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Rear-end collisions account for almost 30% of automotive crashes. Rear-end
collision avoidance systems (RECASs) may offer a promising approach to help
drivers avoid these crashes. Two experiments performed using a high-fidelity
motion-based driving simulator examined driver responses to evaluate the efficacy
of a RECAS. The first experiment showed that early warnings helped distracted
drivers react more quickly — and thereby avoid more collisions - than did late
warnings or no warnings. Compared with the no-warning condition, an early
RECAS warning reduced the number of collisions by 80.7%. Assuming collision
severity is proportional to kinetic energy, the early warning reduced collision sever-
ity by 96.5%. In contrast, the late warning reduced collisions by 50.0 % and the
corresponding severity by 87.5%. The second experiment showed that RECAS
benefits even undistracted drivers. Analysis of the braking process showed that
warnings provide a potential safety benefit by reducing the time required for driv-
ers to release the accelerator. Warnings do not, however, speed application of the
brake, increase maximum deceleration, or affect mean deceleration. These results
provide the basis for a computational model of driver performance that was used
to extrapolate the findings and identify the most promising parameter settings.
Potential applications of these results include methods for evaluating collision
warning systems, algorithm design guidance, and driver performance model input.

INTRODUCTION

Rear-end collisions account for approxi-
mately 28% of all crashes, resulting in 157 mil-
lion vehicle hours of delay annually, or roughly
one third of all crash-caused delays (National
Safety Council, 1996). Driver inattention has
been identified as a contributing factor in over
60% of these crashes (Knipling et al., 1993).
Because inattention is such a powerful contrib-
utor to rear-end collisions, rear-end collision
avoidance systems (RECASs) may help resolve
this problem.

Understanding how to mitigate dangers
associated with inattention and distraction is
becoming increasingly important because

emerging technology has the potential to in-
crease driver distraction (Lee, Caven, Haake,
& Brown, 2001; Mollenhauer, Hulse, Dingus,
Jahns, & Carney, 1997; Parkes, 1993). The
possibility of increasing driving safety using
RECAS has generated a substantial body of re-
search (An & Harris, 1996; Dingus, McGehee,
& Hankey, 1997; Hirst & Graham, 1997; Kni-
pling et al., 1993). Although several RECASs
are currently in development, substantial
uncertainty exists regarding driver response
to these systems and the effects they will have
on driving safety (McGehee & Brown, 1998;
Tijerina, 1998).

An important component of collision avoid-
ance systems is the warning algorithm, which
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determines the timing of the warning; conse-
quently, its design is as important as the design
of the driver interface. A poorly timed warn-
ing may actually undermine driver safety
(McGehee & Brown, 1998). An alert issued
too early may be ignored by drivers if they are
unable to perceive the cause of the warning. If
an alert occurs too late, drivers may view it as
ineffective, and a late alert may even disrupt
an ongoing braking process. Understanding the
influence of alert timing on driver response is
crucial to estimating collision warning effec-
tiveness.

The type of automation that a collision
warning represents provides a theoretical basis
for examining how alert timing might influence
driver performance (Parasuraman, Sheridan, &
Wickens, 2000). Although the type of automa-
tion is primarily dependent on its design, it
also depends on the users’ interpretation of
the automation. For example, drivers might
consider a collision warning system to be
automation that acquires and analyzes infor-
mation to specify an appropriate driver
response (automation that triggers a response).
Alternatively, drivers may view the same sys-
tem as automation that simply detects abnor-
mal events and alerts the driver (automation
that redirects attention). Whether drivers view
the collision warning system as automation
that triggers a response or as automation that
redirects attention can have important implica-
tions for design (Parasuraman et al., 2000).

A collision warning system that triggers
a response is likely to generate an open-loop
response that could neglect important consid-
erations regarding surrounding traffic and the
alert validity (Lee, Gore, & Campbell, 1999).
In this situation, the false warning associated
with algorithms that provide early alerts could
undermine safety by triggering an inappropriate
braking response. Viewed as automation that
redirects attention, the collision warning sys-
tem is likely to generate a closed-loop response.
If this is the case, then braking is modulated
according to how the traffic situation impinges
on the driver’s perception of the field of safe
travel (Brown, Lee, & McGehee, 2000; Gibson
& Crooks, 1938). If this is the case, then late
alerts would provide a smaller safety benefit
because drivers may not have enough time to

interpret the driving situation and generate an
appropriate response. These theoretical dis-
tinctions have important implications for
algorithm design. If the collision warning sys-
tem acts as automation that triggers a response,
then a relatively late warning that minimizes
false warnings might be the best design alterna-
tive. Conversely, if the collision warning system
acts as automation that redirects attention, then
early alerts would provide a greater safety
benefit.

The fundamental objective of this research
is to investigate the ability of a RECAS to
enhance driver response to a situation involving
an imminent collision. The two experiments
described in this paper address this objective.
The first experiment examines the effectiveness
of the RECAS in alerting distracted drivers and
how this effectiveness depends on the alert
timing. The second experiment examines the
benefits of a RECAS for drivers who are not
distracted. To establish the generality of these
findings, we examined these issues over a range
of representative speeds, headways, and lead
vehicle deceleration rates. These experiments
include outcome measures to estimate the
safety benefit of the warning and measures of
the driver response process to understand the
mechanisms by which RECAS warnings may
enhance driver performance.

EXPERIMENT 1

Method

The purpose of the first experiment was to
investigate how RECAS warnings affect dis-
tracted driver response to imminent rear-end
collision situations — specifically, response to
early and late warnings triggered under varying
speed, headway, and deceleration conditions.

Participants. This experiment included 120
drivers between the ages of 25 and 55 years,
with an equal number of male and female
drivers. All were licensed drivers and had nor-
mal or corrected-to-normal vision. Each driver
was paid $30 for the time taken to complete
the experiment. None of the drivers had previ-
ously participated in any simulator or crash
avoidance studies.

Apparatus. Data were collected using the
Iowa Driving Simulator, which used complex
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computer graphics to produce a highly realistic
automobile operating environment. Four mul-
tisynch projectors cast 190° forward field-of-
view and 60° rear-view images onto screens
surrounding an automobile cab. The cab and
screens were mounted on a six-degree-of-
freedom motion base to provide motion cues
to the driver. The cab used in this study con-
sisted of a fully instrumented 1993 Saturn
four-door sedan. The vehicle dynamics and
the antilock brake system were modeled for a
Ford Taurus, a typical midsize American car.
The Ford Taurus vehicle dynamics model was
developed by the National Highway Traffic
Safety Administration for use with the National
Advanced Driving Simulator.

In addition to objective data quantifying
the drivers’ vehicle control inputs, four video
cameras were used to record simulator events
for analysis of driver behavior, response timing,
and reaction to the incursion event. One cam-
era focused on the throttle and brake pedals,
another on the driver’s face, and a third on the
driver’s hands on the steering wheel. The fourth
camera recorded the forward view of the road
scene. Both sensor data and video data were
collected at a rate of 30 Hz.

Although several RECAS algorithms have
been developed, the algorithm described by
Burgett, Carter, Miller, Najm, and Smith
(1998) shows promise and was used in our
experiments. The algorithm has three free
parameters: safety margin (SM), reaction time
(RT), and deceleration of the following vehi-
cle (dg). SM represents the distance of the
closest point of approach between the two
vehicles, RT is the assumed reaction time of
the driver of the following vehicle, and df is
the assumed deceleration of the following
vehicle. More specifically, RT is the time from
the onset of the warning to the point when
the driver begins to decelerate.

This study examined driver response to dif-
ferent values of the assumed deceleration (dg)
warning parameter to quantify the effects of
this parameter on driver response and algo-
rithm effectiveness. Brown, Lee, & McGehee
(2001) presented a detailed description and
analysis of the warning algorithm.

The RECAS display included an auditory
warning and a visual icon. The auditory warn-

ing was composed of four sound bursts, each
burst containing four pulses, and lasted approx-
imately 2.25 s. Bursts were separated by 110
ms and pulses were separated by approximate-
ly 10 ms. The prominent frequency of the pulse
was 2500 Hz. The ambient sound level caused
by road and engine noise was 67 dBa at 35
miles/h (56.3 km/h) and 72 dBa at 55 miles/h
(88.5 km/h). The sound level of the warning
tone alone was 74 dBa. The icon was present-
ed 38 inches (96.5 cm) in front of the driver
just above the instrument cluster (6° below
the driver’s eye point). The icon depicted a
vehicle colliding with the rear of another vehi-
cle. Both the icon and the warning tone were
developed and tested for forward collision
warning (Kiefer et al., 1999; Lerner, 1991).

Experimental design. A five-factor (2* x 3)
experimental design, mixed between and with-
in subjects, contrasted initial velocity (35
miles/h [56.3 km/h] rural road and 55 miles/h
[88.5 km/h] freeway), order of initial velocity,
first and second exposure to a collision situa-
tion, situation severity with respect to lead
vehicle deceleration magnitude and the initial
headway (two levels), and the warning algo-
rithm, consisting of two d; levels and a base-
line condition (no collision warning device).
The situation severity and warning algorithm
were introduced as between-subjects vari-
ables, with a within-subject replication of the
experiment at a different initial velocity. For
example, if a driver experienced the first colli-
sion situation at 35 miles/h (56.3 km/h) he or
she would experience a second collision situa-
tion at 55 miles/h (88.5 km/h).

The order of presentation was counterbal-
anced across drivers. The order of the initial
velocity, situation severity, and warning algo-
rithm were combined to yield 12 between-
subjects conditions, each of which included 10
drivers, for a total of 120 driver trials. Table 1
contains a summary of the independent vari-
ables, and in Table 2 we define the specific
experimental conditions. Warning time in
Table 2 is defined as the elapsed time between
when the lead vehicle begins to brake and when
the warning is issued. Warning range and warn-
ing range rate indicate the relative distance and
velocity between the vehicles at the time the
warning is issued.
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TABLE 1: Summary of Independent Variables and Their Levels for Experiment 1

Independent Variable Conditions

56.3 km/h (35 miles/h) on a rural highway

88.5 km/h (55 miles/h) on a freeway

Situation severity (between)

Low severity, lead vehicle deceleration 0.40 g/initial headway 1.7 s

High severity, lead vehicle deceleration 0.55 g/initial headway 2.5 s

Warning algorithm (between)

Baseline, no warning

SM=2m,RT=1.5s, d. = 0.75 g (late)
SM =2m, RT = 1.5, d: = 0.40 g (early)

Exposure (within)

First unexpected braking event

Second unexpected braking event

Order of initial velocity (between) Low velocity (rural highway) followed by high velocity (freeway)
High velocity (freeway) followed by low velocity (rural highway)

Dependent variables. Three measures
describe the potential safety benefit of the
warning, and five measures describe the effects
of the warning on the driver response process.
The safety benefit measures quantify the effects
of warnings with respect to collisions or colli-
sion potential. The first safety benefit measure
is collision, which specifies whether or not the
driver’s vehicle actually struck the braking lead
vehicle. The collision measure is dichotomous
(i.e., 1 = collision, 0 = collision was avoided).
A related measure is collision velocity, which
specifies the severity of the collision as mea-
sured by the difference in the velocities of the
two vehicles at impact. When no collision
occurs, collision velocity is zero.

The third safety benefit measure is adjust-
ed minimum time to collision (TTC), a con-

tinuous measure of the severity of the colli-
sion situation. The adjusted TTC is calculated
using equations of motion to determine the
time to collision if the vehicles continue to
travel at their current relative position, veloci-
ty, and acceleration. A positive minimum
adjusted TTC represents the safety margin
available to the driver. If the vehicles collide,
the adjusted TTC is calculated by dividing the
collision velocity by the average deceleration
to the point of collision, yielding a negative
TTC value that reflects the severity of the col-
lision. A negative minimum adjusted TTC
represents how much sooner the driver would
have needed to begin braking to avoid colli-
sion with the lead vehicle. The adjusted TTC
complements the collision and collision veloc-
ity measures by indicating the safety benefit

TABLE 2: Experimental Conditions and Warning Timing

Initial  Lead Vehicle Initial

Warning Warning Warning

Velocity Deceleration Headway  Algorithm Time Range Range
Condition (km/h) (9) (s) Parameter (s) (m) Rate (m/s)
1 56.3 0.40 1.70 Baseline, no RECAS
2 56.3 0.40 1.70 d-=040g 0.07 26.58 0.27
3 56.3 0.40 1.70 d-=075g 1.00 24.62 3.93
4 56.3 0.55 2.50 Baseline, no RECAS
5 56.3 0.55 2.50 d:.=040g 0.33 38.83 1.77
6 56.3 0.55 2.50 d-=075g 1.26 34.87 6.80
7 88.5 0.40 1.70 Baseline, no RECAS
8 88.5 0.40 1.70 d-=040g 0.12 41.75 0.46
9 88.5 0.40 1.70 d:.=075g 1.58 36.91 6.19
10 88.5 0.55 2.50 Baseline, no RECAS
1 88.5 0.55 2.50 de=040g _ 0.06 61.44 0.36
12 88.5 0.55 250  d.=0.75g 1.52 55.20 8.23
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for those situations in which drivers avoid
collisions as well as the severity of collisions
that do occur.

Five measures characterizing the response
process were used to explain how the collision
warning influences safety benefits. An impor-
tant aspect of the response process is the
decomposed reaction time, which comprises
three specific measures: accelerator release
reaction time, accelerator-to-brake transition
time, and brake-to-maximum brake transition
time. Accelerator release reaction time mea-
sures the reaction time to the braking event
or the reaction time to the warning. Reaction
time to the braking event was calculated for
each driver, whereas reaction time to the
warning was calculated only for those drivers
assisted by the RECAS. Accelerator-to-brake
transition time specifies the time between
driver release of the accelerator and applica-
tion of the brakes. Brake-to-maximum brake
transition time measures the time required by
the driver to reach maximum deceleration after
the initial depression of the brake pedal.

Braking profile is another important descrip-
tion of driver response and is characterized by
mean deceleration and maximum deceleration.
Mean deceleration is defined as the average
deceleration of the vehicle from initial brake
depression until the driver’s vehicle stops, col-
lides with the lead vehicle, or passes the lead
vehicle. Maximum deceleration is defined as
the peak deceleration between the beginning
and end of the braking event. Collectively, these
response measures provide a clear description
of how the collision warning influences driver
braking response.

Procedure. Upon arriving at the lowa Driv-
ing Simulator facility, participants completed
an informed consent form and were briefed
on the operation of the simulator. They then
completed a demographic survey. To reduce
anticipation of rear-end crashes, a simulator
evaluation ruse was used to induce an unalert-
ed response: Participants were told that they
were to evaluate the fidelity of the simulator
and were asked to drive as they normally
would. They were instructed to pay particular
attention to the feel of the steering, accelerator
pedal, brakes, and other vehicle controls, as
well as to the realism of the traffic. Participants

were then escorted to the simulator dome and
briefed by the in-vehicle observer on how to
assess simulator fidelity.

Each participant was given a 5-min prac-
tice drive, during which he or she was told
that the vehicle ahead would brake and to
brake to a stop behind the vehicle. Following
the practice drive, participants drove two
other short-road scenarios, each ending in an
imminent collision situation in which the lead
vehicle braked suddenly. One scenario began
and ended on a rural highway, where drivers
encountered a collision situation at an initial
velocity of 35 miles/h (56.3 km/h). The second
scenario began with rural highway driving.
Drivers were then required to merge onto a
freeway, where they subsequently encountered
the collision situation at an initial velocity of
55 miles/h (88.5 km/h).

A secondary task was intermittently imposed
to distract the driver’s attention from the road-
way. A digitized voice occasionally prompted
the driver to press a button near the rearview
mirror. Pressing the button activated a display
above the mirror that presented a changing
series of single-digit numbers at a rate of 4 Hz.
The driver was asked to watch these numbers
and report the number of times the digit 4
appeared. In the imminent collision situation,
pressing the button simultaneously activated
the numerical display and caused the lead
vehicle to begin braking. In this manner, driv-
ers were distracted at the same instant the
imminent collision situation was initiated. The
button-press and display-monitoring task pro-
vided a controlled — though somewhat artifi-
cial - exposure to the visual, motor, and
cognitive distraction associated with in-vehicle
information system interaction and was simi-
lar to tasks used in other driver distraction
studies (Lamble, Laakso, & Summala, 1999;
Summala, Nieminen, & Punto, 1996).

To prevent drivers from anticipating colli-
sion situations in association with pressing the
button, the experiment included several other
instances in which the drivers were prompted
to perform the secondary task. Likewise,
instances in which the lead vehicle did not
brake suddenly were included to prevent the
driver from associating a lead vehicle with an
imminent collision situation.
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The underlying premise of this experiment
was that the secondary task reproduced the
distraction conditions and behavior of a dis-
tracted driver at the time the lead vehicle ini-
tiated braking. To verify this assumption, driver
glance behavior preceding the collision event
was analyzed. Every videotape frame was coded
for all collision situations to determine whether
the driver was looking at the road, looking at
the display, or in transition between the two.
Drivers looked at the road more at higher
speeds (46.1%) than at lower speeds (34.3%),
F(1, 106) = 13.05, p < .001. In addition, driv-
ers spent a greater proportion of time looking
at the road during the second exposure to the
imminent collision situation than during the first
exposure — 44.9% versus 35.6%, respectively,
F(1, 106) = 8.51, p < .01. Drivers adapted
their behavior and reduced the attention they
were willing to devote to the secondary task
after the initial collision situation. These data
show that the secondary task drew drivers’ at-
tention away from the road during the collision
situation. Although drivers devoted a substan-
tial amount of visual attention to the secondary
task, they did not ignore the roadway, and they
performed realistically in dividing their atten-
tion between the road and the in-vehicle task.

Prior to each imminent collision situation,
the simulator “coupled” the participants’ vehi-
cle to the lead vehicle at a fixed headway. When
the secondary task button was depressed, the
vehicles were separated by a precise time head-
way specified in the experimental design. When
the driver pressed the button, the lead vehicle
braked at a constant deceleration, coming to
an abrupt stop.

To ensure that drivers could use only brak-
ing as a response to imminent collisions, con-
ditions were devised to discourage steering as
a response. Opposing traffic on the rural high-
way and a shadow vehicle to the left of the
driver on the freeway made steering around
the lead vehicle difficult. Although steering
can be an appropriate response to warnings,
an important objective of this experiment was
to evaluate the warning algorithm in the
worst-case condition when only braking is
possible. Drivers therefore were constrained
solely to the use of brakes in avoiding colli-
sion with the lead vehicle.

Results

Driver data were tabulated to create a data-
base containing information for 240 imminent
collision situations. Some data elements were
missing for four cases. For example, one driver
released the accelerator before the lead vehicle
began to brake, making it impossible to calcu-
late a reaction time. Several other drivers were
not pressing the accelerator at the time the
warning sounded. For these drivers, it was
possible to identify the time they removed
their foot from the accelerator by examining
the videotape and recording the time at which
their foot began moving off the accelerator. A
least-squares approach was used to estimate
the missing data.

The data were analyzed using the SAS
mixed linear model (MIXED) procedure. A
description of the dependent variables associ-
ated with potential safety benefits of the
RECAS is presented next and is followed by a
description of the variables associated with
the underlying response process.

Potential safety benefit of the RECAS.
Figure 1 shows that the percentage of immi-
nent collision situations ending in a collision,
the collision velocity, and the adjusted mini-
mum TTC provide convergent evidence
regarding safety benefits of the RECAS. The
warning reduced the percentage of collisions,
F(2, 108) = 16.07, p < .0001. An early warn-
ing provided the greatest benefit, yielding a
collision rate of 8.8%, whereas a late warning
yielded a collision rate of 22.5%, as com-
pared with a 45.5% rate for the baseline con-
dition with no waming. Similarly, the warning
reduced collision velocity, F(2, 108) = 15.51,
p < .0001 (i.e., from 4.74 m/s in the baseline
scenario to 1.68 m/s for the late warning and
0.88 m/s for the early warning scenarios).
The minimum TTC also demonstrates a warn-
ing benefit, F(2, 108) = 32.62, p < .0001, in
which a 2.79 s safety margin was obtained for
the early warning as opposed to the 0.90 s
and 0.09 s margins obtained for the late
warning and baseline scenarios, respectively.
Figure 1 presents the results of the post hoc
comparisons; different letters indicate signifi-
cantly different conditions.

Beyond the effect of the warning, the
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Figure 1. Safety benefit of early RECAS warning compared with late warning and baseline condition (no

warning). Error bars represent one standard error.

severity of the collision situation and expo-
sure to such situations exhibited a statistically
significant effect on all three measures of
safety. Not surprisingly, high-severity situa-
tions (2.50 s headway, 0.55 g deceleration)
led to more collisions than did low-severity
situations (1.70 s headway, 0.40 g decelera-
tion; 30.4% vs. 20.4%, respectively), F(1,
108) = 4.03, p < .05; these situations also led
to higher collision velocities (3.2 vs. 1.6 m/s),
F(1, 108) = 8.36, p < .005, and to smaller
minimum adjusted times to collision (0.87 vs.
1.65 s), F(1, 108) = 7.96, p < .01. Similarly,
as expected, the first exposure resulted in
more collisions than did the second exposure
(38.3% vs. 12.5%), F(1, 108) = 29.4, p <
.0001; it also resulted in higher collision
velocities (3.6 vs. 1.3 m/s), F(1, 108) =
19.33, p < .0001, and smaller minimum
adjusted times to collision (0.62 vs. 1.90 s),
F(1, 108) = 35.9, p < .0001. No statistically
significant interactions among the RECAS
parameters, initial velocity, situation severity,
order, and exposure were observed.

Response process: Reaction time and brak-
ing profile. Decomposing driver reaction
times and examining driver braking profiles
shows how the RECAS generates the observed
safety benefits. Driver reaction time consists
of (a) the time from the onset of braking by the
lead vehicle to accelerator release, (b) move-
ment time from accelerator release to initial
brake depress, and (c) the time from the initial
brake depress to maximum deceleration. A

RECAS could generate the observed benefits
by reducing any one of these components as
well as by accentuating mean or maximum
deceleration. .

Figure 2 shows the effects of the RECAS
warning on the driver response process.
Examination of the experimental conditions
in Table 2 shows a mean onset for the early
warning of 0.145 s and a mean onset for the
late warning of 1.34 s. This difference was
reflected in driver reaction time, suggesting that
drivers complied with the warning. Specifically,
the warning influenced how quickly drivers
released the accelerator in response to lead
vehicle braking, F(2, 108) = 47.4, p < .0001.
The early warning enabled drivers to react
more quickly (1.35 s) than drivers with the
late warning (2.10 s) or those with no warning
(baseline condition, 2.21 s). The difference
between the baseline and late warning failed to
reach statistical significance. Consideration of
how quickly drivers responded to the warnings
showed that drivers released the accelerator
more quickly in response to the late warning
(0.76 s) compared with the early warning
(1.145), F(2, 72) = 23.38, p < .0001, suggest-
ing that for the late warning condition, drivers
may have recognized the collision threat and
begun responding before the warning triggered.
The warning had no statistically reliable effect
on the movement time from the accelerator to
the initial brake press, F(2, 108) = 0.23.

Interestingly, the warning was associated
with an increased time from the initial brake
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Figure 2. Effect of RECAS warnings on the response process.

press to maximum brake pressure, F(2, 108) =
9.6, p < .0001. Drivers in the baseline condi-
tion moved from initial brake press to maxi-
mum braking more quickly (1.42 s) than did
drivers with the late warning (1.74 s) or early
warning (1.91 s). This pattern of results seems
to reflect a modulation of the braking response,
in which drivers who respond early are able to
brake in a more gradual manner. The warning
did not have a statistically significant effect
on mean deceleration, F(2, 108) = 3.06, p >
.05, or maximum deceleration, F(2, 108) =
0.93, p > .05. The trend in mean deceleration
shows that the late warning might be associat-
ed with a slightly greater mean deceleration
(0.61 g) than the early (0.56 g) or the baseline
(0.57 g) condition.

Beyond the effects of the warning, exposure
to the collision situation also influenced driv-
ers’ braking response. The reaction time for
accelerator release decreased from the first to
the second exposure (2.11 vs. 1.67 s, respec-
tively), F(1, 108) = 39.52, p < .0001. Warning
reaction was also faster during the second
exposure (0.74 s) than during the first expo-
sure (1.16 s), F(2, 72) = 43.71, p < .0001.
Similar to the effect of the early warning, the
time from initial brake application to maximum
braking increased slightly after the first expo-
sure (from 1.61 s at first exposure to 1.77 s at
second exposure), F(1, 108) =5.15, p < .05.

Similarly, both the mean and maximum
decelerations were higher during the first expo-

sure compared with the second exposure. The

mean deceleration was 0.60 g for the first
exposure and 0.56 for the second, F(1, 108) =
8.7, p < .01. The maximum deceleration was
0.84 for the first exposure and 0.81 for the
second, F(1, 108) = 9.58, p < .01. Together,
these results suggest that drivers adjust their
braking response depending on the evolving
situation. A rapid initial response allows driv-
ers to brake more gradually.

The severity of the situation also influenced
driver response. The high-severity situation
(2.50 s headway, 0.55 g deceleration) resulted
in a longer mean accelerator release time
(2.04 s) than did the low-severity situation
(1.73 s; 1.70 s headway, 0.40 g deceleration),
F(1, 108) = 15.91, p < .0001. This result par-
allels the effects of situation severity on colli-
sions and collision severity: The more severe
collision situation naturally resulted in more
collisions.

Based on the data in Table 2, if drivers were
to respond in a manner that exactly mimics the
constraints embodied in the algorithms, they
would release the accelerator and begin brak-
ing at 1.79 s for the high-severity situation and
at 1.69 s for the low-severity situation. This
response time is based on the mean warning
time plus a 1.0 s reaction time. The 100 ms
difference between the expected accelerator
release time and the observed 310 ms differ-
ence indicates that drivers react more slowly
than required in the more severe collision sit-
uation and compensate with a higher mean
deceleration. The more severe situation led to
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a higher mean deceleration (0.60 g) compared
with the less severe situation (0.55 g), F(1,
108) = 8.04, p < .01.

Cluster analysis of response patterns. Analy-
ses of the safety benefits and the response
process show the benefits of the RECAS and
how those benefits are realized. These analy-
ses do not, however, provide a holistic view of
how these variables jointly characterize differ-
ent ways of responding to imminent collision
situations. Exploring the data with a cluster
analysis provides a holistic perspective that
reveals six patterns of collision outcomes and
driver response. Table 3 shows the percentage
of collisions, reaction times, and braking pro-
files for each of the six clusters. Using the SPSS
k-means cluster analysis, we assigned each of
the 236 events to one of the six clusters.
Combinations of initial reaction time and maxi-
mum deceleration that maximize the difference
in the adjusted TTC define the cluster centers.

The clusters in Table 3 are ordered by the
adjusted minimum time to collision. Clusters 1
through 3 represent responses that generally
avoid collisions, whereas Clusters 4 through 6
represent relatively ineffective response strate-
gies. Interestingly, the mean deceleration is
lower (0.54 g) for those clusters in which col-

lisions tend to be avoided (Clusters 1-3).
Conversely, the mean deceleration is higher
for those clusters in which collisions are more
likely to occur (0.64 g for Clusters 4-6).
Examining the response pattern of the clusters
in each of these groups shows how different
response strategies and collision scenarios can
lead to successful or unsuccessful outcomes.
Each of the six clusters is labeled accord-
ing to the response pattern it represents. In
Cluster 1, drivers released the accelerator
early (1.12 s), followed by slow movement to
the brake (0.63 s) and slow depression of the
brake (2.83 s); thus Cluster 1 is characterized
as an “early and slow” response. In contrast,
drivers in Cluster 6 released the accelerator
very late (3.00 s), followed by a fast movement
to the brake (0.31 s) and very fast depression
of the brake (0.83 s). Based on these character-
istics, Cluster 6 can be termed “very late and
very fast.” The very rapid accelerator-to-brake
movement time in Cluster 6 may reflect driv-
ers’ attempts to compensate for a late initial
response. Each of the six clusters represents a
substantially different response strategy in
terms of event outcome and response process.
The membership of the six clusters indicates
that the experimental conditions influenced

TABLE 3: Clusters and Their Characteristics that Describe Driver Response to Imminent Collision Situations

Successful Clusters

Unsuccessful Clusters

1: Early 2: Early 3: Moderate  4: Late 5: Late 6: Very Late
& Slow & Fast & Fast & Slow & Fast & Very Fast
Minimum TTC (s) 3.33 2.87 1.42 0.90 0.38 -1.84
% Collisions . 0% 3% 11% 22% 39% 85%
Collision
velocity (m/s) —_ — 5.8 5.4 7.7 12.1
Accelerator
release (s) 1.12 1.20 1.69 2.30 2.28 3.00
Accelerator
to brake (s) 0.63 0.50 0.42 0.41 0.43 0.31
Brake to maximum
deceleration (s) 2.83 1.66 1.06 2.82 1.71 . 0.83
Mean deceleration (g) 0.56 0.54 0.53 0.64 0.65 0.61
Maximum
deceleration (g) 0.83 0.82 0.79 0.87 0.87 0.81
Total events 26 61 38 23 54 34
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Figure 3. Effect of the timing and presence of the warnings on drivers’ response strategies.

* driver response strategies. As expected, the

warning strongly influenced response strate-
gies, x2(10) = 101.53, p < .0001. Figure 3
shows this effect; Clusters 1 and 2 reflect
compliance with the early warning and
Clusters 3 and 4 reflect compliance with the
late warning. Additionally, for baseline condi-
tion drivers, Clusters 2 and 3 reflect behavior
that is consistent with the kinematic con-
straints embodied in the warning algorithms.
Clusters 5 and 6 represent situations in which
drivers failed to respond effectively to either
warnings or perceptual cues indicating a
potential collision situation. Interestingly,
although Cluster 5 represents unsuccessful
collision avoidance, this cluster is composed
mostly of drivers who received the late warn-
ing, and it represents the largest concentra-
tion of these drivers.

Also interesting is that the severity of the
collision situation did not have a statistically
significant effect on the response strategy
adopted by drivers, x*(5) = 10.35, p > .05.
Driver strategies were, however, highly depen-
dent on initial velocity, x*(5) = 68.35, p <
.0001. Specifically, the Cluster 1 column of
Table 4 shows that this cluster is composed
almost entirely of drivers in the high initial

velocity condition and reflects the onset of
early warning (0.09 s) for the combination of
early warning and high initial velocity condi-
tions. This compares with the relatively late
warning onset for the combination of early
warning (0.20 s) and low initial velocity con-
ditions, as reflected by the high proportion of
these cases in Cluster 2.

The early accelerator release in Clusters 1
and 2 strongly reflects the benefits of the early
warning. A similar pattern exists for Clusters
3 and 4. The relatively early accelerator
release in Cluster 3 corresponds to the 1.13 s
warning onset for the combination of late
warning and low initial velocity conditions.
This compares with the relatively late acceler-
ator release in Cluster 4, which corresponds
to the relatively late warning onset (1.55 s)
associated with the combination of the late
warning and high initial velocity conditions.
Cluster 3 consists primarily of drivers subject-
ed to low initial velocity conditions. Cluster 4
is composed entirely of drivers subjected to
high initial velocity conditions. This pattern
holds for those drivers who received a warn-
ing as well as for many who did not. Of the
61 events in Clusters 3 and 4, 18 represent
the baseline condition in which a warning
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TABLE 4: Distribution of Cluster Membership According to Initial Velocity and RECAS Warning

Cluster

1: Early 2: Early 3: Moderate  4: Late 5: Late 6: Very Late

& Slow & Fast & Fast & Slow & Fast & Very Fast
High initial velocity 24 21 5 23 28 16
Early 18 12 1 2 3 3
Late 3 2 2 15 14 4
Baseline 3 7 2 6 1" 9
Low initial velocity 2 40 33 0 26 18
Early 1 29 6 0 4 0
Late 0 5 17 0 15 3
Baseline 1 6 10 0 7 15
Total events 26 61 38 23 54 34

was not given, suggesting that some drivers
were sensitive to kinematic constraints in the
absence of a warning.

In contrast to Clusters 1 through 4, Clusters
5 and 6 reflect responses that are not system-
atically affected by the timing of the warning
onset or the other experimental conditions.
The response profiles in these clusters do not
depend on the experimental conditions. For
example, in Cluster 5 approximately the same
number of events occurred for the late warn-
ing under the high initial velocity condition
(14) as for low initial velocity condition (15).
The same holds true for the early warning and
baseline conditions. This is in sharp contrast
to Cluster 3, in which there are 17 late warn-
ing cases for low initial velocity conditions
and only 2 for high initial velocity conditions.
Likewise, this contrast is evident in Cluster 4,
in which there are no instances of late warn-
ing for low initial velocity conditions and 15
for high initial velocity conditions. The severi-
ty and velocity experimental conditions did
not exhibit a statistically significant effect on
cluster membership for Clusters 5 and 6,
»*(1) = 0.05, p > .05, and x*(1) = 0.20, p >
.05. Interestingly, the drivers received a warn-
ing in more than half the events (46 of the
88) in these two clusters. These results can be
interpreted as an indirect measure of driver
compliance with the warning. Clusters 5 and
6 are indicative of drivers who did not comply
with the warning.

If Clusters 5 and 6 represent drivers who
ignored the warnings and were not attuned to

the kinematic constraints of the situation, it
could be expected that fewer drivers would be
included in these clusters during their second
exposure to the collision situations. Exposure
to collision situations and experience with the
RECAS should prompt more effective colli-
sion avoidance strategies. Figure 4 shows this
to be the case: Cluster memberships shift as
drivers become more experienced with the
RECAS and the experiment, x*(5) = 18.14,
p < .005. The number of instances in Clusters
5 and 6 decreases 48.3% after exposure to
the first collision event.

Discussion

The objective of this experiment was to
investigate the effects of warning timing on
driver response to imminent collision situa-
tions. The results address several aspects of
this objective. First, the data demonstrate that
RECAS warnings provide a substantial bene-
fit, particularly if the warning is given early.
Compared with no warning at all, an early
RECAS warning reduces the number of colli-
sions by 80.7%. Assuming that collision
severity is proportional to kinetic energy, the
early warning reduces collision severity by
96.5%. In contrast, the late warning reduces
collisions by 50.0% and severity by 87.5%.

Second, the data identify how a warning
affects the driver response process. RECAS
aids drivers in avoiding collisions by speeding
accelerator release, but it does not enhance
any other aspect of the response. Drivers do
not depress the brake more quickly or brake
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Figure 4. Effect of exposure to the collision event on the drivers’ response strategies.

harder when they receive a warning. In fact,
because compliance with the RECAS warning
generated a faster accelerator release, drivers
were able to brake more gradually. The differ-
ence in mean deceleration suggests a potential
indirect benefit of the warning: less abrupt
deceleration may decrease the risk of being
struck from the rear, a common occurrence
when abrupt deceleration of one vehicle trig-
gers a multiple-car crash.

Exploratory analysis identified six clusters
of collision avoidance responses. Four clusters
reflect driver attunement to combinations of
lead vehicle deceleration, initial headway, warn-
ing timing, and initial velocity. The remaining
two clusters reflect the behavior of drivers
who are not attuned to the warnings or the
driving environment. Although many of these
drivers were not given a warning, some who
did receive a warning failed to respond appro-
priately, demonstrating that although a warning
can aid drivers, it will not enhance performance
if it is ignored.

It is surprising that some drivers seemed to
ignore or discount the warning, given that the
warnings always accurately indicated a colli-
sion situation. One possible explanation is
that some drivers did not fully understand the

nature and purpose of the warning. Another
is that some drivers did not trust the warning
and so discounted it (Lee & Moray, 1992,
1994). If distrust led drivers to ignore the
warnings, then nuisance alarms that occur in
an actual vehicle are likely to increase the
number of drivers who discount the warning.
Distrust associated with repeated exposure to
nuisance alarms could substantially undermine
RECAS effectiveness. Understanding the cause
of poor compliance may be critical in develop-
ing an effective collision warning system.
Although the algorithm did not enhance
any aspect of driver response other than ini-
tial accelerator release, responses were sensi-
tive to the initial velocity and severity of the
collision situation. For example, movement
time from the accelerator to the brake was
sensitive to the initial velocity. At lower veloci-
ties, drivers seemed to misestimate the need to
brake because of the greater distance between
vehicles. Likewise, drivers responded poorly
to long headway and high deceleration condi-
tions, which may reflect the relatively poor
visual cues available to drivers in these situa-
tions (Hoffmann & Mortimer, 1996). Drivers
compensated for their delayed accelerator
release with a faster transition time from the
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accelerator to the brake and a faster transition
from initial brake application to maximum
deceleration. This compensatory behavior and
the sensitivity of drivers’ ongoing responses to
these conditions indicates that drivers modu-
late their responses according to the evolving
situation, suggesting that braking is not an
open-loop process.

The results show that a collision warning
affects the speed of accelerator release and
that the remainder of the braking process is
governed by visual and haptic cues in a
closed-loop manner. The data suggest that the
RECAS influences driver behavior by redirect-
ing attention rather than triggering a braking
response. Understanding the mechanism by
which RECAS enhances driver collision avoid-
ance behavior will enable the development of
more accurate computer models for identifi-
cation of appropriate RECAS parameters.
These models can evaluate a wide range of
algorithm parameters, which would not be
feasible with simulator, on-road, or test track
experiments (Brown et al., 2001).

Although this experiment generated impor-
tant insights into the potential benefits of
RECAS warnings, several issues were left unre-
solved. The experiment did not address the
benefits RECAS might provide to drivers who
are not distracted. Undistracted drivers who re-
ceive a warning might not benefit from it, and
they might even be adversely affected should
the warning distract them from an appropri-
ate response to the lead vehicle. The effect of
warnings on the response of undistracted
drivers is a particularly critical issue from the

perspective of estimating the benefits of
RECAS. Experiment 2 addresses this issue.

EXPERIMENT 2

Method

The objective of the second experiment was
to investigate driver response to imminent col-
lision situations when not distracted at the
onset of the collision situation. The apparatus
and experimental protocol were the same as in
the first experiment, except that the secondary
task was eliminated.

Participants. Data were collected from 20
additional drivers 25 to 55 years of age.
Inclusion criteria were the same as in Experi-
ment 1.

Experimental design. Rather than being a
complete replication of Experiment 1, Experi-
ment 2 focused on a subset of the experimental
conditions — specifically, the low-severity and
early warning conditions. These conditions
were chosen because they exhibited the low-
est variance in Experiment 1 and, thus, were
expected to provide the basis for the most sen-
sitive statistical comparisons. The data from
undistracted drivers were compared with data
collected under the same conditions in Ex-
periment 1. Table 5 shows the experimental
conditions considered in Experiment 2. Ten
drivers were included in the undistracted base-
line condition, and 10 drivers were included in
the undistracted early warning condition. Data
for 20 distracted drivers in the baseline and
early warning conditions from Experiment 1
were used for comparison.

TABLE 5: Experimental Conditions to Compare the Benefit of the RECAS for Distracted and

Undistracted Drivers

Initial Lead Vehicle Initial
Velocity ~ Deceleration ~ Headway Algorithm Distracted by

Condition  (km/h) (9) (s) Parameter Secondary Task
1 56.3 0.40 1.70 Baseline, no RECAS Yes (Exp. 1 data)
2 56.3 0.40 1.70 d-=040g Yes (Exp. 1 data)
3 88.5 0.40 1.70 Baseline, no RECAS Yes (Exp. 1 data)
4 88.5 0.40 1.70 d.=040g Yes (Exp. 1 data)
5 56.3 0.40 1.70 Baseline, no RECAS No

6 56.3 0.40 1.70 d.=040g No

7 88.5 0.40 1.70 Baseline, no RECAS No

8 88.5 0.40 1.70 de=040g No
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Results

Data from each driver were combined to
form a database of 80 imminent collision situ-
ations. Of these, some data elements were
missing for three cases. For example, one
driver released the accelerator before the lead
vehicle began to brake, making it impossible
to calculate a reaction time. The data were
analyzed using the SAS MIXED procedure.
Dependent variables associated with potential
RECAS safety benefits are described next, fol-
lowed by a description of the variables associ-
ated with the underlying response process.

Safety benefit of the RECAS. The percent-
age of imminent collision situations ending in
collision, collision velocity, and minimum
adjusted TTC show that RECAS provides a
safety benefit to both distracted and undistract-
ed drivers. The warning reduced the percent-
age of collisions, F(1, 52) = 20.17, p < .001.
With the early warning, collisions were reduced
to only 1.4% of collision situations, compared
with 26.0% in the baseline condition. This
effect interacted with whether or not drivers
were distracted; drivers who received a warning
avoided most collisions regardless of whether
or not they were distracted, F(1, 52) = 4.95,
p < .05. Figure 5 shows that collisions occurred
for undistracted drivers 14.2% of the time
without a warning and 0.7% of the time when
a warning was given. In comparison, collisions
occurred for distracted drivers 37.9% of the
time without the warning and 2.1% of the time

when a warning was given. Overall, distract-
ed drivers were involved in more collisions
(20%) than were undistracted drivers (7.4%),
F(1,52) = 6.34, p < .05.

The warning also reduced collision velocity,
F(1, 52) = 11.36, p < .01; without a warning,
drivers collided at 2.1 m/s, compared with
0.1 m/s for drivers who received a warning.
In addition, the warning also increased the
minimum adjusted TTC, F(1, 52) = 38.40, p
< .001; without a warning, drivers had a min-
imum adjusted TTC of 1.0 s, compared with
3.5 s for drivers who received a warning. For
both collision velocity and adjusted minimum
TTC, the interaction between distraction and
warning did not reach statistical significance,
suggesting that the warning similarly benefits
undistracted and distracted drivers. The data
provide no evidence to suggest that providing
undistracted drivers with a collision warning
could degrade driving safety.

In addition to the effect of RECAS wamn-
ings with respect to driver distraction, several
other interesting effects were identified. As in
Experiment 1, the percentage of imminent col-
lision situations ending in collision, collision
velocity, and minimum adjusted TTC show
that performance improved after the first expo-
sure to the collision situation. On their second
exposure, drivers were less likely to collide,
F(1, 52) = 16.43, p < .001. Specifically, driv-
ers collided in 24.6% of the initial collision
situations, compared with 2.9% during the
second exposure. Drivers also exhibited lower
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Figure 5. Effect of RECAS warning and distraction on safety.
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collision velocities after the first exposure,
F(1, 52) = 11.89, p < .01. Collision velocity
was 1.9 m/s during the first exposure, com-
pared with 0.3 m/s during the second expo-
sure. The minimum adjusted TTC was also
larger for the second exposure than for the
first, as demonstrated by the increase in the
safety margin from an adjusted TTC of 1.7 s
in the first exposure to 2.9 s in the second
exposure, F(1, 52) = 15.59, p <.01.

The effect of exposure on the percentage of
collisions and on collision velocity is compli-
cated by an interaction with the RECAS
warning, F(1, 52) = 11.76, p < .01, F(1, 52) =
8.47, p < .01. When no warning was given,
drivers collided 46.0% of the time with a col-
lision velocity of 3.6 m/s during the first
exposure and 6.0% of the time with a colli-
sion velocity of 0.7 m/s during the second
exposure. When a warning was given, drivers
collided 3.1% of the time in the first exposure
with a collision velocity of 0.2 m/s and expe-
rienced no collisions in the second exposure.

This interaction reflects a floor effect:
There was less room for improvement from
the first to the second exposure for the early
warning group compared with the baseline.
The order in which drivers experienced the
high- and low-velocity collision situations
affected the overall chance of collision.
Drivers exposed first to the high initial veloci-
ty situation experienced more collisions
(19.3%) than did drivers who experienced
the low initial velocity condition first (8.2%),

F(1, 52) = 4.08, p < .05. It appears that driv-
ers were better prepared for subsequent
occurrences when first exposed to the high-
velocity collision scenario as opposed to the
low-velocity scenario.

Response process: Reaction time and brak-
ing profile. RECAS warnings and distraction
also affected drivers’ response to the collision
situation. Figure 6 shows the effect of distrac-
tion and RECAS warning on driver reaction
time. The warnings increased the speed of
accelerator release, F(1, 52) = 64.22, p <.0001.
Drivers who received a warning released the
accelerator in only 1.03 s, compared with 1.73 s
for the baseline scenario. Distracted drivers re-
leased the accelerator later in response both to
lead vehicle braking, F(1, 52) = 24.36, p <
0001, and to warning onset, F(1, 26) = 5.82,
p < .05; they required 1.59 s to respond to the
lead vehicle and 1.04 s to respond to the warn-
ing. In contrast, undistracted drivers required
only 1.16 s to respond to the lead vehicle and
only 0.76 s to respond to the warning.

As shown in Figure 6, neither warning nor
distraction affected the transition time from
accelerator to brake. The warning did increase
the time between initial brake press and maxi-
mum deceleration, however, F(1, 26) = 5.54,
p < .05. Given a warning, drivers moved from
initial brake application to maximum brake
application in 1.96 s, compared with 1.62 s
for no warning. In contrast, distracted drivers
depressed the brake faster than did undis-
tracted drivers, F(1, 52) = 5.71, p < .05.
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Figure 6. Effect of distraction and RECAS warnings on the response process.
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Distracted drivers transitioned from brake
press to maximum brake in 1.62 s, whereas
the transition for undistracted drivers required
1.96 s. The warning did not interact with driv-
er distraction for any element of the response
process, suggesting that the warning enhances
driver response, as it enhances the safety ben-
efit, independent of distraction.

The warning interacted with initial velocity
to influence transition time between the accel-
erator and the brake, F(1, 52) =9.25,p < .01.
The initial velocity affected the transition
from accelerator to brake only in the baseline
condition. When drivers were given no warn-
ing, the transition time was 0.69 s for the high-
er initial velocity and 0.34 s for the lower initial
velocity. When a warning was given, transition
times were nearly equal: 0.44 and 0.42 s for the
high and low initial velocities, respectively.
Interestingly, no interaction between warning
and distraction occurred for accelerator release,
F(1,52) = 0.05, p = .824, or for the transition
from brake to maximum brake, F(1, 52) =
1.22, p = .274.

In addition to RECAS warnings and driver
distraction, exposure, initial velocity, and order
also affected driver response. The second expo-
sure to the collision scenario reduced driver
reaction time both to the event, F(1, 52) =
10.36, p < .005, and to the warning, F(1, 26)
=9.99, p < .005. Drivers released the acceler-
ator 1.53 s after the lead vehicle began to
brake and 1.03 s after the warning during the
first exposure, compared with 1.22 and 0.75 s,
respectively, for the second exposure.

Higher initial velocity led to longer
accelerator-to-brake transition times, F(1, 52) =
10.91, p < .001. For the lower initial velocity,
drivers required 0.39 s to transition from the
accelerator to the brake, whereas for the high
initial velocity, 0.56 s was required. Similarly,
initial velocity affected the time to transition
from initial brake application to maximum
deceleration, F(1. 52) = 25.80, p < .0001. For
the lower initial velocity, drivers required 1.51s
to transition from brake to maximum brake,
whereas for the high initial velocity, 2.08 s

was required.

Accelerator-to-brake transition time was
also affected by the order in which drivers were
exposed to high and low initial velocity condi-

tions, F(1, 52) = 5.31, p < .05. Drivers who
first experienced the high-velocity condition
exhibited a mean transition time of 0.54 s,
whereas the mean transition time for drivers
who first experienced the low-velocity condi-
tion was 0.41 s. In the high-velocity scenario,
the lead vehicle is farther away and perceptual
cues are not as salient; consequently, braking
is slightly delayed. These results suggest that
the warning directs driver attention to the col-
lision situation and that the response process is
mediated by perceptual cues, not the warning.
Deceleration was affected by both initial
velocity and exposure. For low initial velocity,
drivers had a greater average deceleration,
F(1, 52) = 6.64, p < .05, and greater maxi-
mum deceleration, F(1, 52) = 6.34, p < .05.
In the rural road scenario, drivers decelerated
at an average of 0.55 g with a maximum decel-
eration of 0.81 g In comparison, for the high
initial velocity condition, drivers decelerated at
0.49 g with a maximum deceleration of 0.77 g.

Maximum deceleration was also influenced
by exposure, F(1, 52) = 4.10, p < .05. On the
first exposure, drivers’ maximum deceleration
was 0.81 g, compared with 0.77 g on the sec-
ond exposure. These results parallel the find-
ings from the first experiment and show that
drivers adjust their braking behavior according
to the evolving situation. Drivers who brake
early brake more moderately.

A detailed analysis of drivers’ accelerator
and brake pedal responses during warning
onset was conducted by examining graphs of
the responses. Very few graphs exhibit any
change in driver response during or immedi-
ately following warning onset. Four drivers
released the accelerator close ta the warning
onset (i.e., within 100 ms). One driver released
the accelerator abruptly when the warning
began to sound. Two drivers abruptly depressed
the accelerator during the initial moments.
Given that these responses represent less than
5% of the total, these data suggest that “star-
tle” responses during nonbraking behavior
are unlikely.

In addition, it is difficult to determine
whether the warning caused the accelerator
movement or these responses simply coincid-
ed with the warning. Moreover, only one of
these drivers experienced a collision, and it
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was minor, suggesting that the warning did not
impede response. When the warning sounded,
only two drivers (out of 280 trials) were
already braking. One driver had begun to
release the brake pedal, and so when the warn-
ing sounded, this driver was able to rapidly
depress the pedal. The warning appeared to
have no effect on the other driver. Because so
few drivers received a warning as they were
braking, the data do not provide a good basis
for evaluating how the warning might disrupt
an ongoing response.

Discussion

The objective of this experiment was to
examine the effects of the RECAS warning on
drivers who were not distracted. The results
indicate that drivers benefit from the warning
regardless of whether or not they are distract-
ed. No interaction occurred between distrac-
tion and warning except when floor effects
were encountered (i.e., the percentage of col-
lisions cannot be less than 0%), suggesting
that undistracted drivers benefit from the
warnings as much as distracted drivers do.
Both distracted drivers and undistracted driv-
ers responded faster with the warning and
maintained a greater safety margin. The data

do not indicate that a warning might under-
mine safety for an undistracted driver.

Figure 7 shows the relative benefit associat-
ed with the warning. The RECAS warning had
the most significant effect, followed by distrac-
tion and exposure. The absolute magnitude of
the differences indicates that having the warn-
ing is more beneficial than either not being
distracted or experiencing the collision event
for a second time. These results provide strong
evidence that warning drivers even when they
are not distracted can have substantial benefits
in imminent collision situations.

GENERAL DISCUSSION

This study provides guidance regarding
algorithm design, supports development of
driver performance models, and contributes to
methods for evaluating collision warning sys-
tems. These contributions depend on how well
driver behavior in a simulator generalizes to
on-road driving. Because this study was con-
ducted in a simulator, drivers were not exposed
to the same risk as on a roadway. Although
the lack of severe consequences in the simula-
tor could have affected driver behavior, infor-
mal observations suggest that drivers were fully

N
A
R

N
o
R

15% 1

Percent of collisions

10% -

5% - I
0% N »
No . ing s

First Second  Yes No
Exposure Distracted

Figure 7. The relative effect of RECAS warnings, distraction, and exposure.
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engaged and immersed in driving and that
they reacted as though they were in an actual
collision situation.

Another important caveat of this study is
that drivers were exposed to the collision
warning system for approximately 30 min and
were not exposed to nuisance alarms. The nui-
sance alarms that would probably accompany
long-term exposure could potentially under-
mine the observed safety benefits.

Finally, the experiments considered only a
limited range of collision situations, algorithm
parameters, and driver interface options. In
particular, the study exposed drivers to severe
situations. In normal driving, such situations
are rare — the overrepresentation of them in
these experiments should be considered in
extrapolating the results and estimating crash
reduction benefits for the driving public. Thus
care is required in extrapolating to general de-
sign considerations. Even given these caveats,
the study has important implications for system
design and future research.

Design Recommendations

The results show that a RECAS can sub-
stantially reduce the chance of collision in the
scenarios tested. Not surprisingly, an early
warning is of greater benefit than a late warn-
ing; however, the operational implications of
this benefit depend on how much the early-
warning algorithm increases nuisance alarms.
The data show that drivers respond to colli-
sion warni gs as automation that redirects
attention ra.ner than as automation that trig-
gers a response. If the warning triggered a re-
sponse, then the warning might have enhanced
accelerator release response, decreased transi-
tion time from accelerator to brake, decreased
the time between initial brake depression and
maximum deceleration, and increased mean
and maximum deceleration. The data from
both experiments, however, show that an
enhanced accelerator release response is the
only warning effect. The warning appears to
affect driver response by redirecting driver
attention to the road. Consequently, the bene-
fits of early warnings in providing drivers with
additional time to interpret and respond to the
situation probably outweigh the costs associ-
ated with inappropriate braking responses to

nuisance alarms. A large number of nuisance
alarms might undermine driver acceptance
but are unlikely to generate inappropriate
braking responses.

The large potential safety benefit observed
for distracted drivers constitutes preliminary
evidence supporting the use of a RECAS to
aid drivers distracted by in-vehicle technology
(e.g., cellular telephones). The potential safety
benefits of this system will probably increase
as in-vehicle information systems proliferate
and increase driver distraction. Algorithm
designers might consider adjusting the warn-
ing threshold based on an estimate of driver
distraction, such as the state (in use/not in use)
of a cellular telephone. Such a strategy might
provide particularly large safety benefits.

This study clarified the nature of driver
response to rear-end collision warnings in a
manner that can support model development.
The data show that the warning affects only
the initial release of the accelerator and affects
neither the time required for a driver to move
his or her foot to the brake pedal nor the
degree of brake pressure. The results also indi-
cated that drivers modulate their braking
responses according to the evolving situation.
Drivers who release the accelerator early brake
more moderately than do those who release it
late. This closed-loop response is an important
component of an accurate driver model.

The data also provided preliminary evi-
dence regarding the switching time associated
with transitioning from the distraction task to
the collision avoidance response. In broaden-
ing understanding of the mechanisms by
which collision warnings affect braking behav-
ior, this research directly contributes to the
development of more precise computational
models of driver behavior that can help to
evaluate RECAS effectiveness.

The results have enabled the development
of a computer model that can extrapolate
results and identify promising parameter set-
tings. The model, the attention-based rear-end
collision avoidance model (Brown et al., 2000),
is largely based on Gibson’s field theory of driv-
ing (Gibson & Crooks, 1938) and provides a
theory-based extrapolation of experimental
results. Using this model, it is possible to
extend the analysis beyond the circumstances




332

Summer 2002 - Human Factors

tested in the simulator to identify parameters
that are likely to provide the greatest safety
benefit. The first experiment examined only two
combinations of assumed deceleration and
reaction time. A 1.5 s assumed reaction time
was combined with 0.40 and 0.75 g assumed
deceleration. The model-based analysis exam-
ined levels of assumed driver reaction time
from 1.0 to 2.0 s in 0.25 s increments while
varying assumed deceleration from 0.20 to
0.75 g in 0.05 g increments. The speed and
situational severity values were the same as
those used in the simulator study.

Figure 8 shows a contour plot of the per-
centage of collisions for each combination of
algorithm parameters. The probability of a
collision is greatest when high assumed decel-
erations are paired with low assumed reaction
times. The combination of a 1.5 s assumed
reaction time and 0.40 g assumed decelera-
tion shows promise. Areas with high proba-
bility of collision are not close to this area.
Although other regions of low probability of
collision could be examined, areas closest to

* the higher rates of collision could be more

susceptible to inaccuracies in the model and

to variations in the driving situation. Further
model-based analysis should be conducted to
identify how the parameters affect false alarms.
Creating an objective function that reflects
both the costs of false alarms and the benefits
of collision detection will enable the creation
of a similar contour to help in identifying
optimal algorithm parameters.

This study also provides data regarding
approaches to evaluating collision warning
systems. Evaluation of collision warning Sys-
tems poses a challenge because collision events
happen rarely and because repeated exposures
in a short period are not representative of the
driving context. This study used repeated
exposures to collision situations to evaluate
RECAS warning effectiveness.

Three criteria provide a basis for evaluat-
ing the utility of this approach. The first and
most important criterion for evaluating the
validity of multiple exposures is the interaction
between exposures and RECAS conditions.
The data show no interactions. The second cri-
terion concerns the effects of exposure on the
dynamics of driver response. The data show
that subsequent exposures induced drivers to

200 —

g,
i«
:
3

\O.ﬁ/ V

N

0

°

100 f

&
] / S0
el gﬁ —
L
- //w\
' R R A A S

T T
020 025 030 038 040 045
mmmdmw\gwm

Probabilty of a Collision m— 005 we= 0 " 085 = 020
— 025 — 030 — 035 — 040

065 070 075

Figure 8. Contour plot of probability of a collision for the algorithm parameter space.




COLLISION WARNINGS AND DRIVER DISTRACTION 333

devote additional attention to the roadway,
which resulted in a 430 ms faster accelerator
release, enabling drivers to avoid a panic-
braking situation, to reach the point of maxi-
mum braking more gradually, and to stop with
a lower mean and maximum deceleration.
Thus multiple exposures do not change the
fundamental response dynamics but, rather,
affect performance by altering how drivers
monitor the roadway in the face of distrac-
tion. The third criterion concerns the effects
of exposure on outcome; the outcome should
not change with repeated exposure. The data
show that in this experiment, multiple expo-
sures violated this criterion - drivers reacted
more quickly and avoided more collisions
after the first exposure. Thus the data from
the multiple exposures can be interpreted as
degrees of distraction, with the first exposure
representing a more distracted driver.

Because there were no interaction effects
and the dynamics of the driver response did
not change, it is theoretically possible to sta-
tistically adjust reaction time to the second
exposure by 430 ms (i.e., by the amount that
driver reaction tir,.e decreased from the first
to the second exposure). Incorporating these
results into a statistical or computational model
of driver response could further enhance the
information available from a multiple-expo-
sure experiment. Although promising, the
results indicate that the second exposure is
not equivalent to the first and that data from
any multiple-exposure experiment must be
carefully examined to ensure that these differ-
ences do not jeopardize the validity of the
data. As described previously, the results were
predicated on a ruse (drivers thought their
task was to evaluate simulator validity) that
reduced driver expectancies regarding poten-
tial collision situations. The nature of the ruse
and the specific scenarios used may signifi-
cantly influence how multiple exposures affect
responses to unexpected events.

Future Research

Although this study demonstrated a substan-
tial benefit by warning undistracted drivers in
imminent collision situations, several questions
remain unanswered. Specifically, although the
warning enhanced undistracted drivers’ per-

formance in the simulator, warnings might be
perceived as a nuisance to undistracted driv-
ers in an actual driving situation. One strate-
gy for reducing nuisance alarms is to integrate
the collision warning system with in-vehicle
information systems, such that the warning
algorithm is more sensitive when the systems
are active and the driver is likely to be dis-
tracted. Further data collection in operational
settings is required to assess driver response
to nuisance alarms generated by early warn-
ings and whether or not dynamic adjustment
of the algorithm is feasible.

Of more importance, although the study
showed no detrimental effects of warning to
undistracted drivers, it did not systematically
explore how a warning might interfere with
an ongoing braking response. Warnings issued
when a driver is already responding could
interfere with the response process and under-
mine the benefits of a RECAS. In addition,
this study provided drivers with a very limited
exposure to the collision warning system. A
longer-term study is required to understand
the evolution of driver attitudes and to vali-
date the benefits observed in this study.

CONCLUSIONS

For the imminent collision situations exam-
ined, drivers dramatically benefited from
RECAS warnings. Drivers respond to the col-
lision warning as automation that redirects
attention, not as automation that triggers a
braking response. By redirecting attention to
the road, the RECAS reduced the number and
severity of collisions and increased the margin
of safety (a larger adjusted minimum TTC).
These convergent measures demonstrate the
benefit of RECAS warnings. The data show
that an early RECAS warning is more benefi-
cial than a late warning; however, drivers who
received and complied with a late warning
also benefited compared with those who did
not receive a warning.

Both distracted and undistracted drivers
benefited from the warning. Beyond the direct
benefit of avoiding collisions with the lead vehi-
cle, drivers who received the warning decelerated
more gradually, which may decrease the risk of
being struck from the rear. This could be an
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important consideration in a comprehensive
benefits analysis. The study also showed that
RECAS warnings enhance driver response over
a wide range of headways, velocities, and lead
vehicle decelerations, strongly suggesting that
the RECAS algorithm employed in this study
can enhance driver response in potential colli-
sion situations.

ACKNOWLEDGMENTS

This research was sponsored by the Nation-
al Highway Traffic Safety Administration
under Contract DTNH22-95-D-07168 1QC
#2(8-07633). Special thanks to Mike Perel,
August Burgett, Wassim Najm, Robert Miller,
and David Smith for their helpful comments
on the design and conduct of this study. The
comments of two anonymous reviewers, Alvah
Bittner, and Eduardo Salas greatly enhanced the
quality of the manuscript. Also, we acknowl-
edge the dedicated efforts of those who coded
the videotape data: Kristi Schmidt, Robert
Betts, and Josh Hoffman.

REFERENCES

An, P. E., & Harris, C. J. (1996). An intelligent driver warning
system for vehicle collision avoidance. IEEE Transactions on
Systems, Man, and Cybernetics — Part A: Systems and
Humans, 26(2), 254-258.

Brown, T. L., Lee, J. D., & McGehee, D. V. (2000). An attention-
based model of driver performance in rear-end collision situa-
tions. Transportation Research Record, 1724, 14-20.

Brown, T. L., Lee, J. D., & McGehee, D. V. (2001). Human per-
formance models and rear-end collision avoidance algorithms.
Human Factors, 43, 462-482.

Burgett, A. L., Carter, A., Miller, R. J., Najm, W. G., & Smith,
D. L. (1998). A collision warning algorithm for rear-end colli-
sions (98-S2-P-31). Washington, DC: National Highway
Traffic Safety Administration.

Dingus, T. A., McGehee, D. V., & Hankey, J. M. (1997). Human
factors field evaluation of automotive headway maint
collision warning devices. Human Factors, 39, 216-229.

Gibson, J. J., & Crooks, L. E. (1938). A theoretical field-analysis
of automobile driving. American Journal of Psychology, 51,
453-471. R

Hirst, S., & Graham, R. (1997). The format and presentation of
collision warnings. In 1. Noy (Ed.), Ergonomics and safety of
intelligent driver interfaces (pp. 203-219). Mahwah, NJ:
Erlbaum.

Hoffmann, E. R., & Mortimer, R. G. (1996). Scaling of relative
velocity between vehicles. Accident Analysis and Prevention,
28, 415-421.

Kiefer, R., LeBlanc, D., Palmer, M., Salinger, J., Deering, R., &
Shulman, M. (1999). Development and validation of function-
al definitions and evaluation procedures for collision warn-
ing/avoidance systems (DTNH22-95-H-07301). Washington
DC: National Highway Traffic Safety Administration.

Knipling, R. R., Mironer, M,, Hendricks, D. L., Tijerina, L.,
Everson, J., Allen, J. C., & Wilson, C. (1993). Assessment of
IVHS countermeasures for collision avoidance: Rear-end
crashes (DOT HS 807 995). Washington, DC: National
Highway Traffic Safety Administration.

Lamble, D., Laakso, M., & Summala, H. (1999). Detection
thresholds in car following situations and peripheral vision:
Implications for positioning of visually demanding in-car dis-
plays. Ergonomics, 42, 807-815.

Lee, J. D., Caven, B., Haake, S., & Brown, T. L. (2001). Speech-
based interaction with in-vehicle computers: The effect of
speech-based e-mail on drivers’ attention to the roadway.
Human Factors, 43, 631-640.

Lee, J. D., Gore, B. F., & Campbell, ]. L. (1999). Display alterna-
tives for in-vehicle warning and sign information: Message
style, location, and modality. Transportation Human Factors
Journal, 1(4), 347-371.

Lee, J. D., & Moray, N. (1992). Trust, control strategies and allo-
cation of function in human-machine systems. Ergonomics,
35, 1243-1270.

Lee, J. D., & Moray, N. (1994). Trust, self-confidence, and opera-
tors’ adaptation to automation. International Journal of
Human-Computer Studies, 40, 153-184.

Lerner, N. (1991). Multiple attribute evaluation of auditory
warning signals for in-vehicle crash warning systems
(DTNH22-91-C-07004). Washington, DC: National Highway
Transportation Safety Administration.

McGehee, D. V., & Brown, T. L. (1998). Examination of drivers’
collision avoidance behavior in a lead vehicle stopped sce-
nario using a front-to-rear-end collision warning system
(DTNH22-93-C-07326). Washington, DC: National Highway
Traffic Safety Administration.

Mollenhauer, M. A., Hulse, M. C., Dingus, T. A., Jahns, S. K., &
Carney, C. (1997). Design decision aids and human factors
guidelines for ATIS displays. In Y. 1. Noy (Ed.), Ergonomics
and safety of intelligent driver interfaces (pp. 23-61).
Mahwah, NJ: Erlbaum.

National Safety Council. (1996). Accident facts. Itasca, IL:
Author.

Parasuraman, R., Sheridan, T. B., & Wickens, C. D. (2000). A
model for types and levels of human interaction with automa-
tion. IEEE Transactions on Systems, Man, and Cybernetics -
Part A: Systems and Humans, 30(3), 286-297.

Parkes, A. M. (1993). Voice communications in vehicles. InA M
Parkes & S. Franzen (Eds.), Driving future vehicles (pp-
219-228). Philadelphia: Taylor & Francis.

Summala, H., Nieminen, T., & Punto, M. (1996). Maintaining
lane position with peripheral vision during in-vehicle tasks.
Human Factors, 38, 442-451.

Tijerina, L. (1998). Haptic display research for collision avoid-
ance systems: Rear-end collision avoidance. East Liberty,
OH: Transportation Research Center.

John D. Lee is an associate professor of industrial
engineering at the University of lowa. He received a
Ph.D. in mechanical engineering from the University
of Illinois at Urbana-Champaign in 1992.

Daniel V. McGehee is director of the Human Factors
Research Division at the University of Iowa Public
Policy Center and holds secondary appointments in
the Colleges of Engineering and Medicine. He
received his M.S. in human factors/ergonomics in
1993 at the University of Idaho.

Timothy L. Brown is a senior research associate at
the National Advanced Driving Simulator at the
University of lowa. He received a Ph.D. in industri-
al engineering from the University of Iowa in 2000.

Michelle L. Reyes is a research assistant in the
Cognitive Systems Laboratory at the University of
Towa, where she is pursuing her B.S. in industrial
engineering with a focus on human factors and a
minor in psychology.

Date received: June 14, 2001
Date accepted: December 26, 2001






