel the same as when the 
barrel release portion of the experiment occurred.  After this portion of the experiment, the driver 
was asked to stop the truck in area 3 so that the data collection equipment could be started. 
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Unalerted, Imminent Crash BRT Measurement.  After the equipment was turned on, the 
driver was notified that the experiment was beginning, and he/she was notified of the first task.  
The driver was also told that the first task would be completed in area 2, and he/she was 
instructed to proceed along loop B to area 2.  During this task, the barrels were released.  When a 
malfunction of the barrel-release equipment occurred, the participants were led to area 1 and 
asked to wait while the problem was being fixed.  The participant was then led back through area 
2, to continue the experiment. 

Debriefing.  The participants were all debriefed at the end of the experiment, where they 
stopped the truck for the barrels.  At this time, the participants were informed of the purpose of 
the obstacle presentation and the reason why they were not informed of it earlier.  The 
participants were asked to read and sign a debriefing form (Appendix I) and were asked not to 
discuss the experiment with anyone for the next six months.  The participants were also given the 
post-experiment questionnaire and asked to fill it out (Appendix J).  The participant was then 
instructed to drive the truck to the beginning position or area 3, where they were compensated 
and thanked for their time. 

IVIS and Distraction Tasks.  The IVIS tasks that were performed during the experiment 
involved route selection to either a hospital or an airport.  The displays used in this experiment 
were the displays that were found to be the most visually dense in a study conducted by 
Gallagher (1999), and Blanco (1999).  This was done to insure that the tasks would require many 
long eye glances, and therefore would distract the participants for an exceptionally long time 
using only one glance.  The distraction task was chosen because it was determined to be the most 
visually dense of the displays.  It is assumed that as the drivers continue to perform the tasks, 
they will be willing to increase the time in which their eyes glance towards the display, thus 
increasing the chances that their attention will not be directed towards the roadway when 
performing the distraction task.  The instructions for the task were given to the participant by the 
experimenter approximately ten seconds prior to the point at which he/she needed to begin the 
task.  The IVIS practice task descriptions and the distraction task description can be found in 
Appendices K and L, respectively.  Also presented in Appendix J is the backup distraction task.  
This task was used if there was a problem with the equipment and the participant had to go 
through the barrel release portion of the course a second time. 

Time to Collision.  The designed TTC for this experiment was 1.5 sec.  This is the time 
from when a warning activated to when a collision would occur; traveling at the same speed the 
vehicle was when the alarm activated without any intervention.   The designed TTC varied 
slightly across the participants as a result of variations in speed.  The data suggested that some of 
the participants tended to slow down as they began the distraction task.  This, coupled with the 
fact that the participants did not focus on the speedometer while performing the tasks, yielded 
variations in speed across participants when the barrels appeared, thus altering the TTC.  The 
mean TTCs for the No Warning, Auditory - Tire Skid Warning, and the One Second Brake Pulse 
Warning conditions are 1.37, 1.47, and 1.53 seconds, respectively.  An ANOVA was performed 
on the TTCs for each participant across the different warning conditions, and it failed to show 
any significant differences. 

Equipment 
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Instrumented Truck.  The truck used in this experiment was a 1997 Volvo VN heavy 
truck donated to the Virginia Tech Center for Transportation Research by the Volvo GM Heavy 
Truck Corporation.  The study was carried out without a trailer attached to the truck, to reduce 
potential risks to the participants and experimenters, and also to allow drivers with a Class B 
CDL to participate.  The truck contains various sensors and cameras as described below.  All of 
the camera views are multiplexed together such that all four views are visible at once, one in 
each quadrant of the video.  The video is also synchronized with the sensor data so that it can be 
ascertained which sensors were recording for each frame of video. 

Eye-Glance Camera.  The eye-glance monitoring camera allows for the participants’ eye 
movements to be recorded, thus providing data for future analysis.  This camera made it possible 
to determine if the participant was truly distracted at the time the obstacle appeared and/or the 
warning was sounded.  This camera utilizes a wide angle field of view, which allows all 
participants to be monitored, regardless of height or position and without having to adjust for 
each participant.  This camera is located within the molding of the driver side A pillar, and is out 
of sight of the driver. 

Forward-View Camera.  The forward-view camera provides a view of the roadway in 
front of the vehicle.  The view from this camera was used to determine exactly when the barrels 
rolled out in front of the truck and the position of the barrels when the warning was activated.  It 
does not obstruct the driver’s view in any way because it is located behind the IVIS display. 

Foot Camera.  The foot-view camera provided a view of the participant’s feet.  This view 
provided a determination of exactly when the participant’s brake foot started to move.  Infrared 
lighting was added so that the participant’s feet would be visible on the video.  This camera was 
mounted under the dashboard of the truck and out of sight of the participant. 

Front Grill – Collision Camera.  The front grill-collision camera is mounted on the front 
grill of the truck and points downward (see Figure 8).  This view was used to determine the exact 
instant that a collision occurred.  A frame with all four views is shown in Figure 9. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8.  Front grill – collision camera. 

Camera 
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Figure 9.  All four camera views. 

Sensors.  The instrumented truck is equipped with accelerometers and sensors on the 
steering wheel, brake pedal, accelerator pedal, and speedometer.  The accelerometers provide 
acceleration data for the lateral and longitudinal planes of the vehicle sample at a rate of 30 Hz, 
or 30 times per second.  The sensor on the steering wheel provided steering wheel position and 
rate of turn data accurate to within +/- 1 degree.  The sensors on the brake and accelerator pedals 
provide pedal position accurate to within +/- 0.1 inch.  The sensor on the speedometer provides 
data on the vehicle speed, while the sensor on the odometer provides distance data. 

Data Collection Computer.  The data collection computer used was a PC laptop with a 
90-MHz Pentium processor.  This computer runs the “ICAR” software program, which 
manipulates and records the data supplied by each of the vehicle sensors.  The distance, velocity, 
frame number, normalized brake, and accelerator pedal position data were used in this 
experiment.  This computer also received the transmission from the infrared transmitter, flagged 
the data file when the truck tripped the infrared beam, and sent a signal to the display computer 
to activate the Auditory - Tire Skid Warning.  It also controlled the soft braking mechanism. 

Display Computer.  The display computer used was a PC laptop, with a 133-MHz 
Pentium processor.  This computer activated and displayed the different IVIS navigational 
displays.  It also played the Auditory - Tire Skid Warning. 

Barrel Release Mechanism.  The barrel release mechanism used an infrared sensor and 
reflector, two radio transmitters (the sensor and two transmitters were contained within one box), 
a ramp, and a gate to release the barrels into the headway of the truck (Figure 10).  Figure 11 
shows the distances of the equipment in relation to one another.  As the truck passed the sensor, 

Forward-View Camera Eye-Glance Camera 

Front Grill-Collision Camera Foot Camera 



 31 

an infrared beam was broken and a radio signal was sent to the ramp, which collapsed and 
released the barrels.  A signal was also sent to the truck which activated the warning activation 
computer and flagged the data collection computer.  The gate used a servo arm that pulled, and 
collapsed the hinged support arm holding the gate open (via a cable attached to the hinged 
support arm). 
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Figure 10.  Barrel release mechanism and equipment. 
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Figure 11.  Locations of equipment in relation to one another. 
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Obstacle.  Six High Density Polyethylene (HDPE) barrels were used as the unexpected 
obstacle in this experiment (Figure 12).  The barrels were painted black to resemble heavier, 
sturdier metal barrels, and therefore make the obstacle appear to be as imposing as possible.  The 
six barrels were also stacked, four on bottom and two on top, to make the obstacle seem as 
imposing as possible. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 12.  Obstacle-barrel. 

Dependent Variables 

Accelerator Reaction Time.  The accelerator reaction time of the participant for the 
Auditory - Tire Skid and the One Second Brake Pulse Warning conditions was measured from 
the time the warning was activated to the point where the participant started to lift his/her foot 
from the accelerator.  The accelerator reaction time for the No Warning condition was measured 
from the point at which the barrels “appeared” to when the participant started to lift his/her foot 
from the accelerator.  The barrels “appeared” when one full barrel was 6 inches into the roadway 
(see Figure 13).  This is the distance into the roadway that it was speculated would give a sensor 
enough of a signature to detect the obstacle.  The onset of the warnings was designed to occur at 
the exact instant that the barrels “appeared.” The barrels were deemed “visible” when 
approximately one-fourth of the first barrel could be seen in the video (see Figure 13).  It was 
determined through video analysis that the mean times across warning conditions from first 
visibility of the barrels to when the barrels appeared ranged from 0.27-0.35 seconds. 

 
 
 
 
 
 
 
 

35” 

22” 
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Figure 13.  “Visible” and “Appeared” barrel conditions. 

 
Data for the warning conditions were reduced by noting on the ICAR data file when the 

Infrared sensor was tripped, adding the appropriate delay for warning activation, and noting on 
the video and ICAR data file the frame number when the warning began.  The frame number 
when the barrels “appeared” was noted for the No Warning condition.  It was then calculated, 
using the video, foot camera, ICAR data file and normalized brake pedal position, at what frame 
the participant’s foot began to move.  This frame was noted and the difference from this frame to 
when the warning was activated or when the barrels “appeared” was calculated in a number of 
frames by subtracting the frame number when the warning began from the frame number when 
first movement occurred.  This total was then divided by 30 (i.e. the number of video frames per 
second) to determine the accelerator reaction time. 

Movement Time.  The movement time was measured from the actual moment that the 
driver started to release the accelerator to the point at which his/her foot first made contact with 
the brake pedal.  This was determined by noting the frame number at which the reaction time of 
each person ended, when motion first began, and by using the ICAR data, and normalized brake 
pedal position to note the frame when first contact with the brake occurred.  The frame number 
when motion first began was subtracted from the frame number when contact was first made 
with the brake pedal, and then divided by 30 to give the movement time. 

“Visible” Barrel “Appeared” Barrel 



 36 

Brake Response Time.  Brake response time was determined by adding the reaction and 
movement times. 

Time to Maximum Brake Depression.  The time to full brake depression was measured as 
the time from which the driver started to release the accelerator to the point that the participant 
depressed the brake pedal to the maximum point.  The ending frame number for this event was 
determined by using the ICAR data file, specifically the normalized brake pedal position data.  
The frame number was noted when the pedal was at maximum depression for each participant.  
The frame number at the beginning of the reaction time was subtracted from this frame number 
to determine the time to full brake depression. 

Brake Movement Time.  The brake movement time was the time from initial contact with 
the brake to when maximum brake depression occurred. 

Percentage of Maximum Brake Depression.  The percentage of maximum brake 
depression was measured as the percent to which the brake pedal was displaced.  The sensor read 
0 when the pedal was in the default, non-displaced, position, and 1.0 when completely displaced.  
The percentage was determined by recording the percentage of brake depression from the ICAR 
data. 

Time to Full Stop.  The time to full stop was measured as the time from which the 
reaction time began to the point that the truck stopped.  Using the ICAR data file and video 
frame at which the truck stopped, the frame at which the distance recordings no longer increased 
was noted.  The frame at which the velocity reached 0 on the ICAR data file was not used 
because it was noted using the video data that this measurement was not accurate, and because it 
is based on the speedometer, which is not accurate under 5 mph. 

Speed at Collision with Obstacle.  The speed at which the truck was traveling when and if 
it collided with the obstacle was measured.  This was accomplished by using the video from the 
front grill – collision camera and noting at which frame the barrels actually came into contact 
with the truck.  This frame number was then found in the ICAR data file, and the speed was 
noted. 

Collision with Barrels.  Whether each participant collided with the barrels was noted by 
using the front grill – collision camera to confirm a collision (see Figure 14).  It must be noted 
that on at least one occasion, one of the top barrels flipped up and hit the truck while the others 
rolled by without any contact.  This incident was coded as a non-collision (see Figure 14). 
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(a)       (b) 

Figure 14.  (a) Collision with barrels; (b) No collision with barrels. 

 

Time from Warning to First Glance.  The time from warning to first glance of the 
participant for the Auditory - Tire Skid and the One Second Brake Pulse Warning conditions was 
measured from the time the warning was activated to the point where the participant started to 
look up away from the display towards the roadway.  The accelerator reaction time for the No 
Warning condition was measured from the point at which the barrels “appeared” to when the 
participant started to look up away from the display towards the roadway 

Time from First Glance to Reaction. The time from first glance to reaction was 
determined by subtracting the time from warning to first glance from the reaction time for each 
participant. 

Subjective Measures 

A questionnaire was given to the participants after they completed the experiment.  This 
questionnaire was used to obtain the participants’ interpretations and subjective evaluations of 
the different warnings. 

Data Analysis 

The reduced data, containing only values of the dependent variables, was analyzed using 
Analysis of Variance (ANOVA).  When a significant difference was found in main effects, a 
Student-Newman-Keuls test was conducted to determine which effects differed from each other.  
The data from the number of collisions measured were analyzed using Fishers Exact Probability 
method because of the small cell counts.  A Multivariate Analysis of Variance (MANOVA) was 
also conducted on the data.  The criterion for overall statistical significance is α = 0.05. 

Collision 
No Collision 
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CHAPTER 5.  RESULTS 

As previously described the video analysis of the data showed that a few of the 
participants did not respond as desired to the barrels and others were not distracted when the 
warning sounded, or in the case of the No Warning group, a few were not distracted when the 
barrels "appeared."  The purpose of the experiment was to discover how people react in an 
emergency situation when initially distracted, therefore it was a prerequisite that the participants 
immediately react to the barrels by attempting to stop the truck and that they were distracted 
when the barrels appeared.  A few participants did not attempt to stop the truck when 
approaching the barrels, but continued to focus on the navigational task during and after collision 
with the barrels.  Some participants may have thought that once a collision occurred and it was 
noticed that there was only slight damage and that the obstacle actually disappeared (barrels 
rolling away), there was no reason to continue maximum effort to stop the truck (see Figure 15). 

 

Figure 15.  Barrels rolling away. 

Therefore, ANOVAs were performed on the entire data set, and then also separately on 
the subset data where the drivers were distracted (looking at the display when alarm sounded or 
barrels appeared), and exhibited “emergency response” behavior (tried to stop the truck before 
hitting the barrels).  There were a total of 13 participants who were not distracted and 3 that did 
not exhibit emergency response behavior, leaving 10 participants in the No Warning group, 11 in 
the Auditory - Tire Skid group, and 12 in the One second Brake Pulse group.  Additional 
ANOVAs were performed on the participants who exhibited emergency response behaviors and 
who also collided with the barrels in order to determine differences in speed at contact and 
distance traveled after collision for participants who actually hit the barrels. 
 

The results of the reduced data set across warning conditions for participants who 
exhibited emergency response behaviors are presented in Table 2.  A graph of the reaction and 
movement times across the warning conditions for the reduced data set is presented in Figure 16.  
The mean results across the warning conditions are presented in Figure 17. 
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Table 2.  Participant results of the reduced data set. 

S Alrm
TTC
(sec)

RectTm
(sec)

MovTm
(sec)

RspT
(sec) BMT (sec)

TFBD
(sec) TFS (sec)

SD
(feet) C

Spd@C
(feet)

D-C
(feet)

A-1st-G
(sec)

G-RT
(sec)

1 none 1.54 0.7 0.23 0.93 2 2.93 5.2 92.93 1 17.44 49.1 0.47 0.23
2 none 1.43 0.47 0.47 0.93 0.6 1.53 2.93 51.22 1 11.96 11.62 0.17 0.3
3 none 1.34 0.47 0.27 0.73 0.97 1.7 2.47 51.22 1 16.44 12.14 0.2 0.27
4 none 1.21 0.4 0.87 1.27 0.07 1.33 3.87 62.3 1 16.44 26.93 0.13 0.27
5 none 1.31 0.23 0.43 0.67 0.9 1.57 2.53 46.46 1 15.94 10.03 0.13 0.1
6 none 1.48 0.57 0.67 1.23 0.37 1.6 3.27 56.5 1 16.44 14.26 0.27 0.3
7 none 1.41 0.4 0.5 0.9 1.23 2.13 4.17 74.98 1 17.93 34.85 0.23 0.17
8 none 1.41 0.73 0.27 1 0.33 1.33 7.9 116.16 1 17.93 76.03 0.53 0.2
9 none 1.09 0.53 0.27 0.8 0.5 1.3 3.4 66 1 19.43 33.26 0.2 0.33
10 none 1.52 0.5 0.27 0.77 1.17 1.93 3.77 50.16 1 10.46 6.86 0.13 0.37
11 aud 1.43 0.23 0.33 0.57 0.1 0.67 2.27 37.49 0 0 0 0.07 0.16
12 aud 1.32 0.47 0.43 0.9 0.6 1.5 2.7 54.91 1 18.43 16.37 0.4 0.07
13 aud 1.48 0.47 0.33 0.8 0.33 1.13 2.3 44.35 1 8.47 3.17 0.33 0.14
14 aud 1.41 0.63 0.23 0.87 0.2 1.07 4.33 78.14 1 17.44 38.02 0.4 0.23
15 aud 1.37 0.53 0.3 0.83 0.43 1.27 2.37 46.99 1 9.96 7.92 0.53 0
16 aud 1.72 0.67 0.2 0.87 0.77 1.63 2.37 49.1 1 8.47 2.64 0.27 0.4
17 aud 1.56 0.27 0.37 0.63 0.7 1.33 2.47 48.05 1 6.97 3.7 0.1 0.17
18 aud 1.68 0.67 0.27 0.93 0.6 1.53 2.53 50.16 1 7.47 4.75 0.13 0.54
19 aud 1.57 0.77 0.2 0.97 0.4 1.37 3.13 54.38 1 11.46 9.5 0.47 0.3
20 aud 1.65 0.87 0.2 1.07 0.03 1.1 7.53 111.41 1 14.94 64.42 0.2 0.67
21 aud 1.45 0.27 0.33 0.6 0.97 1.57 2 40.13 0 0 0 0.2 0.07
22 hap 1.66 0.5 0.37 0.87 1 1.87 2.6 47.52 1 6.48 2.64 0.57 -0.07
23 hap 2.06 0.57 0.53 1.1 1.3 2.4 3.07 49.63 0 0 0 0.43 0.14
24 hap 1.17 0.5 0.33 0.83 0.67 1.5 2.7 58.61 1 18.93 18.48 0.37 0.13
25 hap 1.8 0.4 0.53 0.93 0.83 1.77 3.13 48.58 0 0 0 0.33 0.07
26 hap 1.61 0.7 0.3 1 0.4 1.4 2.8 42.24 0 0 0 0.43 0.27
27 hap 1.37 0.43 0.4 0.83 1.03 1.87 3.2 35.9 0 0 0 0.07 0.36
28 hap 1.63 0.8 0.23 1.03 0.77 1.8 3.63 45.94 1 5.48 4.22 0.47 0.33
29 hap 1.32 0.43 0.43 0.87 0.5 1.37 8.43 115.63 1 15.94 78.14 0.37 0.06
30 hap 1.5 0.5 0.23 0.73 0.3 1.03 2.8 40.66 1 2.49 0.53 0.4 0.1
31 hap 1.43 0.6 0.3 0.9 0.37 1.27 2.63 37.49 0 0 0 0.33 0.27
32 hap 1.41 0.33 0.33 0.67 0.7 1.37 2.87 39.07 1 5.98 1.58 0.33 0
33 hap 1.45 0.2 0.23 0.43 1.07 1.5 3.63 41.18 0 0 0 0.13 0.07  

Note:  S = Subjects, Alrm = Warning condition, TTC = Time to Collision, RectTm = Accelerator Reaction Time, MovTm = Movement Time, 
RspTm = Brake Response Time, BMT = Brake Movement Time, TFBD = Time to Full Brake Depression, TFS = Time to Full Stop, SD = 
Stopping Distance, C = Collision, Spd@C = Speed at Collision, D-C = Distance Traveled after Collision, A-1st-G = Time from Warning to 
First Glance, G-RT = Time from First Glance to Accelerator Reaction Time 
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Figure 16.  Mean reaction and movement times of reduced data set across the different 
warning conditions. 

Note:  RT = Accelerator Reaction Time, MT = Movement Time, T 1st G = Time to First Glance, BMT = Brake Movement Time 
vis - app = time from when barrels are visible to when they appeared, vis - warning = time from when barrels are visible to when the 
warning sounded, vis - glance = time from when barrels are visible to when the participant’s first glance forward occurred, vis - react 
= time from when the barrels are visible to when the participants reacted, vis - mov = time from when barrels are visible to when the 
participants first contacted the brake, vis - brk mov = time from when barrels are visible to when the participants fully depressed the 
brake
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 All Times in Seconds 
Warning ART MT BRT BMT TFBD ST 
No 0.5 0.42 0.92 0.81 1.74 3.95 
Auditory - 
Tire Skid 

0.53 0.29 0.82 0.47 1.29 3.1 

One 
Second 
Brake 
Pulse 

0.49 0.35 0.85 0.74 1.6 3.45 

 
Warning SD (ft) # of C Spd @ C Dst-Cntct W-1st G 1stG-ART 
No 66.8 10-10 16.04 27.51 0.25 0.25 
Auditory - 
Tire Skid 

55.9 9-11 9.41 13.68 0.29 0.24 

One 
Second 
Brake 
Pulse 

50.2 6-12 4.6 8.8 0.35 0.14 

Figure 17.  Mean results across warning condition. 
Note:  ART = Accelerator Reaction Time, MT = Movement Time, BRT = Brake Movmement Time, TFBD = Time to Full Brake Depression, ST 

= Stopping Time, SD = Stopping Distance, # of C = Number of Collisions, Spd @ C = Speed at Collision, Dst-Cntct = Distance Traveled 
after Collision, W-1st G = Time from Warning to First Glance forward, 1st G - ART = Time from Warning to First Movement off 
Accelerator 
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Results of Entire Data Set 

MANOVA Results.  MANOVA test criteria results for the hypothesis of No Overall 
Warning Effect are presented in Table 3.  The MANOVA results do not contain Percentage of 
Maximum Brake Depression data. 

Table 3.  MANOVA results 

Statistic                     Value           F       Num DF    Den DF   P-value 
Wilks' Lambda         0.404                2.42           18         76   0.0040 

Accelerator Reaction Time.  The mean accelerator reaction times for the No Warning, 
Auditory - Tire Skid Warning, and One Second Brake Pulse Warning conditions are 0.45, 0.42, 
and 0.45 seconds, respectively.  The results of the ANOVA (Table 4), failed to show any 
significant main effects for the Warning condition. 

Table 4.  ANOVA summary table for accelerator reaction time. 

Source                            DF              Type III SS          Mean Square   F Value    P-value 
WARNING                         2                 0.00893122           0.00446561     0.10        0.9081 
SUBJECTS (WARNING)  46               2.12662434           0.04623096 
TOTAL                               48               2.13555556 

Movement Time.  The mean movement times for the No Warning, Auditory - Tire Skid 
Warning and The One Second Brake Pulse Warning conditions are 0.53, 0.31, and 0.40 seconds, 
respectively.  The results of the ANOVA (Table 5), failed to show any significant main effects 
for the Warning condition.  However, the results seemed to be approaching a significant level to 
show a difference between the No Warning group and the Auditory - Tire Skid group; therefore, 
the Student-Newman-Keuls test was conducted and is presented in Table 6. 

Table 5.  ANOVA summary table for movement time. 

Source                         DF              Type III SS           Mean Square   F Value   P-value 
WARNING                       2                0.33515533            0.16757766     3.07       0.0560 
SUBJECTS (WARNING)  46              2.51078571             0.05458230 
TOTAL                               48              2.84594104 
 

Table 6.  Student-Newman-Keuls test results for movement time. 

SNK Grouping    Mean         N   WARNING 
    0.53           14   No Warning 
    0.40           20   One Second Brake Pulse Warning 
    0.31           15   Auditory - Tire Skid Warning 

Brake Response Time.  The mean brake response times for the No Warning, Auditory - 
Tire Skid Warning, and One Second Brake Pulse Warning conditions are 0.97, 0.73, and 0.84 
seconds, respectively.  The results of the ANOVA (Table 7), failed to show any significant main 
effects for the Warning condition.  However, the results seemed to be approaching a significant 



 43 

level to show a difference between the No Warning group and the Auditory - Tire Skid group; 
the results of the Student-Newman-Keuls test are presented in Table 8. 

Table 7.  ANOVA summary table for brake response time. 

Source                        DF              Type III SS          Mean Square   F Value     P-value 
WARNING                          2               0.42770559         0.21385280      2.79         0.0719 
SUBJECTS (WARNING)  46             3.52648942          0.07666281 
TOTAL                               48             3.95419501 
 

Table 8.  Student-Newman-Keuls test results for brake response time. 

SNK Grouping    Mean         N   WARNING 
     0.97          14   No Warning 
     0.84          20    One Second Brake Pulse Warning 
     0.73          15   Auditory - Tire Skid Warning 

Brake Movement Time.  The mean brake movement times for the No Warning, Auditory 
- Tire Skid Warning, and Haptic Warning conditions are 1.11, 0.57, and 1.18 seconds, 
respectively.  The results of the ANOVA (Table 9), failed to show any significant main effects 
for the Warning condition. 

Table 9.  ANOVA summary table for brake movement time. 

Source                                DF              Type III SS         Mean Square   F Value    P-value 
WARNING                          2                3.52294104        1.76147052     1.11           0.3376 
SUBJECTS (WARNING)  46               72.86268254      1.58397136 
TOTAL                              48    76.38562358 

Percentage of Maximum Brake Depression.  The mean percentages of maximum brake 
depression for the No Warning, Auditory - Tire Skid Warning, and Haptic Warning conditions 
are 67.4 %, 85.1 %, and 74.4 % respectively.  The results of the ANOVA (Table 10), failed to 
show any significant main effects for the Warning condition.  However, the results seemed to be 
approaching a significant level to show a difference between the No Warning group and the 
Auditory - Tire Skid group; therefore, the Student-Newman-Keuls test was conducted and is 
presented in Table 11. 

Table 10.  ANOVA summary table for percentage of maximum brake depression. 

Source                                DF              Type III SS         Mean Square   F Value    P-value 
WARNING                          2                0.23165879        0.11582940     3.12           0.0536 
SUBJECTS (WARNING)  46               1.70794280        0.03712919 
TOTAL                               48     1.93960159 
 

Table 11.  Student-Newman-Keuls test results for brake response time. 

SNK Grouping    Mean         N   WARNING 
     0.85          15   Auditory - Tire Skid Warning 
     0.74          20   One Second Brake Pulse Warning 
     0.67          14   No Warning 
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Time to Full Brake Depression.  The mean times to full brake times for the No Warning, 
Auditory - Tire Skid Warning, and Haptic Warning conditions are 2.09, 1.30, and 2.02 seconds, 
respectively.  The results of the ANOVA (Table 12), failed to show any significant main effects 
for the Warning condition. 

Table 12.  ANOVA summary table for time to full brake depression. 

Source                                DF              Type III SS         Mean Square   F Value    P-value 
WARNING                         2               5.76209788          2.88104894     1.57         0.2195 
SUBJECTS (WARNING)  46              84.55567989       1.83816695 
TOTAL                         48   90.31777777 

Time to Complete Stop.  The mean time to complete stop for the No Warning, Auditory - 
Tire Skid Warning, and One Second Brake Pulse Warning conditions are 6.0, 3.17, and 3.86 
seconds, respectively.  The results of the ANOVA (Table 13), failed to show any significant 
main effects for the Warning condition. 

Table 13.  ANOVA summary table for time to complete stop. 

Source                                DF              Type III SS         Mean Square   F Value   P-value 
WARNING                          2              63.29245616        31.64622808    2.77     0.0734 
SUBJECTS (WARNING)  46             526.31466401      11.44162313 
TOTAL                     48  589.60710202 

Stopping Distance.  The mean stopping distances for the No Warning, Auditory - Tire 
Skid Warning, and One Second Brake Pulse Warning conditions are 99.83, 60.03, and 56.92 
feet, respectively.  The results of the ANOVA (Table 14), failed to show any significant main 
effects for the Warning condition. 

Table 14.  ANOVA summary table for stopping distance. 

Source                                DF        Type III SS           Mean Square        F Value   P-value 
WARNING                         2          17000.93731474     8500.46865737   2.10       0.1337 
SUBJECTS (WARNING)  46        185935.97250926   4042.08635890 
TOTAL                              48 
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Number of Collisions.  There were 14 of 14, 12 of 15, and 10 of 20 collisions for the No 
Warning, Auditory - Tire Skid, and One second Brake Pulse conditions, respectively.  The 
results of the Fisher Exact Probability test for 2 x 2 tables found a significant difference for the 
Warning condition, when the One Second Brake Pulse Warning was compared to the No 
Warning condition.  It was discovered that there were significantly fewer collisions in the One 
Second Brake Pulse Warning condition than in the No Warning condition.  The results of the 
Fisher Exact Probability test provided a p value of 0.001, for this comparison.  The results of the 
Fisher Exact Probability test for 2 x 2 tables failed to find a significant difference when the 
Auditory - Tire Skid Warning was compared to the One Second Brake Pulse Warning condition.  
The results of the Fisher Exact Probability test provided a p value of 0.07, for this comparison.  
The results of the Fisher Exact Probability test for 2 x 2 tables also failed to find a significant 
difference when the Auditory - Tire Skid Warning was compared to the No Warning condition.  
The results of the Fisher Exact Probability test provided a p value of 0.12, for this comparison. 

Time from Warning to First Glance.  The mean times from warning to first glance for the 
No Warning, Auditory - Tire Skid Warning, and One Second Brake Pulse Warning conditions 
are 0.13, 0.17, 0.25 seconds, respectively.  The results of the ANOVA (Table 15), failed to show 
any significant main effects for the Warning condition. 

Table 15.  ANOVA summary table for time from warning to first glance. 

Source                                DF        Type III SS         Mean Square   F Value     P-value 
WARNING                          2         0.13703968         0.06851984      0.98          0.3823 
SUBJECTS (WARNING)  46         3.20962698        0.06977450 
TOTAL                               48         3.34666666 

Time from First Glance to Reaction.  The mean times from first glance to reaction for the 
No Warning, Auditory - Tire Skid Warning, and One Second Brake Pulse Warning conditions 
are 0.319, 0.25, and 0.20 seconds, respectively.  The results of the ANOVA (Table 16), failed to 
show any significant main effects for the Warning condition. 

Table 16.  ANOVA summary table for time from first glance to reaction. 

Source                                DF          Type III SS          Mean Square   F Value     P-value 
WARNING                          2            0.12698677         0.06349339     1.98          0.1493 
SUBJECTS (WARNING)  46           1.47301323         0.03202203 
TOTAL                               48           1.6 
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Results of Reduced Data Set (Participants who were distracted when the warning sounded and 
tried to stop the truck) 

MANOVA Results.  MANOVA test criteria results for the hypothesis of No Overall 
Warning Effect are presented in Table 17. The MANOVA results do not contain Percentage of 
Maximum Brake Depression data. 

 

Table 17.  MANOVA test results 

Statistic                     Value           F       Num DF    Den DF   P-value 
Wilks' Lambda          0.15093623     3.8475        18         44   0.0001 

Accelerator Reaction Time.  The mean accelerator reaction times for the No Warning, 
Auditory - Tire Skid Warning, and One Second Brake Pulse Warning conditions are 0.50, 0.53, 
and 0.50 seconds, respectively.  The results of the ANOVA (Table 18), failed to show any 
significant main effects for the Warning condition. 

Table 18.  ANOVA summary table for accelerator reaction time. 

Source                                DF          Type III SS          Mean Square   F Value     P-value 
WARNING                         2            0.00746633          0.00373317       0.12       0.8866 
SUBJECTS (WARNING)  30           0.92647306          0.03088244 
TOTAL                     32           0.93393939 

Movement Time.  The mean movement times for the No Warning, Auditory - Tire Skid 
Warning, and One Second Brake Pulse Warning conditions are 0.42, 0.29, and 0.35 seconds, 
respectively.  The results of the ANOVA (Table 19), failed to show any significant main effects 
for the Warning condition. 

Table 19.  ANOVA summary table for movement time. 

Source                                DF          Type III SS          Mean Square   F Value     P-value 
WARNING                         2          0.09186700            0.04593350      2.37         0.1107 
SUBJECTS (WARNING)  30        0.58133165            0.01937772 
TOTAL                     32        0.67319865 

Brake Response Time.  The mean brake response times for the No Warning, Auditory - 
Tire Skid Warning, and One Second Brake Pulse Warning conditions are 0.92, 0.82, and 0.85 
seconds, respectively.  The results of the ANOVA (Table 20), failed to show any significant 
main effects for the Warning condition. 

Table 20.  ANOVA summary table for brake response time. 

Source                                DF          Type III SS       Mean Square   F Value     P-value 
WARNING                         2            0.05763300       0.02881650       0.89         0.4194 
SUBJECTS (WARNING)  30          0.96627273       0.03220909 
TOTAL                     32           1.02390573 
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Brake Movement Time.  The mean brake movement times for the No Warning, Auditory 
- Tire Skid Warning, and One Second Brake Pulse Warning conditions are 0.81, 0.47, and 0.74 
seconds respectively.  The results of the ANOVA (Table 21), failed to show any significant main 
effects for the Warning condition. 

Table 21.  ANOVA summary table for brake movement time. 

Source                                DF           Type III SS          Mean Square   F Value     P-value 
WARNING                          2            0.72649158           0.36324579     2.26         0.1215 
SUBJECTS (WARNING)  30            4.81451852          0.16048395 
TOTAL                     32 5.5410101 

Percentage of Maximum Brake Depression.  The mean percentages of maximum brake 
depression for the No Warning, Auditory - Tire Skid Warning, and Haptic Warning conditions 
are 67.4 %, 85.1 %, and 74.4 % respectively.  The results of the ANOVA (Table 22), failed to 
show any significant main effects for the Warning condition. 

Table 22.  ANOVA summary table for percentage of maximum brake depression. 

Source                                DF              Type III SS         Mean Square   F Value    P-value 
WARNING                          2                0.14563781        0.07281890     2.17           0.1323 
SUBJECTS (WARNING)  30                1.00890591       0.03363020 
TOTAL                               32     1.15454372 

Time to Full Brake Depression.  The mean time to full brake depression for the No 
Warning, Auditory - Tire Skid Warning, and One Second Brake Pulse Warning conditions are 
1.74, 1.29, and 1.59 seconds, respectively.  The results of the ANOVA (Table 23), did show a 
significant main effect for the Warning condition.  It was discovered that the time to full brake 
depression for the Auditory - Tire Skid Warning condition is significantly shorter than that for 
the No Warning condition.  The results of the Student-Newman-Keuls test are presented in Table 
24. 

Table 23.  ANOVA summary table for time to full brake depression. 

Source                                DF           Type III SS          Mean Square   F Value     P-value 
WARNING                          2            1.12085185          0.56042593     3.74         0.0353 
SUBJECTS (WARNING)  30           4.49012458          0.14967082 
TOTAL                     32           5.61097643 
 

Table 24.  Student-Newman-Keuls test results for time to full brake depression. 

SNK Grouping    Mean         N   WARNING 
     1.74          10 No Warning 
     1.59          12   One Second Brake Pulse Warning 
     1.29          11   Auditory - Tire Skid Warning 
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Time to Complete Stop.  The mean time to complete stop for the No Warning, Auditory - 
Tire Skid Warning, and One Second Brake Pulse Warning conditions are 3.95, 3.09, and 3.46 
seconds, respectively.  The results of the ANOVA (Table 25), failed to show any significant 
main effects for the Warning condition. 

Table 25.  ANOVA summary table for time to complete stop. 

Source                                DF           Type III SS          Mean Square   F Value     P-value 
WARNING                          2            3.87916667           1.93958333     0.75         0.4797 
SUBJECTS (WARNING)  30           77.28770201          2.57625673 
TOTAL                     32 81.16686868 

Stopping Distance.  The mean stopping distances for the No Warning, Auditory - Tire 
Skid Warning, and One Second Brake Pulse Warning conditions are 66.79, 55.92, and 50.20 
feet, respectively.  The results of the ANOVA (Table 26), failed to show any significant main 
effects for the Warning condition. 

Table 26.  ANOVA summary table for stopping distance. 

Source                                DF           Type III SS          Mean Square   F Value     P-value 
WARNING                         2             1525.280064       762.64003200   1.62         0.2146 
SUBJECTS (WARNING)  30            14115.482302     470.51607680 
TOTAL                     32 15640.76236 

Number of Collisions.  There were 10 of 10, 9 of 11, and 6 of 12 collisions for the No 
Warning, Auditory - Tire Skid and One Second Brake Pulse conditions, respectively.  The results 
of the Fisher Exact Probability test for 2 x 2 tables found a significant difference for the Warning 
condition, when the One Second Brake Pulse Warning condition and the No Warning condition 
were compared.  It was discovered that there were significantly fewer collisions in the One 
Second Brake Pulse Warning condition than  the No Warning condition.  The results of the 
Fisher Exact Probability test provided a p-value of 0.0124, for this comparison.  The results of 
the Fisher Exact Probability test for 2 x 2 tables failed to find a significant difference when the 
Auditory - Tire Skid Warning was compared to the One Second Brake Pulse Warning condition.  
The results of the Fisher Exact Probability test provided a p value of 0.12, for this comparison.  
The results of the Fisher Exact Probability test for 2 x 2 tables also failed to find a significant 
difference when the Auditory - Tire Skid Warning was compared to the No Warning condition.  
The results of the Fisher Exact Probability test provided a p value of 0.27 for this comparison. 

Time from Warning to First Glance.  The mean times from warning to first glance for the 
No Warning, Auditory - Tire Skid Warning, and One Second Brake Pulse Warning conditions 
are 0.25, 0.29, and 0.35 seconds, respectively.  The results of the ANOVA (Table 27), failed to 
show any significant main effects for the Warning condition. 

Table 27.  ANOVA summary table for time from warning to first glance. 

Source                                DF           Type III SS          Mean Square   F Value     P-value 
WARNING                         2              0.06345286         0.03172643      1.47          0.2467 
SUBJECTS (WARNING)  30            0.64873569         0.02162452 
TOTAL                     32 0.71218855 
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Time from First Glance to Reaction.  The mean times from first glance to reaction for the 
No Warning, Auditory - Tire Skid, Warning and One Second Brake Pulse Warning conditions 
are 0.25, 0.24, and 0.14 seconds, respectively.  The results of the ANOVA (Table 28), failed to 
show any significant main effects for the Warning condition. 

Table 28.  ANOVA summary table for time from first glance to reaction. 

Source                                DF          Type III SS          Mean Square   F Value     P-value 
WARNING                         2            0.08191246          0.04095623     1.75          0.1907 
SUBJECTS (WARNING)  30          0.70138721          0.02337957 
TOTAL                     32          0.78329967 
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Results of Participants who exhibited emergency response behaviors and had a Collision 

Speed at Collision.  The mean speed at collision for the No Warning, Auditory - Tire 
Skid Warning, and One Second Brake Pulse Warning conditions are 16.04, 11.51, and 9.22 mph, 
respectively.  The results of the ANOVA (Table 29), did show a significant main effect for the 
Warning condition.  It was discovered that the speed at collision for the No Warning condition is 
significantly larger than both the Auditory - Tire Skid Warning and One Second Brake Pulse 
Warning conditions.  The speed at collision for the One Second Brake Pulse Warning condition 
was determined to be significantly slower than both the No Warning and the Auditory - Tire Skid 
Warning conditions.  It was also discovered that the speed at collision of the Auditory - Tire Skid 
Warning condition was significantly slower than the No Warning condition and significantly 
faster than the One Second Brake Pulse Warning condition.  The results of the Student-Newman-
Keuls test are presented in Table 30. 

Table 29.  ANOVA summary table for speed at collision. 

Source                                DF           Type III SS          Mean Square    F Value    P-value 
WARNING                         2             196.9893251        98.49466256    4.94         0.0168 
SUBJECTS (WARNING)  22           438.2347788        19.91976268 
TOTAL                               25           635.2241039 
 

Table 30.  Student-Newman-Keuls test results for speed at collision. 

SNK Grouping    Mean         N   WARNING 
     16.04        10 No Warning 
     11.51          9   Auditory - Tire Skid Warning 
     9.22            6   One Second Brake Pulse Warning 

Distance Traveled After Collision.  The mean distances traveled after collision for the No 
Warning, Auditory - Tire Skid Warning, and One Second Brake Pulse Warning conditions are 
27.51, 17.6, and 16.72 feet, respectively.  The results of the ANOVA (Table 31), failed to show 
any significant main effects for the Warning condition. 

Table 31.  ANOVA summary table for distance traveled after collision. 

ANOVA Summary Table for Distance Traveled after Contact 
Source                              DF           Type III SS          Mean Square     F Value   P-value 
WARNING                        2            656.3486054        328.17430272     0.58       0.5689 
SUBJECTS (WARNING)  22         12473.97634        566.99892480 
TOTAL                        24          13130.32495 
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Subjective Data Results 

Questionnaire Results.  The following are the responses to the questions given in the 
post-experiment questionnaire.  The responses are separated by the warning conditions and the 
question on the questionnaire.  The results gathered from questions 1-3 are shown in Figures 18, 
19, and 20.  The scaled questions are 7-point Likert type scales, with all appropriate participants 
responding. 
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(1)  How did the warning that you received rate as a Collision Avoidance warning? 
(7-point Likert type scale, 1 = good, 7 = bad) 
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Mean = 4.9, Std. Dev. = 1.89    Mean = 4. 87, Std. Dev. = 1.6 

Figure 18.  One Second Brake Pulse Condition responses and Auditory - Tire Skid 
Condition responses to Question 1. 

 
(2)  How did the warning that you received rate in eliciting the proper braking response?  

(7 pint Likert type scale, 1 = good, 7 = bad) 
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Mean = 5.05, Std. Dev. = 2.06   Mean = 5, Std. Dev. = 1.89 

Figure 19.  One Second Brake Pulse Condition responses and Auditory - Tire Skid 
Condition responses to Question 2. 
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(3)  How would you change the warning that you received in order to make it more 
appropriate as a collision avoidance warning, and/or to make it elicit a quicker response?  
If you did not receive a warning, please comment on what you believe would be an 
appropriate warning. 
 
One Second Brake Pulse Condition Responses 
• An audio WARNING - I did not hear one & did not get triggered for the collision by them - Visual Cues 

triggered my response 
• Once a driver becomes comfortable with his/her truck, the warning for collision is more than adequate. 
• 1) Be more familiar with the prompt 

2) Have an accompanying light or buzzer 
3) Have a longer warning time 

• Possible combine with audible 
• Would not change 
• Do away with the warning device, unnecessary distraction to driver, makes me think about trailer instead of 

what is in front of me 
• It was good 
• A buzzer and indicator light that would pull attention toward the front of the truck - the brake pumping seemed 

like the engine lugging from a hill or improper gear 
• O.K. 
• Warning was fine 
• A beeping warning 
• Being more trained (long time use of driving truck), more used to the vehicle’s equipment 
• I think that if the brakes were applied a little harder, that it might alert the driver better. 
• Would not change 
• Because of all of the distractions when the brake went on, it was actually another distraction rather than a 

warning 
• Would not change response at all 
• This system would be fine on good weather days, but might pose a problem on inclement days, causing 

problems with vehicle handling, ex. icy or snowy conditions. 
 
Auditory - Tire Skid Condition Responses 
• A bell fast rate or flashing heads up lamp or a braking pedal pulse to get your attention to the highway and out 

of the cab 
• Warning good 
• I think that the braking warning was good 
• Visual warnings - A light above or on top of the windshield 
• No change 
• None - squeal of tires is a real attention getter 
• Warning sounding a little earlier 
• Louder warning 
• Set the warning to go off sooner 
• O.K. 
• Use warning similar to radar detector, visual and Auditory - Tire Skid cue 
• Make the warning a little quicker 
• The Auditory - Tire Skid skid sound definitely got my attention.  It made me look up even though I had been 

given a specific directive involving the screen. 
 
No Warning Condition Responses 
• The audio alert I dislike for it was confusing and time is lost looking for direction of distraction.  The physical is 

slowing the vehicle before and during the reaction time. 
• The slight braking warning wouldn't startle you as much as the skidding tires 
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• No warning received: Auditory - Tire Skid Warning not as jarring as the tire skid would be good.  A particular 
type of display light might also be good 

• I would not make any changes 
• Don't think that it could be much better 
• Tire skid 
• The braking warning was subtle and did not startle me like the audio warning, so I did not care for the audible 

one.  The braking warning makes sense to me because it is already slowing you down to avoid the obstacle. 
• The tire skid was a very abrasive sound eliciting a jerky response, or an uncontrolled response.  I think that a 

verbal warning would be less effective because most drivers are listening to music, which could interfere with 
response.  Probably would recommend a different tune combined in a visual light somewhere on dash or 
hanging from visor. 

• A flashing danger signal on the LED screen (IVIS display) would have brought my attention back to the road 
• A beeping sound 
• A low pitch sound, because I am 50% deaf in both ears 
• No change in the tire skid warning.  Did not receive warning, this is good, things happen without warning 

sometimes 
 
(4)  Please rate the warnings that you were presented with in order of appropriateness as a 

collision avoidance warning.  (Give the one that you preferred, the highest rating; a 1 
out of 2). 
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Figure 20.  One Second Brake Pulse, Auditory - Tire Skid Warning, and No Warning 
condition responses. 
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(5)  Did the obstacle that entered your headway surprise you, or were you expecting 
something?  Please explain. 

 
One Second Brake Pulse Condition Responses 
• Surprise, completely 
• Yes 
• Surprise me 
• I was completely surprised and realize that I need to be more aware in my everyday driving 
• It did surprise me, I was not expecting it 
• Surprised 
• Yes very much 
• Yes, not expecting anything 
• Complete surprise 
• Surprised me 
• Surprise, was not expecting obstacle was watching screen plus road 
• Surprise 
• Surprise 
• The obstacle was a surprise, but wasn't sure if I was supposed to brake or not. 
• Surprise 
• They surprised me 
• Surprised, but I try my best to stay alert for those sort of things 
• Definite surprise 
• I was very surprised, I was trying to concentrate of the screen and was startled by the barrels 
• Yes I was surprised.  I was expecting to read something on the screen 

100% of participants were distracted 
 
Auditory - Tire Skid Condition Responses 
• Surprise! But was able to sop with little damage 
• Surprise, was looking at screen 
• Surprise me 
• Surprised - I wasn't expecting anything but CRT exercises 
• Total surprise, totally unexpected 
• Yes 
• Surprised a little, as a professional experienced driver I always watch the road ahead 
• Surprise 
• Surprise 
• Yes 
• I did this last year and the barrels were still a surprise 
• Surprise! 
• Yes 
• A total surprise 
• Total surprise 

100% of participants were distracted 
 

No Warning Condition Responses 
• It was unexpected 
• Surprise 
• I was not expecting anything, but certainly was not as surprised as I would have been on open roadway 
• No, I was very surprised 
• Surprised, was expecting just evaluating the navigation system and the alarms 
• I was very surprised 
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• Completely surprised me 
• I was surprised, I hadn't expected anything, my reaction was a little slow 
• Took me completely by surprise.  Very effective experiment.  Good controls 
• Yes, it surprised me 
• Completely surprised 
• Surprised me, wasn't expecting barrels to roll across in front 
• Surprised me I was looking at the screen then seen the obstacle come out 
• It was a surprise.  I was not expecting anything at this time. 

100 % of participants were distracted 
 
(6)  Do you believe that your response represents what you would do in a real life situation?  

Please explain. 
 
One Second Brake Pulse Condition Responses 
• Yes 
• Yes 
• Yes, Each day the roadways and highways have increased with traffic.  There are so many distractions while 

traveling that one needs to be focus on their destination and ready if an accident should occur.  This is a great 
warning for someone who might have seconds to react and stop any possible accident. 

• Actually - yes.  But I would hope I knew what the warning wanted me to do before needing to use it, i.e. 
Practice. 

• Yes 
• Yes 
• I believe that I would have braked sooner without the distraction of soft braking first 
• Yes, Stop as quickly & safely as possible 
• Yes, being distracted trying to figure out a route took total attention from my driving and left no reaction time 

when I did see the barrels. 
• Yes 
• Yes, I have been through things like that before 
• Yes it does 
• Yes 
• The screen is a distraction.  In a real driving on the road I feel that I would not have my eyes off the road for 

that length of time. 
• No, I was driving strange truck with someone I did not know.  I wanted to do good on the test not mess up the 

truck or test. 
• Yes, just response to stop 
• Yes, Because you should be alert for all situations 
• Yes & No because I was instructed to no matter what keep the speed above 20 mph I was hesitant to brake even 

though I saw the barrels, I feel in a real life situation it would have been more instinctive to hit the brake 
• Yes, very much so, I believe that without the warning I wouldn't have responded in enough time to stop at all 

and had a larger collision 
• Yes, I would have braked 
 
Auditory - Tire Skid Condition Responses 
• Yes, but I may have used more brake if I had driven truck more and knew how it would stop 
• No, wouldn't look off road that long at a time 
• I would hit the brakes 
• Yes - A reaction is a reaction.  I couldn't do anything else. 
• Yes - My driving style 
• Yes - Never change lanes, keep between the line (or cones) always - unless your fault 
• Yes, However the type of object entering my path will have a bearing on my actions 
• Yes, try to avoid contact 
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• Do same as I done 
• Yes, I drove trucks for a living and have had it happen 
• Yes, because I've always got one eye on the road 
• Yes - hard braking 
• Yes 
• Yes 
• Probably so.  I would have hoped to have not hit anything. 
 
No Warning Condition Responses 
• Yes, my response was real life.  To stop as quickly as possible. 
• Yes 
• Yes, possibly would have swerved to avoid 
• Yes I do believe this is what I would do if it were to really happen. 
• Yes, saw the barrels come in front of truck & I hit the barrels 
• Yes 
• Yes, As I was not expecting anything to come in front of me at any time 
• I believe it would closely represent real life, except that in this controlled environment I was a little less alert to 

any type of danger 
• Somewhat, though higher speeds would elicit a more serious response in stopping the truck fully! 
• Yes, I do.  I could have stopped if I knew what he wanted me to do.  If I was out on the road in real life I would 

have stopped the truck 
• You received the real response 
• No, didn't know if he wanted me to hit the barrels or not 
• Yes 
• Yes, Reaction to thing in road without warning 
 
Additional Comments 

 The following are additional comments noted by the experimenter.  The comments were 
stated by different participants during the experiment and were not noted on the questionnaire. 
 
• One participant said that he did not hear the Auditory - Tire Skid Warning that he received. 
• It was stated that the One Second Brake Pulse Warning made the participant look at instruments and not at the 

roadway. 
• It was stated that the one second Brake Pulse made him think there was a problem with truck. 
• A few participants said they were not sure if they were supposed to brake or continue the given task. 
• One participant said that he did not want to harm me by hitting the brakes extremely hard, but he could have 

stopped if I had not been in the vehicle. 
• One participant said that he hesitated because he actually wondered if hitting the barrels was expected of him as 

part of the study. 
• One participant said that he felt that the audio prompt would be more effective, with the brake surge, and that 

his first instinct was to look at the truck gages for failure, not to stop.  He also stated that if he had been 
introduced more than one time to the warning, he probably would have reacted quicker. 

• It was stated by one participant that the tire skid sound scared him, and sounded as if something was braking off 
or falling off.  He also stated that the soft braking effect was a more soft and relaxed effect, and did not scare 
him. 

• It was noticed that at least one participant actually hit the accelerator pedal when the One Second Brake Pulse 
Warning was activated. 
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CHAPTER 6.  CONCLUSIONS AND DISCUSSIONS 

It is concluded that the use of CASs with either the Auditory - Tire Skid or One Second 
Brake Pulse Warning could be a positive asset in reducing the number of front-to-rear-end 
collisions.  It can be seen from the number of collisions, in both the entire and reduced data set, 
that the One Second Brake Pulse Warning significantly (results of the Fisher Exact Probability 
test) reduced the number of collisions when compared to the No Warning condition.  This is an 
important finding because it provides some proof-of-concept for CASs at its most basic level, 
which is to decrease the number of collisions.  Although it must be pointed out that this result 
appears to be due to the braking intervention of the truck and not decreased brake response times 
from the participants, it does have a number of potentially important safety implications. 
 

However, it must be stated that there were some subjective comments that did not support 
the use of the One Second Brake Pulse Warning.  It was stated that this warning actually made a 
participant look at the instruments before looking at the roadway.  It was also stated that this 
warning was perceived as a problem with the truck.  It was noted in one case that one of the 
participants actually responded by further depressing the accelerator pedal.  It is speculated that 
this was an attempt to possibly solve a "problem" with the truck, e.g. blow a foreign object out of 
the fuel lines.  These responses indicate that truckers have ingrained “automatic” behaviors that 
must be carefully considered.  However, it is important to note that even if the warning does 
slightly slow the participant’s response, the warning does increase the time-to-collision overall 
by automatically starting the desired response by slowing the truck.  Clearly, if such a system 
were to be deployed, drivers would have to be before ever driving a vehicle with the system.  
The braking intervention results may also have important implications for Adaptive Cruise 
Control (ACC), since some of these systems use lower levels of deceleration in cases of high 
closer rates with a forward vehicle. 
 

It was also determined that through the use of both the Auditory - Tire Skid and the One 
Second Brake Pulse Warnings speed at collision can be reduced, as exhibited by the Speed at 
Collision measure in both data sets.  This reduction in speed directly results in a decrease of 
energy at collision.  Therefore, it can be seen that the amount of energy applied at the collision is 
drastically reduced by the use of either warning.  This has great implications for use in CASs for 
if a collision cannot be avoided, the next best thing is to reduce the energy applied at impact, 
which directly results in drastic reductions in the amount of damage incurred by the human body 
and inanimate objects.  The implications of these results could be very important.  As has been 
shown, systems with these or similar warnings could result in dramatic reductions in speed and 
force at collisions, therefore reducing damage done to vehicles and, more importantly, to humans 
in accidents. 
 

It was also determined that the Auditory - Tire Skid Warning aided the participants in 
reducing their reaction time as seen in the Movement Time measure for the entire data set, and in 
the Time to Full Brake Depression for the reduced data set.  It is speculated that this is a result of 
the warning increasing the perceived seriousness of the situation, and also conveying the 
message that since a warning was sounded it is possible to avoid a collision.  Thus, the 
participants attempted to respond as quickly as possible to try to stop the truck before a collision.  
There was no significant reduction in the number of collisions for the Auditory – Tire Skid 
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Warning condition as there was in the One Second Brake Pulse Warning condition.  It is 
believed that the TTC used in this experiment is too short for most humans to be able to react 
quickly enough to stop a heavy truck without assistance of some type. 
 

The results of the Accelerator Reaction time measures for both the Entire and Reduced 
data sets could be used in the activating algorithm for a CAS.  The approximate mean for 
Accelerator Reaction Time across the different warning conditions is 0.5 sec.  Previous research 
has not contained an obstacle with which a vehicle could collide.  These results could also 
indicate that the population used in this experiment is quite different from the ordinary 
population.  All of the participants had a valid Commercial Driver’s License, and some drove 
heavy trucks for a living.  Therefore, these drivers are more experienced with the driving task 
than the ordinary driver, and thus may be able to react faster to a event occurring during the 
driving task.  Some drivers may also have begun to react once the warning was perceived, before 
actually seeing the barrels. 
 

These results appear to properly represent emergency brake response to unexpected 
events in the real world.  None of the participants were anticipating a braking scenario, and a 
majority of the participants honestly tried to stop the truck before a collision occurred.  It can be 
concluded that a CAS that used either of these warnings would be successful in reducing both 
collisions and reducing the amount of damage incurred from collisions.  The Auditory - Tire 
Skid Warning generally would generate faster responses, while the One Second Brake Pulse 
Warning would result in fewer collisions and slower speeds at collision.  The mean reaction and 
movement times also seem to be valid and therefore could be used in the activating algorithm of 
an actual CAS. 
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FUTURE RESEARCH 

Implications for future research include deriving a way to measure and alter the degree to 
which each participant is mentally and visually distracted.  It would be interesting to see if the 
warnings have a different effect on participants who are slightly or totally distracted, mentally 
and visually. 
 

It would also be advantageous to conduct similar research in different weather conditions 
such as snow and ice to determine if the warnings caused a detrimental response.  Finally, it 
would be interesting to conduct similar research in a different handling situation such as during a 
sharp or gradual curve to again determine if the warnings elicit an undesired response. 
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APPENDIX A 

PRE-STUDY PROTOCOL 
 
At this time, I must present you with an informed consent form.  Please read it and then ask any 
questions that you have, and then sign it if you agree to participate in this study. 
 
Please show me your CDL. 
 
Please bear with me I will be reading from a script for a large portion of the time that we are 
together today to make sure that I state everything that is necessary, and to be sure that it is stated 
in the same manner to everyone who participates in this study. 
 
Today you will be evaluating different Collision Avoidance System (CAS) warnings that could 
be used in a front-to-rear-end CAS.  A CAS is a system that alerts a driver to a situation in which 
there is a probable collision situation.  An example would be hitting a slow-moving or stopped 
car in front of you.  A CAS typically will contain three subsystems-recognition, processing, and 
presentation-which recognize data involving potential collisions, process this data into a usable 
format for the driver, and present the data to the driver in a usable structure. 
 
Do you have any questions at this time? 
 
ANSWER ALL QUESTIONS 
 
The main purpose of a CAS is to warn the driver of a hazardous situation that needs the 
immediate attention of the driver in order to avoid a collision with another vehicle or object.  The 
system should also be able to quicken the emergency braking response of the driver to avoid a 
collision in some situations, by alerting a driver to a situation that he/she was potentially not 
alerted to.  A CAS is not intended to provide the driver with continuous information about traffic 
flow, causing the driver to constantly monitor the system.  It basically alerts the driver to an 
impending crash due to circumstances such as a sudden stop or sudden deceleration by a lead 
vehicle. 
 
Do you have any questions at this time? 
 
ANSWER ALL QUESTIONS 
 
This study is an attempt to match the attention-getting ability, speed of reaction, and 
understandability of different CAS warnings.  The warnings being tested are a physical warning 
(soft braking, which is a rapid braking pulse or a rapid pumping of the brakes, which occurs by 
adding additional air pressure to the front brakes) that you will experience, and six different 
auditory warnings.  These warnings may be used in a future study dealing with CAS warnings.  
Attention-getting ability is defined as how noticeable the warning is, combined with how 
important you feel that is for you to react to the warning.  The speed of reaction rating is the 
quickness with which you would respond to the warning in an emergency situation.  The 
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understandability rating is how well you comprehend the desired meaning of the warning of the 
emergency situation in the forward path.  Again, this is how much you believe that after sensing 
the warning, you would understand that an emergency response is in order.  In these situations, 
the desired response of the warning is its ability to direct the driver’s attention, when he/she is 
not looking at the road, towards the obstacle in his/her path as quickly as possible so that a 
collision can be avoided.  However, this warning cannot be designed so that it startles people, 
thus causing them to do something dangerous, for example, oversteering into oncoming traffic.  
The warning conditions that will be evaluated in this pre-study are two different auditory icons, a 
tire skid sound and a horn blast sound, and three different volumes at which these warnings are 
to be presented: 10, 15, and 20 dB above the ambient noise in the truck.  Again, the purpose of 
this study is to attempt to match the attention-getting ability, speed of reaction, and 
understandability of the physical warning to one of the auditory warnings.  This is being done 
because if the physical warning was a light slap in the face and the auditory warning was the 
sound of a jet plane, it would be obvious that the attention-getting ability of these warnings is not 
matched.  The jet plane sound would obviously get your attention faster.  This is what we are 
trying to avoid.  The auditory warnings are being matched to the physical warning because it is 
easier to change the warning conditions involved in auditory warnings (volume and type of 
warning sound) than the physical warning conditions (degree of braking). 
 
You will be given a copy of all that I have told you in a short while so that you can read through 
it on you own. 
 
Do you have any questions at this time? 
 
ANSWER ALL QUESTIONS 
 
This study will be divided into four portions; a short driving portion, a parked portion, another 
driving portion, and another parked portion.  During the driving portion, I will ask that you 
accelerate to a speed of 20 mph, and then look at this IVIS display. 
 
Point at IVIS display 
 
IVIS stands for in-vehicle information system, and in this case it will be displaying navigational 
displays. 
 
There will be a navigation screen displayed that could be used in a navigational system.  Your 
looking at the IVIS display will simulate a distracted driver.  Once you have reached and are 
maintaining 20 mph and are looking at the display, I will activate the “soft braking” mechanism 
and you will feel the physical warning.  As the warning is activated, I would like you to 
immediately look forward and envision that an obstacle has appeared in front of you, then tap the 
brakes as quickly as possible to simulate an emergency braking response.  Once we are finished 
with the physical warning portion, I will ask you to return the truck to where we started and park 
it, but keep it running.  At this time, I will present you with the questionnaire that you will use to 
rate the different auditory warnings when compared to the physical warning.  After you read the 
instructions, I will answer any questions that you have. 
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After I have answered all of your questions, I will begin the first auditory warning presentation 
portion of the study.  The first auditory portion will involve presentation of one of the auditory 
icons at the three different volume levels.  Prior to activating the different auditory warnings, I 
will ask that you envision yourself driving, and again look at the IVIS navigational display to 
simulate a distracted driver.  I will then activate an auditory warning and ask that you 
immediately look forward and act as if there is an obstacle in front of you after it goes off, then 
tap the brakes as quickly as possible.  This again is to simulate an actual CAS warning and 
emergency braking response.  I will then ask that you rate the auditory warning when compared 
to the physical warning using the questionnaire.  After you have rated the first three icons, I will 
ask you to repeat the driving portion of the study so that I can display the physical warning 
again.  This is being done so that you do not forget exactly how it felt.  We will then repeat the 
parked portion of the study, evaluating the other auditory icon. 
 
Also, the fan must be left on the 3rd setting so that the fan will be at the same speed for everyone 
and the auditory warnings will sound the same to everyone. 
 
Do you have any questions at this time? 
 
ANSWER ALL QUESTIONS  
 
At this time, please adjust the mirrors and seat so that you will be comfortable driving the truck.  
Also notice the IVIS (In Vehicle Information System). 
 
Point out seat adjustments, mirror adjustments, and IVIS display.  Activate IVIS display. 
 
Also note that you must double clutch to switch the gears. 
 
********************************************************** 
 
Now proceed along the forward path and notify me when you have reached a speed of exactly 20 
mph, and maintain that speed. 
 
After notification of speed attainment, state the following. 
 
Now please look at the IVIS display.  Look forward immediately after feeling the warning, and 
envision an obstacle in your front path.  Tap your brakes as fast as possible after looking forward 
to simulate an emergency response. 
 
Activate the “soft braking” mechanism by using garage door operator. 
 
Now please return the truck to where we started, and park it but keep it running.  Please increase 
the “Idle” so that the truck does not cut off. 
 
The “Idle” increase is located on the turn signal switch. 
 
SHOW THEM, IF NECESSARY, HOW TO SET IT.  
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Here is the questionnaire that you will be using to rate the different auditory warnings.  Please 
read it over for yourself, and ask any questions that you have as you identify them. 
 
ANSWER ALL QUESTIONS. 
 
Are you finished reading the questionnaire?  If yes, proceed; if not, wait until notified of 
completion. 
 
At this point, I will begin to administer the different auditory warnings.  Please look at the IVIS 
display and envision yourself driving down the road.  As the warning goes off, look forward and 
envision that an obstacle has appeared in your path, and also tap the brakes to simulate an 
emergency braking response. 
 
Activate the appropriate auditory warning. 
 
Do you have any questions? 
 
ANSWER ALL QUESTIONS. 
 
 
Repeat questionnaire portion until finished with the ICON. 
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APPENDIX B 

PRE-STUDY QUESTIONNAIRE 
Participant Number:___________ 

 
Collision Avoidance System – Explanation 
 
A collision avoidance system (CAS) is a system that alerts a driver to a situation in which there 
is a probable collision situation.  These systems use a combination of object detection sensors 
and existing electronic systems to determine if a collision is probable.  A CAS typically will 
contain three subsystems: recognition, processing, and presentation.  The activities of these 
subsystems include recognizing data involving potential collisions, processing this data into a 
usable format for the driver, and presenting the data to the driver in a usable structure. 
 
The main purpose of a CAS is to warn the driver of a hazardous situation that needs the 
immediate attention of the driver in order to avoid a collision with another vehicle or object.  The 
system should also be able to quicken the emergency braking response of the driver to avoid a 
collision.  The driver would also receive feedback from the system about situations that may 
become hazardous.  This knowledge should help the driver prevent similar occurrences in the 
future.  A CAS is not intended to provide the driver with continuous information about traffic 
flow, causing the driver to constantly monitor the system.  It basically alerts the driver to an error 
or other potential hazardous behavior, such as improperly directed attention, misjudgment, or 
drowsiness. 
 
Experiment Explanation 
 
This study is an attempt to match the attention-getting ability, speed of reaction, and 
understandability of different CAS warnings.  The warnings being tested are a physical warning 
(soft braking, which is a rapid braking pulse or a rapid pumping of the brakes, which occurs by 
adding additional air pressure to the front brakes) that you will experience, and six different 
auditory warnings.  These warnings may be used in a future study dealing with CAS warnings.  
Attention-getting ability is defined as how noticeable the warning is, combined with how 
important you feel that is for that you react to the warning.  The speed of reaction rating is the 
quickness with which you would respond to the warning in an emergency situation.  The 
understandability rating is how well you comprehend the desired meaning of the warning, of the 
emergency situation in the forward path.  Again, this is how much you believe that after sensing 
the warning you would understand that an emergency response is in order.  In these situations, 
the desired response of the warning is its ability to direct the driver’s attention, when he/she is 
not looking at the road, towards the obstacle in his/her path as quickly as possible so that a 
collision can be avoided.  However, this warning cannot be designed so that it startles people, 
thus causing them to do something dangerous (for example, oversteering into oncoming traffic).  
The warning conditions that will be evaluated in this pre-study are two different auditory icons, a 
tire skid sound and a horn blast sound, and three different volumes at which these warnings are 
to be presented: 10, 15 and 20 dB above the ambient noise in the truck.  Again, the purpose of 
this study is to attempt to match the attention-getting ability, speed of reaction, and 
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understandability of the physical warning to one of the auditory warnings.  This is being done 
because if the physical warning was a light slap in the face and the auditory warning was the 
sound of a jet plane, it would be obvious that the attention-getting ability of these warnings is not 
matched.  The jet plane sound would obviously get your attention faster.  This is what we are 
trying to avoid.  The auditory warnings are being matched to the physical warning because it is 
easier to change the warning conditions involved in auditory warnings (volume and type of 
warning sound) than the physical warning conditions (degree of braking). 
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In comparing the auditory warnings to the physical warning, for the auditory warning, 
please circle the number on the rating scales below that most closely matches the physical 
warning (soft braking). 
 
1.) 
Warning level _____________ 

←→ 

1 2 3 4 5 6 7 
less            same   greater 
attention-getting    attention-getting 
ability for     ability for 
auditory     auditory 
warning     warning 
 
 

←→ 
1 2 3 4 5 6 7 
slower            same   faster 
reaction     reaction 
to auditory     to auditory 
warning     warning 
 
 

←→ 

1 2 3 4 5 6 7 
less             same   greater 
understanding     understanding 
of auditory     of auditory 
warning’s meaning    warning’s meaning 
 
 
2.) 
Warning level _____________ 
 

←→ 

1 2 3 4 5 6 7 
less            same   greater 
attention-getting    attention-getting 
ability for     ability for 
auditory     auditory 
warning     warning 
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←→ 

1 2 3 4 5 6 7 
slower            same   faster 
reaction     reaction 
to auditory     to auditory 
warning     warning 
 
 

←→ 

1 2 3 4 5 6 7 
less             same   greater 
understanding     understanding 
of auditory     of auditory 
warning’s meaning    warning’s meaning 
 
 
3.) 
Warning level _____________ 
 

←→ 

1 2 3 4 5 6 7 
less            same   greater 
attention-getting    attention-getting 
ability for     ability for 
auditory     auditory 
warning     warning 
 
 

←→ 
1 2 3 4 5 6 7 
slower            same   faster 
reaction     reaction 
to auditory     to auditory 
warning     warning 
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←→ 

1 2 3 4 5 6 7 
less             same   greater 
understanding     understanding 
of auditory     of auditory 
warning’s meaning    warning’s meaning 
 
 
4.) 
Warning level _____________ 
 

←→ 
1 2 3 4 5 6 7 
less            same   greater 
attention-getting    attention-getting 
ability for     ability for 
auditory     auditory 
warning     warning 
 
 

←→ 

1 2 3 4 5 6 7 
slower            same   faster 
reaction     reaction 
to auditory     to auditory 
warning     warning 
 
 

←→ 
1 2 3 4 5 6 7 
less             same   greater 
understanding     understanding 
of auditory     of auditory 
warning’s meaning    warning’s meaning 
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5.) 
Warning level _____________ 
 

←→ 

1 2 3 4 5 6 7 
less            same   greater 
attention-getting    attention-getting 
ability for     ability for 
auditory     auditory 
warning     warning 
 
 

←→ 

1 2 3 4 5 6 7 
slower            same   faster 
reaction     reaction 
to auditory     to auditory 
warning     warning 
 
 

←→ 

1 2 3 4 5 6 7 
less             same   greater 
understanding     understanding 
of auditory     of auditory 
warning’s meaning    warning’s meaning 
 
 
6.) 
Warning level _____________ 
 

←→ 

1 2 3 4 5 6 7 
less            same   greater 
attention-getting    attention-getting 
ability for     ability for 
auditory     auditory 
warning     warning 
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←→ 

1 2 3 4 5 6 7 
slower            same   faster 
reaction     reaction 
to auditory     to auditory 
warning     warning 
 
 

←→ 

1 2 3 4 5 6 7 
less             same   greater 
understanding     understanding 
of auditory     of auditory 
warning’s meaning    warning’s meaning 
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APPENDIX C 

VIRGINIA POLYTECHNIC INSTITUTE AND STATE UNIVERSITY 
DEPARTMENT OF INDUSTRIAL AND SYSTEMS ENGINEERING (ISE) 

 
Informed Consent for Participants of Investigative Projects 

 
Title of Project:  Rating of different auditory Collision Avoidance System warnings 

compared to a physical warning, “Soft Braking” 
 
Principal Investigators: Dr. T.A. Dingus, Professor, ISE; 

Director of the Center for Transportation Research 
John Shutko, Graduate Student, ISE 

 
Faculty Advisor:   Dr. T.A. Dingus, Professor, ISE; 

Director of the Center for Transportation Research 
 
I.  Purpose of this research 
 

You are invited to participate in an experiment designed to assess different warnings that 
may be used in collision avoidance systems (CAS).  A CAS is a system that is designed to warn 
drivers when a potentially hazardous situation could possibly occur.  An example of a hazardous 
situation would be when a driver is distracted (not looking at the forward roadway) and a driver 
in front of him/her slams on his/her brakes.  Therefore different alarms need to be evaluated to 
determine which would be best implemented in a CAS.  An important aspect of different types of 
alarms is their “attention-getting ability.”  Attention-getting ability is defined as how important 
you feel that it is for you to react to the warning, and also how urgently you believe that you 
must react.  The purpose of this study is to match the attention-getting ability of different 
auditory alarms to a physical alarm.   To participate, you must possess a valid class A or class B 
commercial motor vehicle driver's license. 
 
II.  Procedures 
 
 The procedures to be used in this experiment are as follows.  If you wish to participate in 
this study after you have read and signed this form, you will be asked to present a valid class A 
or class B commercial motor vehicle driver’s license. 
 After you have presented a valid class A or class B commercial motor vehicle driver’s 
license and filled out the medical screening form, you will be escorted to the truck that will be 
used in this study.  You will be given as much time as you need to familiarize yourself with the 
truck and its controls and displays.  When you are comfortable with the truck and confident that 
you can operate it in a safe manner, the experiment will begin.  The experimenter will 
accompany you during the drive to introduce the physical alarm. 
 
 You will be asked to drive the truck and attain a speed of 20 mph.  At this time, you will 
be asked to look at a display mounted on the dashboard for a brief second, and the experimenter 
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riding with you will activate the physical alarm.  After introduction to the physical alarm, you 
will be asked to return to the parking lot and park the truck.  At this time, you will be introduced 
to six different auditory alarms and asked to rate each, on a questionnaire, as compared to the 
physical alarm. 
 
III.  Risks  
 
 The experiment described here is believed not to pose any more than minimal risk to your 
health and well being.  The only risks associated with this experiment will be those encountered 
during the handling portion.  The vehicle will only be traveling at 20 mph, thus minimizing the 
risks.  If at any time you or the experimenter believe that continuing the session will endanger 
you or the equipment, the testing will be stopped. 
 
IV.  Benefits of this Project 
 
 Your participation in this study will provide useful information in designing collision 
avoidance systems.  
 No guarantee of benefits is made to encourage you to participate in this experiment.  If 
you are interested in the results of this study, you may receive a summary when the research is 
completed.  Please let the experimenter know if you would like a copy of these results. 
 
V.  Extent of Anonymity and Confidentiality 
 
 The results of this experiment will be kept strictly confidential.  The results will not be 
released to anyone other than the individuals working on this research, without your written 
approval. 
 
VI.  Freedom to Withdraw 
 
 You are free to withdraw at any time during the experiment.  There may be circumstances 
under which the investigator may determine that you should not continue as a participant in this 
study.  These include, but are not limited to, unforeseen health problems and unforeseen danger 
to the participant, experimenter, and equipment. 
 
VII.  Approval of Research 
 
This research has been approved, as required, by the Institutional Review Board for Research 
Involving Human Subjects at Virginia Polytechnic Institute and State University and by the 
Department of Industrial and Systems Engineering. 
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VIII.  Participant's Responsibility  
 

I voluntarily agree to participate in this study.  I have the following responsibilities: 
•To notify the experimenter at any time about a desire to discontinue my 
participation. 

 •To operate the vehicle used in this experiment in a safe and responsible manner. 
 
IX.  Participant's Permission 
 
 I have read and understand the Informed Consent and conditions of this project.  I have 
had all my questions answered.  I hereby acknowledge the above and give my voluntary consent 
for participation in this project. 
 
 If I participate, I may withdraw at any time without penalty.  I agree to abide by the rules 
of the project. 
 
 
Signature _______________________________ 
 
Printed Name _______________________________ 
 
Date  _______________________________ 
 
 
 Should I have any questions about this research or its conduct, I may contact: 
 
Primary Investigator:   John Shutko   (540) 951 - 5336 
 
Faculty Advisor:   Dr. Thomas A. Dingus (540) 231 - 8831 
 
In addition, if you have detailed questions regarding your rights as a participant in University 
research, you may contact the following individual: 
 
 Mr. Tom Hurd 
 Director of Sponsored Programs 
 301 Burruss Hall 
 Blacksburg, VA 24060 
 (540) 231 - 9359 
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APPENDIX D 

TIRE SKID ICON SELECTION STUDY 
The two auditory icons being used, tire skid and horn blast, were originally obtained through the 
Auditory Systems Laboratory, at VA Tech.  Both of the icons were used in a study conducted by 
Winters (1997).  Upon obtaining the icons, it was thought that the tire skid icon, “for_icon.wav,” 
did not properly represent the sound of “tires skidding.”  Therefore, another icon was searched 
for that “sounded” more similar to actual tires skidding.  A tire skid icon was found on the 
Internet at: 
http://metalab.unc.edu/pub/multimedia/sun-sounds/sound_effects/ 
The amplitude of the icon “tire skids.au” was matched to that of the “for_icon” so that subjective 
evaluations could be made, with each icon at the same amplitude.  The software program “Cool 
Edit” was used to adjust the amplitude of the “tire skids.au” icon to match the amplitude of the 
“for_icon.wav” icon.  The average RMS power indicator in the “Cool Edit” software was used to 
determine when the amplitudes were equalized.  The “tire skids.au” icon was then saved at this 
level. 
 
Ten randomly selected participants were used to determine which of the two icons sounded more 
like actual tires skidding.  Each participant listened to both of the icons, in random order.  Each 
participant was given the option of having either or both of the icons repeated before stating 
which sounded more lifelike. The participants were then asked which sounded more like “actual 
tires skidding.”  The results of this subjective rating indicated that the “tire skids.au” icon 
discovered on the Internet sounded more lifelike when compared to the other icon.  The 10 
participants all stated that this iconsounded“better.”  Therefore, the “tire skids.au” icon was used 
in the Pre-Study. 
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APPENDIX E 

 
MEDICAL SCREENING 

 
Investigation of IVIS (In-vehicle Information System) Displays and other Technologies 

in a Commercial Motor Vehicle Setting 
 

PARTICIPANT NUMBER:   
 
1.  Are you in good general health?   YES   NO 
 
If no, please list any health-related conditions your are experiencing or have experienced in the 
recent past. 
 
 
 
 
 
 
 
2.  Have you, in the last 24 hours, experienced any of the following conditions? 
 

Inadequate sleep    YES   NO 
Hangover     YES   NO 
Headache     YES   NO 
Cold symptoms    YES   NO 

 
3.  Please list any prescription or non-prescription drugs you are currently taking or have taken in 
the last 24 hours. 
 
 
 
 
 
4.  List the approximate amount of alcohol (beer, wine, fortified wine, or liquor) you have 
consumed in the last 24 hours. 
 
 
 
 
 
5.  Are you taking any drugs of any kind other than those listed above? 
 
        YES   NO 
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6.  If you are female, are you pregnant?   YES   NO 
 
 
7.  Have you ever had whiplash?    YES   NO 
 
 
8.  Have you ever suffered a concussion?   YES   NO 
 
 
9.  If so, how many and how did they happen? 
 
 
 
 
 
 
 

Signature       Date 
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APPENDIX F 

EXPERIMENTAL PROTOCOL 
 

Please show me your CDL 
 
Answer all questions, check to see if informed consent and medical screening were signed. 
 
Please bear with me.  I will be reading from a script for a large portion of the time that we are 
together today to make sure that I state everything that is necessary, and to be sure that it is stated 
in the same manner to everyone who participates in this study. 
 
Today you will be evaluating different types of in-vehicular information system navigational 
displays.  A number of different information “screens” will be displayed, and you will be asked 
to perform a task using the information displayed on the different screens.  Each navigational 
task will involve you listening to different instructions, which I will read aloud, and then looking 
at the display and attempting to figure out the “solution.”  Examples of the tasks would be to 
determine the quickest route between two points, and the cheapest route between two points – by 
figuring the amounts of different tolls, and the total time it will take-by using the scale and the 
mph given, or using the words given.  For the purposes of this evaluation, we ask that you try to 
gather as much information as needed to state your answer with just one glance.  So try to look 
only once at the display.  When I turn off the screen is when you need to state your answer. 
 
We will go over a few practice tasks so that you become comfortable with performing the tasks 
and then you will do several tasks where performance data will be collected. 
 
Any questions? 
 
In order to evaluate the different types of displays, your driving and task performances will be 
measured while performing each of these tasks.  But please remember that we are evaluating the 
simulated navigational systems and not your performance.  If any difficulties are encountered, 
you must remember that this signifies a problem with the system and not your performance.  
This measurement process will be carried out using on-board sensors, equipment, and cameras.  
The only task performance measure to be recorded will be the correctness of your choice. 
 
We will be driving on a closed course today.  You will perform the navigational tasks only in the 
areas that are outlined by cones and barrels.  The barrels signify the point where you are to begin 
the given task by looking at the display.  It is imperative that you do not start looking at the 
display until you get to the barrels and that you do not wait until you passed them before looking 
at the display.  In order for our data collection process to work correctly, you must look down at 
the exact instant that the front of the truck reaches the barrels.  Again, try to get all of the 
necessary information in one glance. 
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The cones are being used for data collection purposes.  As part of the performance data, I will be 
counting the number of cones and barrels struck.  Therefore, try to avoid hitting the cones and 
barrels. 
 
Please try to maintain a speed of 20 mph when performing the tasks.  This speed is necessary for 
our data collection equipment.  Many people have a problem maintaining speed while 
performing navigational tasks, so please try extra hard to maintain a constant speed of 20 mph by 
maintaining constant pressure on the accelerator pedal when performing the tasks. 
 
As you can see, there is a left turn that you will have to make after each task is performed.  In 
order to make sure that you can maintain 20 mph and also safely make the turn, I will turn off the 
screen prior to the point where you need to start to slow down to make the left turn.  Once I have 
turned the screen off, you need to state your answer to me.  You will not be able to restate your 
answer, so please try to gather as much information in the period from the barrels to when you 
start the left turn.  Again, your speed of completion is not a consideration, just the correctness of 
the response and your navigation through the cones. 
 
We will also be evaluating different Collision Avoidance System warnings.  These systems warn 
drivers when there is a potentially hazardous situation in their forward path.  A hazardous 
situation could be a stopped or decelerating vehicle in their forward path.  CASs are designed to 
primarily warn distracted drivers of events of which they are not aware. 
 
I will, at different times, display different CAS warnings for you.  These warnings will be 
auditory sounds and physical warnings.  The auditory warnings will be different auditory icons - 
sounds that sound similar to a real world event and are supposed to elicit a similar response from 
you.  For example, a “tire skid” sound may make you think that a vehicle in front of you has 
slammed on its brakes, therefore you should also look forward.  One physical warning will be 
“soft braking,” which is a pumping of the brakes.  This, again, could signify that there is an 
obstacle that is impeding your vehicle’s progress.  As you are being introduced to the different 
warnings, please envision that an obstacle has appeared in front of you. 
 
After we complete the practice tasks, I will ask that you practice rating two of the different CAS 
warnings.  I will verbally state a few questions and ask you to state what you think.  We will rate 
others after the experiment begins. 
 
Now we are ready to begin the experiment.  Please adjust the seat, and steering wheel if 
necessary so that you are comfortable.  Prior to beginning the practice tasks, I will ask that you 
drive around a short loop for a brief period so that you can become comfortable driving the truck. 
 
If you have problems switching the gears, you can start off in fifth gear and leave it in that gear 
for the entire experiment.   
 
Once you are comfortable, we will perform three practice tasks.  At this point, I will ask you to 
slow the truck down so that I can enable the alarm equipment, and then I will ask you to rate two 
different CAS alarms. 
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I will then ask that you stop the truck.  I will start the data collection equipment and we will 
begin the experiment.  Again please remember to maintain a speed of 20 mph when performing 
the tasks, and concentrate on maintaining that speed when performing the tasks.  Again most 
people find it hard not to slow down when performing navigational tasks, but please try to, and 
remember we are on a closed track, and that I will turn off the screen before you need to begin 
slowing to make the turn. 
 
 

Direct them around the practice loop, cutting down the middle of pit area 
until comfortable. 
 
Direct them through practice tasks.  Go through the non-trailer once and 
then the trailer once and back to the non-trailer again. 
 
Introduce the different alarms and have them rate them. 
 
Stop the truck near the entrance ramp. 
 
Activate the data collection computer. 
 
 
Remember to try to maintain 20 mph, a lot of people have a hard time doing this when they are 
performing navigational tasks, but please try, try to get all of the information in one glance, and 
that I will turn off the screen before you need to slow down to make the turn, and to state you 
answer after I turn the screen off. 

 



 86 

APPENDIX G 

PILOT STUDY RESULTS 

Pilot studies were conducted in order to determine if all of the prescribed parameters of the 
experiment elicit the desired responses and to be sure that the equipment is functioning properly.  
The procedures for the pilot study are identical to those of the actual experiment and are 
discussed in the Experimental Methodology section of the document.  Below is a discussion of 
the parameters that were tested during the pilot studies. 

TTC 

A 2.1-sec short TTC was tested to determine if it produced the desired results.  It was desired 
that the 2.1-sec TTC would produce reactions that occur when there is an impending collision.  
Therefore, it was desired that a majority of the drivers participating in this TTC condition, 
including all of the non-warning condition participants, would collide with the obstacle.  
However, it was also desired that approximately one-half of the drivers in the one second Brake 
Pulse condition would be able to avoid the barrels. 

TTC Results 

It was concluded that a designed TTC of 1.5 seconds would be appropriate for the study.  This 
was determined by the fact that all of the No Warning participants hit the barrels at this distance, 
and that it was possible for the barrels to be avoided in the “One Second Brake Pulse Warning” 
group. 

Distraction Task 

The IVIS route selection distraction task was also tested during the pilot studies.  The distraction 
task is designed to divert the driver’s attention away from the roadway prior to the release of the 
obstacles.  If it was found that the task did not divert the driver’s attention long enough, so that 
he/she is not looking at the roadway when the barrels are rolled out, the task was to be modified.  
The modification will involve lengthening the task, thus increasing the time during which the 
driver’s attention is diverted from the roadway.  It is also desired that during the two warning 
conditions, the participants do not look at the roadway until the given warning is activated. 

Distraction Task Results 

It was concluded that the original distraction task, which was a graphical format, did not divert 
the driver’s attention for a long enough period of time.  The distraction task was changed to a 
paragraph form task.  This task was designed and used by (1999) in an IVIS study.  In that study, 
it was determined that “paragraph” formatted tasks were the hardest for participants to perform.  
The practice task and distraction task layout was also modified.  Originally the participants were 
given similar sample and actual distraction tasks.  It was found, however, that some of the 
participants were not looking down long enough at the display as the barrels were to be rolled 
out.  Therefore, all the tasks were designed to be completely different.  The actual distraction 
task was changed to a paragraph form presentation that is very complex. 
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Starting Point 

The starting point for the distraction task was also tested.  This parameter needed to be tested to 
insure that the drivers are distracted before the barrels are released, and that they continue to be 
distracted as the barrels appear.  If the distraction task is started too early, the driver may glance 
towards the roadway prior to activation of the given alarm.  If the distraction task is started too 
late, the driver may see the barrels as they are released.  It was assumed that if the distraction 
task is begun 0.5 sec before the barrels are released, the driver will be distracted as the barrels are 
released up to the point when the alarm is activated. 

Starting point results 

It was concluded that beginning the distraction task 0.5 sec before the barrels were to appear was 
not long enough.  Some of the participants started looking down late and actually saw the barrels 
when they first rolled out.  Therefore, the time before the barrels appeared was lengthened to 
approximately 0.7 sec. 

Alarm Delay 

Initially, there was only a 300-ms delay from the trip of the activating sensor to the activation of 
the auditory alarm or the point when the barrels were supposed to become visible.  This was 
taken from Winters’ (1997) study and was supposed to allow the barrels to become visible before 
the alarm sounded.  It was also stated that the One Second Brake Pulse Warning took a fraction 
of a second to gain enough air to be able to engage the braking system.  It was believed that it 
would take approximately 300 ms for the brakes to pump up and begin the soft braking.  
Through the pilot studies, it was found that the actual time from activation of the sensor to when 
the barrels appeared was 1.2 sec.  This was determined by using the video data and taking an 
average of the appearance times.  Therefore, the distance used from the sensor to the barrels had 
to be adjusted (by lengthening it) to take into account the time needed for the barrels to become 
visible.  The delay for the auditory alarm also had to be adjusted from 300 ms to 1200 ms to take 
into account the actual delay.  It was also noticed in the pilot studies that the One Second Brake 
Pulse Warning did not begin at the specified time of 300 ms. 
 
In order to determine exactly how much delay there is from when the soft braking mechanism is 
activated to the point that the truck actually starts to decelerate, tests were run with the truck 
traveling at 20 mph, and the one second Brake Pulse system was engaged.  The accelerator pedal 
was held in constant position as the system activated the brakes.  Four different tests were 
recorded, and an average was calculated.  The point from which the system was triggered to the 
point where the truck began to decelerate, through to the point where the truck retained a speed 
of 20 mph, was graphed.  It was shown in the graph that there is an actual 0.77-sec delay before 
the truck begins to decelerate (Figure 21).  Therefore, an additional delay of 0.43 sec was added 
to make the total delay 1.2 sec.  Accordingly, the distance from the sensor to the barrels was 
again adjusted. 
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Figure 21.  Graph of deceleration when one second brake pulse warning is engaged. 
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Location of the Trailer 

The location of the trailer, and therefore the location of the sensor and the barrel release 
mechanism, was moved from where it initially was placed.  Originally the equipment was 
located near one of the four corners of the track.  It seemed as if the participants were slowing 
down when performing the task and looking up early to make sure that the turn could be 
negotiated, so the equipment was moved away from the turn by approximately 90 ft.  This 
allowed the participants to concentrate on the navigational task and not worry about having to 
negotiate the turn while performing the task. 
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APPENDIX H 

VIRGINIA POLYTECHNIC INSTITUTE AND STATE UNIVERSITY  
DEPARTMENT OF INDUSTRIAL AND SYSTEMS ENGINEERING (ISE)  

 
Informed Consent for Participants of Investigative Projects 

 
Title of Project:  Investigation of IVIS (In-vehicle Information System) Displays 

and other Technologies in a Commercial Motor Vehicle setting 
 
Principal Investigators: Dr. T.A. Dingus, Professor, ISE; Director of the University Center 

for Transportation Research 
John Shutko, Graduate Student, ISE 

 
Faculty Advisor:  Dr. T.A. Dingus, Professor, ISE; Director of the University Center 

for Transportation Research 
 
I.  Purpose of this research 
 

You are invited to participate in an experiment designed to assess navigation and 
handling in an Intelligent Transportation environment.  An Intelligent Transportation 
environment is one in which systems in the vehicle actually provide the driver with support not 
found in conventional vehicles.  This could be in the form of navigational systems, warnings or 
alerts, emergency communications, or systems that one day will actually drive the vehicle itself.  
The information collected here will be analyzed and potentially used in Intelligent Transportation 
Systems.  To participate, you must possess a valid class A or class B commercial motor vehicle 
driver's license.  If you choose to participate, you will be one of approximately 90 participants in 
this study. 
 
II.  Procedures 
 
 The procedures to be used in this experiment are as follows.  If you wish to participate in 
this study after you have read and signed this form, you will be asked to present a valid class A 
or class B commercial motor vehicle driver’s license, and fill out a medical screening form. 
 
 After you have presented a valid class A or class B commercial motor vehicle driver’s 
license and filled out the medical screening form, you will be escorted to the truck that will be 
used in this study.  You will be given as much time as you need to familiarize yourself with the 
truck and its controls and displays.  You will also be given the opportunity to drive the truck 
around the test area to familiarize yourself with the handling characteristics of the vehicle.  When 
you are comfortable with the truck and confident that you can operate it in a safe manner, the 
actual experiment will begin.  The experimenter will accompany you during the drive to instruct 
you in the navigational task and record your response.  You will be asked to perform different 
navigational tasks using the IVIS (In-Vehicle Information System) display. 
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 You will be directed to the start area of a short handling course.  This course is arranged 
with traffic cones.  There will be no other vehicles or pedestrians on or near the closed course.  
At this point, a set of three in-vehicle cameras will be activated.  One of the cameras will be 
directed out the front of the car, one at your feet and one at your eyes.  The video tapes used 
during this portion of the experiment will analyze your responses and the vehicle’s responses 
during the handling portion of the experiment.  To properly analyze the data, you will not be 
permitted to wear sunglasses during this portion of the experiment.  (All of the video tapes used 
during this experiment will be stored in a secured area and will be erased after the data is 
collected from them.)  You will be instructed to maintain a speed of 20 mph while maneuvering 
the course.  During your drive through the handling course, you will be asked to perform the 
navigational tasks. 
 
 Following the handling portion of the experiment, you will be directed back to the 
beginning area of the experiment.  Upon returning, you will be asked questions pertaining to the 
experiment and your opinions of the experiment.  You will then be paid for your participation.  
The entire session is expected to last between one-half hour and one hour. 
 
III.  Risks  
 
 The experiment described here is believed not to pose any more than minimal risk to your 
health and well being.  The only risks associated with this experiment will be those encountered 
during the handling portion.  The vehicle will only be traveling at 20 mph, thus minimizing the 
risks.  If at any time you or the experimenter believe that continuing the session will endanger 
you or the equipment, the testing will be stopped. 
 
IV.  Benefits of this Project 
 
 Your participation in this study will provide useful information in designing navigational 
systems for Intelligent Transportation Systems. 
 
 No guarantee of benefits is made to encourage you to participate in this experiment.  If 
you are interested in the results of this study, you may receive a summary when the research is 
completed.  Please let the experimenter know if you would like a copy of these results.  You are 
requested not to speak with anyone about this study for six months so that other potential 
participants are not biased. 
 
V.  Extent of Anonymity and Confidentiality 
 
 The results of this experiment will be kept strictly confidential.  The results will not be 
released to anyone other than the individuals working on this research without your written 
permission.  The information you provide will have your name removed and only a participant 
number will identify you during subsequent analyses and any written reports resulting from this 
research.  The video tapes that are used during the handling portion of the research will be kept 
in a secure area and erased once all the necessary data have been collected. 
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VI.  Compensation 
 
 At the end of your participation in this session, you will receive monetary compensation 
for your participation.  This will be in the form of $15/hour.  You will also be able to request a 
copy of the results of this study.  If you desire, a copy of the results will be mailed to you once 
the study is completed. 
 
VII.  Freedom to Withdraw  
 
 You are free to withdraw at any time during the experiment without penalty.  There may 
be circumstances under which the investigator may determine that you should not continue as a 
participant in this study.  These include, but are not limited to, unforeseen health problems and 
unforeseen danger to the participant, experimenter, and equipment. 
 
VIII.  Approval of Research 
 
This research has been approved, as required, by the Institutional Review Board for Research 
Involving Human Subjects at Virginia Polytechnic Institute and State University and by the 
Department of Industrial and Systems Engineering. 
 
IX.  Participant's Responsibility 
 
 I voluntarily agree to participate in this study.  I have the following responsibilities: 

• To notify the experimenter at any time about a desire to discontinue my participation. 
 • To operate the vehicle used in this experiment in a safe and responsible manner. 
 • To perform the navigational task to the best of my ability. 
 
X.  Participant's Permission 
 
 I have read and understand the Informed Consent and conditions of this project.  I have 
had all my questions answered.  I hereby acknowledge the above and give my voluntary consent 
for participation in this project. 
 If I participate, I may withdraw at any time without penalty.  I agree to abide by the rules 
of the project. 
 
Signature _______________________________ 
 
Printed Name _______________________________ 
 
Date  _______________________________ 
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Should I have any questions about this research or its conduct, I may contact: 
 
Primary Investigator:   John Shutko   (540) 951 - 5336 
 
Faculty Advisor:   Dr. Thomas A. Dingus (540) 231 - 8831 
 
 
 In addition, if you have detailed questions regarding your rights as a participant in 
University research, you may contact the following individual: 
 
 Mr. Tom Hurd 
 Director of Sponsored Programs 
 301 Burruss Hall 
 Blacksburg, VA 24060 
 (540) 231 - 9359 
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APPENDIX I 

 
VIRGINIA POLYTECHNIC INSTITUTE AND STATE UNIVERSITY 

DEPARTMENT OF INDUSTRIAL AND SYSTEMS ENGINEERING (ISE)  
 

Debriefing Form for Participants of Investigative Projects 
 
Title of Project:  An Investigation of Brake Response Times of Distracted Commercial Motor Vehicle 

Drivers 
 
Principal Investigators: Dr. T.A. Dingus, Professor, ISE; Director of the University 

Center for Transportation Research 
John Shutko, Graduate Student, ISE 

 
Faculty Advisor: Dr. T.A. Dingus, Professor, ISE; Director of the University Center for Transportation 

Research 
 
 
I.   Purpose of the Research 
 

The goal of this study is to determine the brake response time (BRT) of distracted commercial motor 
vehicle drivers to an unexpected event.  Your response to the traffic barrel was recorded to achieve this goal.  Your 
BRT will be calculated from brake position measurements at and after the point where the barrel was visible to you.  
Brake response time data will be compared with three different conditions: (1) no warning, (2) auditory warning, 
and (3) One Second Brake Pulse Warning (soft braking or automatic partial braking).  There have been many studies 
investigating BRT on drivers alerted to the braking stimulus, and many have been performed on drivers who were 
not expecting a braking scenario.  There have, however, been very few studies that have investigated BRTs of 
distracted drivers to an unexpected event.  This study is being conducted in order to address the area of BRTs of 
distracted drivers.  This study used an actual truck and a real obstacle to increase the validity of the study. 

The results from this study may be able to be used in the design of front-to-rear-end Collision Avoidance 
Systems (CASs).  CASs are systems that are used to warn a driver of an impending collision.  The algorithm that is 
used to initiate a CAS is somewhat dependent on a driver’s BRT.  A CAS must be activated at the correct time to 
avoid a collision.  If the system is activated too early, the driver will eventually ignore the warning, and if it is too 
late, a collision will definitely occur.  The potential benefits of a CAS are based on warning a driver when there is 
the chance of a possible collision.  This will be of benefit mostly to drivers whose attention is directed away from 
the roadway; otherwise, he/she would see the scenario and react before it became dangerous.  Thus, if a CAS has the 
potential to decrease the number of collisions involving a distracted driver, then the BRTs of distracted drivers 
should be used in the activating algorithm.  There were also two times to collision used.  This was done to determine 
if different distances to the obstacle had an effect on your braking response.  You were randomly assigned to one of 
the three conditions. 
 
II.   Procedures 
 
 The first portion of the in-truck testing involved a navigation task.  During this task, different warning icons 
were presented to you.  This was done so that you could be introduced to the appropriate warnings without 
concentrating on a warning scenario. 
 
 The handling portion of the testing in the closed course concerned brake response times.  You were not 
notified that there would be barrels appearing in front of you due to the fact that expectancy has been shown to 
reduce brake response times.  You were also distracted by the cellular phone task as the barrel was presented in an 
unexpected manner so that the data collected would be representative of a distracted driver in a real-life situation.  
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 The location for the brake response time measurement was selected to prevent any outside interference.  
This presentation was monitored by a second experimenter who had the ability to prevent the presentation of the 
barrel if there was reason to doubt your safety, the experimenter’s safety, or the safety of the equipment.  Soon after 
you began the handling course, the truck activated a sensor controlling the presentation of the barrel.  The 
presentation mechanisms are designed to prevent the presentation of the barrel if the speed of the truck is greater 
than 25 mph. 
 
III.   Risks 
 

Your participation in this study exposed you to some limited risks.  In order to keep the appearance of the 
barrels unexpected, the first informed consent form only listed those risks dealing with the handling portion of the 
study.  The risks involved in the brake response time portion of this measurement portion of the experiment were: 
 
1.  The risk of collision with the barrel.  (This risk has minimal potential for injury or damage to the vehicle.) 
 
2.  The risk of vehicle rollover or collision with another object due to your response to the appearance of the barrel.  
(This risk was minimized due to the low speeds at which you were traveling and the fact that there were no other 
obstacles on the course.) 
 
3.  The risk of driver stress due to a high-stress event, such as the unexpected presentation of the traffic barrel. 
 
The following precautions were taken to minimize your risk for participating in this experiment: 
 
1.  All data collection equipment for this portion of the experiment was installed in a way that would not interfere 
with your performance. 
 
2.  The presented object was selected so as not to damage the vehicle and to be of low psychological and emotional 
value. 
 
3.  The BRT measuring area was monitored by a second experimenter to ensure the safety of the equipment. 
 
4.  The barrel presentation equipment was designed not to eject the barrel if your speed was greater than 25 mph. 
 
5.  Both the in-vehicle experimenter and the experimenter at the handling course had the ability to prevent the 
presentation of the barrel if there was any reason to doubt your safety, their safety, or the safety of the equipment. 
 
6.  The experiment was not run during hazardous road conditions, including wet or icy conditions. 
 
IV.  Benefits of this Project 
 

Your participation in this study has given data that will be used to determine BRTs of distracted 
commercial motor vehicle drivers.  This information will be used in the design of collision avoidance systems on 
commercial vehicles.  This data will help determine when warning alarms of an oncoming obstacle should be 
engaged. 
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V.  Extent of Anonymity and Confidentiality  
 

The results of this experiment will be kept strictly confidential.  The results will not be released to anyone 
other than the individuals working on this research without your written permission.  The information you provide 
will have your name removed and only a participant number will identify you during subsequent analyses and any 
written reports resulting from this research.  The video tapes that are used during the handling portion of the 
research will be kept in a secure area and will be erased once all the necessary data has been collected. 
 
VI.  Compensation 
 
 At the end of your participation in this session, you will receive monetary compensation for your 
participation.  This will be in the form of 15$/hour.  You will also be able to request a copy of the results of this 
study.  If you desire, a copy of the results will be mailed to you once the study is completed. 
 
 
 
VII.  Freedom to Withdraw 
 

You are free to withdraw at any time during the experiment without penalty.  There may be circumstances 
under which the investigator may determine that you should not continue as a participant in this study.  These 
include, but are not limited to, unforeseen health problems and unforeseen danger to the participant, experimenter, 
and equipment. 
 
VIII.  Approval of Research 
 

This research has been approved, as required, by the Institutional Review Board for Research Involving 
Human Subjects at Virginia Polytechnic Institute and State University and by the Department of Industrial 
Engineering. 
 
IX.  Participant's Responsibilities 
 
I voluntarily accept the following responsibilities: 
 
�Not to tell anyone about the emergency brake response time portion of the testing for the next six months. 
 
�To inform the experimenter now if I have any concerns or questions about this study. 
 
 
_____________________________ 
 
Signature of Participant 
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APPENDIX J 

 
POST-EXPERIMENT QUESTIONNAIRE 

Participant Number__________________  Warning Condition ____________ 
 
Please circle the number that most closely matches your feelings towards the question, or NA if 

not applicable. 

1.) How did the warning that you received rate as a collision avoidance warning? 

  ←→  NA 

1 2 3 4 5 6 7 
  poor      excellent 
 
2.) How did the warning that you received rate in eliciting the proper braking response? 

←→  NA 
1 2 3 4 5 6 7 

  poor      excellent 
 
3.) How would you change the warning you received in order to make it more appropriate as 

a collision avoidance warning, and/or to make it elicit a quicker braking response?  If you 
did not receive a warning, please comment on what you believe would be an appropriate 
warning. 

______________________________________________________________________________
______________________________________________________________________________
______________________________________________________________________________
______________________________________________________________________________
______________________________________________________________________________
__________________________________________ 
 
4.) Please rate the alarms that you were presented in order of appropriateness as a collision 

avoidance warning (1 best – 2 worst). 
 
Soft braking   _______________ 
Tire skid   _______________ 
5.) Did the obstacle that entered your headway surprise you, or were you expecting 

something?  Please explain. 
______________________________________________________________________________
__________________________________________________________________ 
________________________________________________________________________ 
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6.) Do you believe that your response represents what you would do in a real life situation?  
Please explain. 

______________________________________________________________________________
______________________________________________________________________________
______________________________________________________________________________
______________________________________________________________________________
________________________________________________ 
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APPENDIX K 

PRACTICE TASKS 
 

 
Practice Task 1 
 
Determine the quickest route to the destination, and the approximate time it will take. 
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Practice Task 2 
 
Determine the cheapest route to the airport and the cost in tolls. 
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Practice Task 3 
 
Determine the quickest route and the approximate time that it will take. 
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APPENDIX L 

 
DISTRACTION TASK 

 

 
Distraction Task 
 
Determine the quickest route and if possible, state the approximate amount of time it will take. 
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Backup Distraction Task 
 
Determine the quickest route and if possible, state the approximate amount of time it will take. 
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