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Preface

This report presents the results of a comprehensive and independent effort to evaluate the
effectiveness of an Intelligent Cruise Control (ICC) System. The ICC evaluation was sponsored
by the National Highway Traffic Safety Administration (NHTSA) and based on a Field
Operational Test (FOT) conducted under a cooperative agreement between NHTSA and the
University of Michigan Transportation Research Institute (UMTRI). Also included in the FOT
partnership were Leica AG, the Michigan Department of Transportation, and Haugen Associates.
The FOT was performed in Michigan and involved one hundred-eight volunteers recruited to
drive ten ICC-equipped Chrysler Concordes. Testing was initiated in July 1996 and completed in
September 1997.

The Volpe National Transportation Systems Center (Volpe Center), with support from Science
Applications International Corporation (SAIC), conducted the independent evaluation of the ICC
system for NHTSA.

The overal goals of the evaluation were to evaluate:

1. Safety Effects of the ICC System

2. I1CC System and Vehicle Performance
3. User Acceptance of the ICC System
4. System Deployment Issues

Numerous authors at both the Volpe Center and SAIC contributed to this effort. The authors are
listed on the documentation page. The authors appreciate the technical guidance provided by
August Burgett of NHTSA. In addition, the authors appreciate the valuable comments provided
by Al Chande of NHTSA and Neil Meltzer of the Volpe Center who performed an in-house
review of thisreport. Darbha Swaroop, of the Texas A&M University assisted in the analysis of
the impact of 1CC on traffic flow. He was responsible for the appendix identified under his name.
Other contributors at the Volpe Center and their involvement were Howard Winkler, data base
analysis; Francisco Vicenty, critical pre-crash scenario analysis, Robert DiSario, review of
statistical methods and results; Raul Nieves, database development; Frank Foderaro database
programming and querying; Chris Wiacek, collision database analysis, Sam Park, video analysis,
and Peter Yap, state space boundary analysis. Finaly, appreciation is extended to the editorial
personnel, who were patient in their unending support: Stacey Curran, Robert Marville and
Arthur Rubin.

The authors and contributors also wish to acknowledge the contributions Dr. Michel Van Aerde
who suddenly and unexpectedly passed away on August 17, 1999. Mike not only contributed to
the traffic flow analysis in Chapter 5 and the congestion model in Appendix G, but also played
an important role in the development of the safety analysis framework used in this study. He will
be missed by his colleagues.
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Executive Summary
Background

The Inteligent Cruise Control (ICC) system automaticaly maintains a st time-headway between an
ICC-equipped vehicle and a preceding vehicle through throttle modulation and down-shifting (but not
braking). When traffic is encountered, |CC-equipped drivers are provided the convenience of some
relief from manually engaging, disengaging, or resstting velocities, as is often the case with Conventiond
Cruise Control (CCC). When not in traffic, ICC functions in amanner smilar to CCC.

The ICC evauation documented in this report was sponsored by the Nationd Highway Traffic Safety
Adminigtration (NHTSA) and was based on an ICC Field Operationa Test (FOT) conducted under a
cooperative agreement between the NHTSA and the University of Michigan Transportation Research
Ingtitute (UMTRI). Also included in the FOT partnership were Leica AG, the Michigan Department of
Trangportation, and Haugen Associates. The FOT was performed in Michigan and involved one
hundred-eight volunteers recruited to drive ten ICC-equipped Chryder Concordes. Testing was
initiated in July 1996 and completed in September 1997.

The Volpe Nationd Transportation Systems Center (Volpe Center), with support from Science
Applications International Corporation (SAIC), conducted the independent evauation of the ICC
system for NHTSA.

The ICC system, athough intended as a user convenience system, has features that could affect safety.
With the imminent commercidization of ICC-type systems in the United States, it was, therefore,
important that an evaluation of 1CC with a mgor focus on its safety effects be conducted. Although the
primary god of this NHTSA sponsored evauation was to determine ICC system safety effects, the
evauation had other gods aswell. The overd| goas were to evduate:

1. sAfety effects of the ICC system,

2. ICC sysem and vehicle performance,

3. user acceptance of the ICC system, and

4. system deployment issues.
Conclusions

1. Safety Effectsof thel CC System

Use of the ICC system in the FOT was generdly associated with safer driving compared to manua
control, and to a lesser extent compared to CCC, and is projected to result in net safety benefits if
widely deployed. This concluson is based on assessment of various objective safety surrogate
measures, driver perceptions, and modeling of the widespread deployment of ICC systems. The safety
benefits of the ICC system are primaily atributable to the sysem’s ability to maintan congtant
velocities and/or headways when a dower vehicle is encountered, and the pattern of 1CC drivers to use
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the sysem predominately on freeways under conditions of light or moderate traffic with fewer vehicle
interactions and rdaively uniform velodities.

A few safety concerns were identified regarding use of 1CC. These concerns were primarily associated
with the tendency of some ICC drivers to wait for the system to resolve driving Stuations before
intervening. Although these concerns deserve further attention, severa amdiorating factors suggest that
the potentid safety risk associated with the system isfar outweighed by its safety benefits.

2. 1CC System and Vehicle Performance

Asaprototype, the ICC system performed remarkably well both in a variety of controlled experiments
on public roadways and under natura conditions driven by the FOT participants. Anayss of the FOT
data shows that the ICC system adequately maintains set headways and velocities, and reduces the
need for drivers to brake within the control authority of the system. The sensors reliably detect vehicle
targets within the specified fied of view. There were performance problems when the system was
operated in rain or snow. However, these problems were not regarded as serious because they
appeared related to the prototype status of the system, and it is assumed they will be addressed in future
production systems.

3. User Acceptance of thel CC System

The ICC system generdly had avery high level of acceptance by the FOT participants. Both prior users
of CCC and non-users of CCC preferred the ICC to CCC. Participants overwhelmingly ranked ICC
over CCC and manud driving for convenience, comfort, and enjoyment. Most participants indicated
they would use ICC on freeways. In addition, many indicated they would use the system on 2-lane and
rurd roads. There was a high leved of comfort in seeing ICC replace CCC in future vehicles, and
participants indicated awillingness to pay about $300 for an ICC system.

4. System Deployment | ssues

Under certain conditions of short time-headway settings (e.g., 1.0 second) and high veocities, ICC
systems could improve roadway capacity. Longer time-headway settings (e.g., 2.0 seconds) could
reduce roadway capecity. Alternative, non-linear time-headway control agorithms could improve
roadway capacity beyond that of the tested system. The reduced throttle fluctuations of 1CC will result
in reduced fuel consumption and emissions. Projected costs of ICC systems, at 500,000 units per year
are within the range of willingness-to-pay estimates.

Evaluation Approach
The FOT provided three primary sources of data used in the evaluation:

1. digitd data on ICC system and vehicle performance (e.g., veocity, time-headway, range)
collected in deci-second intervals by an on-board data acquisition system,

2. video data from aforward-looking camera mounted on the vehicle, and

3. participant questionnaires and focus groups.



The data collected by UMTRI was forwarded to the Volpe Center and SAIC. A specia database was
established to support the evauation. In addition, a number of data processng and andysis tools were
developed to support analysis of the data.

The firg evduation god, to Evaluate Safety Effects of the ICC System, addressed three basic
questions:

1. Did the FOT participants drive more or less safdy with the ICC system than without it, in ways
related to the system?

2. Didthe FOT participants percelve a safety benefit from use of the ICC system?
3. What would be the effect of widespread use of the ICC system on roadway safety?

Because the FOT was not expected to result in any crashes (and, in fact, did not), a number of
objective, safety surrogate measures were defined to address the first safety question. The digitd and
video data were used extengvey to quantify the safety measures. To ad in the integration of these
various measures, a safety analysis framework was developed. This framework permits dl driving
experience encountered in the FOT to be characterized in terms of states and trangtions. States are
defined as either closing, cruising, following, or separaing. Trangtions (or maneuvers) are changes from
one state to another and include lane changes, cut-ins, approaches, and lead vehicle decelerations. The
framework aso provides a means of describing the impact of the three control modes, ICC, manud,
and CCC, on driving behavior. All of the safety surrogate measures used in the evauation were related
to thisandyss framework.

The second safety question, relating to driver perceptions of safety, was addressed primarily sing
results of the participant questionnaires. The third safety question, relating to widespread safety effects
of ICC, was addressed through use of a safety benefits estimation methodology developed under
NHTSA sponsorship.

The second evauation goal, to Evaluate ICC System and Vehicle Performance, was based primarily
on andysis of data resulting from a series of pilot tests conducted under controlled conditions by the
evauation team prior to the FOT. Participant questionnaire results were aso used.

The third evaduation god, to Evaluate User Acceptance of the ICC System, was based on anadys's of
the participant questionnaire results.

The fourth evauaion god, to Evaluate System Deployment Issues, addressed impacts of the ICC
system on traffic flows, impacts on fud consumption and emissons, user willingness to pay for an ICC
system, and indtitutional issues associated with full deployment of ICC systems. Effects on traffic flow
were evauated by applying sandard traffic engineering andlysis to ICC data on speed, headway, and
lane change characteridtics. Fuel consumption and emissions were determined using a modd devel oped
by the Center for Trangportation at the Virginia Polytechnic Ingtitute and State Univerdty and daa
supplied by Oak Ridge Nationa Laboratories. Willingness to pay was based on a comparative cost
anayss between Anti-Lock Braking Systems (ABS) and the potentia development of ICC systems.
The potentid for market penetration was evaluated by andysis of the likely cost of production ICC
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systems, and comparison of these systems with the amount participants said they would be willing to
pay for these systems.

Summary of Significant Findings

1. Evaluation Goal #1 — Evaluate Safety Effects of the |ICC System

The following is adiscussion of the safety surrogate measures, driver perceptions, and modeling of ICC
safety benefits that supported the overdl safety conclusions. As a convenience to the reader, the various
indicators used for evauaing ICC safety are summarized in Table 1. The indicators apply to both
freeway and arterid roadways except where noted. The table dso shows how these indicators were
interpreted in terms of whether they indicated a safety benefit, a safety neutrdity, or a safety concern for
the ICC system.

The chdlenge to the evduators of the ICC system was to integrate the various indicators listed in Table
1 into an overdl concdusion regarding the safety effect of ICC use. In doing this, severa important
observations were made:

1. Anexamination of the potentia safety benefits yielded the following consderations:

there were many more indicators of potential benefits than of safety concerns,

these benefits accrued over most conditions that 1CC drivers were exposed to, and

the generdly positive indications of these measures were further supported by the subjective
responses of the FOT participants and the andytica modeling results of widespread ICC
use.

2. An examination of the safety concerns, induding detailed video examination of many individua
driving Stuations, yielded the following amdiorating consderations:

the driving Situations causing concern were rare events to which most ICC drivers had very
limited exposure,

the occurrence of events causing concern may decline as ICC drivers gain more experience
with the system,

the individual safety-critical cases examined were dl successfully resolved by the ICC
drivers, and, therefore,

given the above, it was concluded that these concerns did not represent a generd safety
problem or indicate any inherent safety deficiency with the ICC system.

Based on the above observations, the overall conclusion of the evaluators was that use of the
|CC will result in net safety benefits if widely deployed.
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Table 1. Summary of Significant Safety Findings

I ndicates I ndicates
Safety Surrogate Measure Safety Safety Safety
Benefit Neutral Concern

1. Usage +
2. Driving States and Transitions

2.1 Timein Closing States (Freeways) +

2.2 Timein Closing States (Arterials) 0

2.3 Timein Closing Close Sub-states (Freeways) +

2.4 Timein Closing Close Sub-states (Arterials) 0

2.5 Lane Changes +

2.6 Cut-ins +
3. Overal Driving Behavior

3.1 Time-Headway +

3.2 Velocity 0

3.3 Veocity Variahility (Freeways) +

3.4 Acceleration +

3.5 Acceleration Variability +

3.6 Braking Frequency +

3.7 Braking Force +

3.8 Response Time -
4. Behavior in Safety-Critical Situations

4.1 Closing Rate 0

4.2 Time Headway (Freeways) +

4.3 Velocity (Freeways) -

4.4 Braking Frequency (Freeways) +

4.5 Braking Force (Freeways) -

4.6 Response Time (Freeways) -

4.7 State Space Boundary Crossings (Freeways) +

4.8 Close Calls (Freeways) +

4.9 Close Calls (Arterials) -

4.10 Most Severe Close Calls (Freeways) +

4.11 Most Severe Close Calls (Arterials) -

4.12 Pre-crash Scenarios (Freeways) +

4.13 Critical Pre-crash Scenarios (Freeways) -
5. Driver Perceptions of Safety +
6. Estimate of Widespread Safety Benefits +




1.1 Usage of theCC System

ICC drivers in the FOT, on average, used the ICC system for 19 hours and drove about 1646
kilometers. The ICC system was used extensively on freeways, approaching 60 percent usage on trips
greater than 15 minutes. This usage was about 50 percent greater than that of conventiond cruise
control (CCC). The ICC system was used about 6 percent of the time on arterids, about 50 percent
more than CCC. The ICC system was used in greater levels of traffic congestion than CCC; eg., 26.5
percent more than CCC in moderate levels of traffic congestion.

From a safety perspective, the usage patterns of ICC drivers would tend to promote safer driving.
More specificdly, ICC drivers tended to use ICC predominately on freeways under conditions of light
or moderate traffic. These conditions are generaly more safety-benign, involving fewer interactions with
other vehicles and rdatively uniform, abeit higher, velocities

1.2 Driving Statesand Transtions

1.2.1 Indicatorsof a Safety Benefit for ICC

Time in Closing States (Freeways) — This measure indicates the amount of exposure to Stuations
involving closings on a lead vehide. Driving with the ICC system resulted in less proportion of time
gpent closing on alead vehicle; 5.1 percent of the time for ICC versus 6.8 percent for manua and 5.2
percent for CCC.

Timein Closing Close Sub-state (Freeways) — On freaways, driving with the ICC system resulted in
the least time spent in states of closing a headways under 0.8 seconds (close) compared to manua or
CCC driving.

Lane Changes — This measure indicates the frequency of risky maneuvers from one studion to
another, especidly in response to dower traffic. The number of lane changes on freeways and arterids
when using ICC isless than that for manud driving. For example, on freeways, the rate of lane changes
for ICC driving was about 8 per 100 km, in contrast to about 19 for manua. (CCC was about 7). Lane
changes for ICC were less likely to result in a closing state; 1.04 lane changes per 100 km of ICC
driving resulted in a closing state as compared to 3.46 for manud driving and 1.57 for CCC driving.
ICC lane changing dso resulted in proportionately fewer ingances of ending in dates of dosing,
following, or separating at headways under 0.8 seconds (close) compared to manua driving (14 percent
for ICC versus 21 percent for manud). Mot importantly, ICC driving resulted in significantly fewer
ingances of lane changing from closing-close stuations (2 percent of lane changes for ICC versus 8
percent for manua and 7 percent for CCC). Thisis seen as evidence that ICC driving reduces the need
for drivers to make safety-critica lane changes in response to dower traffic.

Cut-ins — This measure indicates the frequency of Situations where other drivers cut in ahead of the host
vehicle, potentidly resulting in high closng rates and short headways The frequency of cut-ins on
freeways and arterids when usng ICC is less than manua driving and equa to CCC driving. For
example, on freeways, the rate of cut-ins for ICC driving was about 12 per 100 km, in contrast to
about 20 for manua. Furthermore, the rate of cut-ins that resulted in a closing state is aso less for ICC



(about 2.48 per 100 km) than for manual (about 4.42 per 100 km) and about the same for CCC (about
2.10 per 100 km). It was aso found that increases in ICC headway setting, from 1.0 seconds to 2.0
seconds, did not increase the rate of cut-ins, as was hypothesized before the test.

1.2.2 Indicatorsthat are Safety Neutral for ICC

Timein Closing States (Arterials) — Driving with the ICC system resulted in a greater proportion of
time spent closing on alead vehicle; 8.5 percent of the time for ICC versus 4.4 percent for manua and
6.5 percent for CCC. Although this could represent a safety concern, it is consdered safety-neutra
because of severd important congderaions, namely, very little time exposure is involved (only about
0.5 percent of ICC driving isin the closing state on arterids) and there is evidence that the paucity of
data on arterids produced unreliable results (an dternative andysis that aggregated the data over al
|CC drivers produced opposite results; i.e., ICC had the least time in closing States).

Timein Closing Close Sub-state (Arterials) — On arterids, driving with the ICC system resulted in
about the same percent of time spent in states of closing a headways under 0.8 seconds (close) as
manud and CCC driving.

1.3 Overall Driving Behavior

1.3.1 Indicatorsof a Safety Benefit for ICC

Time-Headways — Longer time-headways will provide more time for drivers (or the ICC system) to
respond to traffic Stuations. Time-headways were longer for the ICC system than for manud driving,
but less than CCC. Average time-headways for freeway driving were about 1.9 seconds for 1ICC
compared to 1.7 seconds for manual and 2.2 seconds for CCC.

Velocity Variability (Freeways) — This measure indicates the level of velocity differences between
vehicles and, thus, the likelihood of closings and other interactions resulting from responses to closings.
Variahility in ICC velocity was much less than in manua driving, but more than in CCC. The average
standard deviation in velocity was about 4.4 km/h for ICC compared to 11.1 kmvh for manua and 2.8
kmv/h for CCC.

Acceleration - The spread of accderation (positive and negative) was much wider for manud driving.
Mogt of the ICC accelerations fell within +/- 0.05 g, whereas more manual accderations fdl outsde this
range.

Accederation Variability — Accderation variability for ICC driving was rdatively low and less than
that for manud driving for al velocity levels. The largest gandard deviation in accderation for manua
driving wasin velocities below 80 km/h.

Braking Frequency - The number of brakings per kilometer of freeway driving for ICC (about 5.0
brakings per 100 km) was significantly less than for manua (about 25.0 brakings per 100 km) and for
CCC (about 12.0 brakings per 100 km). The number of brakings per kilometer of arteria roadway
driving for ICC (about 31.0 brakings per 100 km) was aso sgnificantly less than for manua (about
90.0 brakings per 100 km) and for CCC (about 41.0 brakings per 100 km).
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Braking Force — The didribution of different braking force levels provides an indication of the
frequency of potentidly dangerous interactions with other vehicles. The overal didribution of braking
force versus braking frequency was sgnificantly less for ICC than for manud (generdly by more than
one order of magnitude) and was more comparable to CCC. For example, the relaive frequency of 0.1
g brakings on freeways per 100 kilometers traveled (at velocities greater than 80.5 km/h and with lead
vehicle present) was about 0.11 for ICC compared to 0.14 for CCC and 5.00 for manual. Although the
proportion of brakings at force levels 0.1 g and higher is generdly greater for ICC than for manua and
CCC, the actud rate of brakings (brakings per million kilometers) in these higher force levels is
consgently less for ICC than for manudl.

The overdl digribution of braking force versus braking frequency on arterids was sgnificantly less for
ICC than manud. However, the proportion of brakings & force levels 0.1 g and higher is generdly
greater for ICC than for manuad and CCC. This latter finding is condgstent with the concern expressed
elsewhere that ICC drivers tend to wait for the system to control Stuations and, therefore, intervene
later when necessary. Although this is a concern, the higher braking force events are extremdy rare
(only 39 braking events at 0.30 g or higher were detected for ICC system on arterias).

1.3.2 Indicatorsthat are Safety-Neutral for ICC

Velocity — Higher velocities increase the potentia for encountering closing Stuations with dower leed
vehicles and the severity of crashes. ICC velocities tended to be less than CCC, but more than manud.
Average velocities on freaways were as follows. ICC = 106 km/h, manua = 96 km/h, CCC = 110
km/h. The velocity differences were interpreted to be the result of the different traffic conditions under
which drivers choose to drive manudly or with cruise control. This measure was interpreted as
indicating no particular benefit, or disbenefit, for ICC.

1.3.3 Indicatorsof a Safety Concern for ICC

Response Times — This measure provides an indication of driver inattentiveness and/or increased
potentia for reduced headways and higher closing rates with lead vehicles. Driver responses to the
brake light simulus of a lead vehicle were generdly longer in ICC driving than manud, by about 0.3
seconds, but dightly less than CCC. The longer response timesin ICC (and CCC) appear due, in part,
to longer time-headways for these systems and drivers taking advantage of these longer times to delay
responding. Although, there was no clear evidence that the longer responses were due to
inattentiveness, the possibility of inattentiveness cannot be ruled out for al Stuations. However, based
on the video andysis as well as participant questionnaires and focus groups, drivers seemed to be well
aware of evolving stuations. In fact, a pattern emerged from the anays's suggesting that drivers with
ICC tended to wait for the system to respond to given Stuations to avoid disengagement and, hence,
intervened later than would be the case in manua operation. In generd, the later interventions did not
result in critical Stuetions.
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1.4 Driving Behavior in Safety-Critical Situations (Closing and Pre-Crash Scenarios)

1.4.1 Indicatorsof a Safety Benefit for ICC

Time-Headway (Freeways) - Time-headways in closng Stuations were dightly longer for the ICC
system than for manua and CCC driving. Average time-headways for freeway driving were about 1.7
seconds for ICC compared to 1.5 seconds for manual and 1.6 for CCC.

Braking Frequency (Freeways) — During closng events, there were generally fewer brakings at each
braking force levd for ICC than for manua, athough at force levels greater than 0.30 g the frequency
was about equa.

State Space Boundary Crossings (Freeways) - This measure provides an indication of the
frequency of interactions with other vehicles, especidly in high closing rate and short headway Stuations.
The frequency of encountering such situations per kilometer of freeway traveled was much less for ICC
than for manua and CCC. For example, Stuations that would have required the host vehicle to
decelerate at a congtant rate of 0.10g to avoid a minimum headway of 4 m with a lead vehicle was
encountered with a frequency of about 4.0 per 100 kilometers for ICC in contrast to about 6.0 for
CCC, and about 14.0 for manual.

Close Calls (Freeways) — This measure indicates the frequency of potentially dangerous interactions
with other vehicles. The frequency of “close cdls’ on freeways per 100 kilometers traveled for ICC
(3.4) was about half that for manual driving (6.2) and about equa to CCC.

Most Severe Close Calls (Freeways) — The frequency of the most severe category of close cdls on
freeways per 100 kilometers traveled for ICC (0.2) was subgtantialy less compared to manua driving
(0.5), but greater than for CCC driving (0.1).

Pre-crash Scenarios (Freeways) — This measure indicates the frequency of occurrences of specific
types of rear-end pre-crash scenarios. ICC driving resulted in 45 to 70 percent fewer pre-crash
scenarios than manud driving depending on the type of scenario, and about the same frequency as
CCC. Pre-crash scenarios analyzed included lane changes, cut-ins, approaches and lead vehicle
decelerations.

1.4.2 Indicatorsthat are Safety-Neutral for ICC

Closing Rate — This messure indicates the differential velocity between the host vehicle and a
preceding vehicle and, thus, the raive likelihood of a rear-end crash. The closing rate was dightly
lower for ICC than for manual or CCC on freeways. On arterids, the closing rate for ICC was dightly
higher than manud. Overdl, in terms of closing rate, the ICC system was considered safety-neutra
reldive to manud driving.

1.4.3 Indicatorsof a Safety Concern for ICC

Velocity (Freeways) — The mean velocity of ICC on freeways during closing Situations was about 11
km/h higher than manua and about equa to CCC. The higher velocities for ICC, however, did not
result in shorter headways or higher closing rates and, thus, an increased probability of a crash.
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Nevertheless, the velocity result was consdered a safety concern since the severity of a crash, if it
occurred, could be increased.

Braking For ce (Freeways) — The proportion of brakings a higher force levels was higher for ICC
than for manud a levels above 0.10 g. This is a safety concern for ICC as it indicates that during
closings, braking with ICC was more gpt to be harder than braking with Manua or CCC.

Response Time (Freaways) - Driver reponses to the brake light simulus of a lead vehicle, in critical
Stuations of short headways, high levels of lead vehicle decderation, and large velocity reductions of the
host vehicle, were dightly longer for ICC driving than for manud, but dightly less than for CCC.
Although the response times in ICC (and CCC) were longer, evidence from driver questionnaires
suggests that ICC drivers are well aware of closng events and not inattentive, and results of the critical
scenario and video analyses suggest that only in extremely rare Situaions do drivers wait so long that
severe braking is required. The response time andlysis is therefore viewed as a safety concern, but not
an indication of agenerd safety problem for the ICC system.

Close Calls (Arterials) - ICC driving on arteria roadways generdly resulted in a greater rate of close
cdlsthan for manud or CCC driving. The average number of close cals per 100 kilometers of travel on
arterials was over 5.0 for ICC and CCC, about 2.5 times that of manud driving. The high average rate
of close calls when ICC was used was not representative of the maority of drivers who used ICC on
arterias. Of those who used ICC on arterials, 40 percent had no close cdls. However, a third of the
drivers had an extremdy high rate of close calls and raised the overdl average to high levels. Although
thisis a safety concern, it is confined to a subset of drivers, and from the perspective of safety exposure,
ICC was used only about 6 percent of the time when driving on arterial roadways. This was, therefore,
not deemed a generd safety problem for the ICC system.

Most Severe Close Calls (Arterials) — When andyzing only the most severe category of close calls,
the same trend of higher ICC frequency for a subset of drivers on arterids was seen. The frequency of
most severe close calson arterids for ICC was about 2.2 per 100 kilometers traveled, versus 0.9 for
manual and 1.6 for CCC.

Critical Pre-Crash Scenarios (Freeways) —Video examinations were made of 41 events that had the
highest braking levels or near encounters in the FOT. These 41 events were then classfied into pre-
crash scenario groups. Of the 41 events, 20 involved driving with the ICC system, 14 involved use of
CCC, and 7 involved manud driving.

All cases that indicated a safety concern for 1CC resulted from drivers appearing to wait for the ICC
system to respond to an evolving Situation to avoid disengagement and then intervening late, braking at a
high level, to successfully resolve the stuation. This is essentialy the same phenomenon noted above in
the response time discusson. The video andysis concluded thet, athough the ICC driver may have
contributed to the severity of Stuations by waiting longer to intervene, none of the Stuations indicated a
generd safety problem for the ICC system. It was aso noted that the |CC stuations may have involved
alearning component; i.e., the ICC drivers were learning how best to use the system and that the critical
Situations noted might decline with more experience.



1.5 Driver Perceptionsof |CC Safety

Fed test participants, overdl, ranked manua driving mogt safe, ICC next, and CCC least. However,
drivers said they drove mogt cautioudy with ICC and agreed that ICC would improve safety. Drivers
aso sad they fdt safe using the ICC system.

1.6 Estimated Safety Benefits of Widespread ICC Use

If ICC systems were to be fully deployed and used at the leves in the FOT, it is estimated that the
number of collisons on freeways would be reduced by 17 percent for two specific types of collisons
(1) ICC vehicle approaching a dower vehicle traveling a a congtant velocity, and (2) a lead vehicle
decderating in front of an ICC vehicle. Although not estimated under this current effort, additiond safety
benefits from 1CC use would be expected from a reduction in other rear-end collisons involving cut-ins
and lane changes, and from use of ICC on roadways other than freeways.

2. Evaluation Goal #2 — Evaluate ICC System and Vehicle Performance

2.1 ICC Sensors

The ICC sensors were able to detect vehicle targets within the specified field of view and were
adequate for freeway conditions. The sensors aso measured distances very accurately. The fidd of
view extended to 133 m, but reliable detection of targets extended to about 100 m. There was some
loss of targets on the curves and hills of secondary roads and ramps but not sufficient to degrade overdl
performance. In severe rain, the system automaticaly shut down, as designed, when backscatter from
rain was excessve. The system did not perform well in snow because snow would accumulate on the
bumper and sometimes generate false negatives as the snow scattered signals from the lead vehicle. In
other instances, the snow on the bumper would generate fase postives as it reflected sgnals directly
back to the sensors. Because of its prototype status, these are understandable performance problems,
but would need to be addressed prior to commercidization.

2.2 ICC Driver Interface

The driver interface was generaly wel received by participants. The low vishility buzzer, indicating
sensor backscatter during rain and snow, was found annoying by some.

2.3 Integrated |CC and Vehicle Performance

As a prototype, the ICC system performed remarkably well for the FOT participants driving on public
roadways, both in avariety of controlled experiments and under natural conditions. Analysis of the FOT
data shows that the ICC system adequately maintains set headways and velocities, and reduces the
need for drivers to brake within the control authority of the sysslem. There were performance problems
when the system was operated in rain or snow. However, these problems were not regarded as serious
because they appeared related to the prototype status of the system. The system was less aggressive in
accelerating to close gaps than in decderating to extend gaps. This tended to increase headway gaps
beyond the set headway. Drivers noted that they would have desired more acceleration capability.
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3. Evaluation Goal #3 — Evaluate User Acceptance of the | CC System

The FOT participants expressed a strong level of acceptance of the ICC. Both prior users of CCC and
non-users of CCC preferred the ICC to CCC. Participants overwhelmingly ranked ICC over CCC and
manual for convenience, comfort, and enjoyment.

Participants, particularly those who had the ICC system for only one week, indicated that they would be
more comfortable with the system given more time. This indicated that ICC driving introduced a
sufficiently new dimension to driving that the participants required more than aweek of experience to be
fully comfortable with the system. This suggests that specid orientation and training of future ICC users
might be appropriate.

Participants indicated they would most likely use ICC on freeways. However, a sgnificant number
would dso use it on 2-lane and rurd roads where they indicated they were comfortable using it. This
suggests that future ICC systems should be designed with their use on secondary roads in mind (for
example by accommodating narrow lanes, sharp curves, and steeper hills).

Therewas ahigh leve of comfort in seeing ICC replace CCC in future vehicles and median estimates of
willingness to pay ranged from $275.00 by those who do not use conventiond cruise control to
$475.00 by current users of conventiona cruise control.

4. Evaluation Goal #4 — Evaluate System Deployment | ssues

4.1 |CC Effectson Traffic Flows

Under certain conditions of short time-headway settings (e.g., 1.0 second) and high veocities, ICC
systems could improve roadway capacity. Longer time-headway settings (e.g., 2.0 seconds) could
reduce roadway capacity. Alterndive, non-linear time-headway control agorithms could improve
roadway capacity beyond that of the tested system. Also, dternative agorithms could reduce the impact
on traffic flows of ingabilities caused by multiple ICC-equipped vehicles traveling in platoons.

4.2 1CC Effectson Fuel Consumption and Emissions

Use of the ICC system reduces throttle fluctuations and, thus, the frequency and meagnitude of
accderations. These factorswill result in reduced fud consumption and emissions for ICC driving.

4.3 Projected ICC Costs

Projected costs of ICC systems at a market penetration level of 500,000 units per year fal within the
range of the average willingness-to-pay of between $275 and $475, determined from the participant
guestionnaire.

4.4 |nstitutional |ssues

The study identified two issues directly relevant to future deployment of 1CC-like systems: (1) ICC
gandards and (2) ingtruction of new ICC users. Participants indicated that the Government should be
involved in developing standards for these systems and that the lack of standards for ICC technology
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might adversdly affect ther devdlopment. Also, there was some consensus that the development of
ingructiona materids would be useful to help ensure that new users of ICC operate the system

appropriately.

Recommendations

Beyond the conclusons and results discussed above, the following recommendations are made for
further consderation:

1. Safety Effectsof ICC Systems

1.1 Further research into ICC systems with higher decderation authority seems warranted. Systems
with braking authority up to arange of 0.2 g to 0.3 g would automaticaly resolve dl but the rarest of
events obsarved in the FOT. Such systems would diminate most of the Stuations where the driver
waited for the system and then had to intervene late to exercise additiond braking. The dilemma such a
system cregtes, however, is that the driver may become over-rdiant on the systlem and may not be
prepared to intervene in extremdy rare Stuations when it is required. Research in this area should,
therefore, dso include the need for supplementary driver warnings, control agorithms for effective ICC
control in braking situations, and human factors issues.

1.2 Aswas observed in the FOT, use of the ICC system on roadways other than freeways, such as
arterids, created some safety concerns. Techniques to mitigate potentid hazards of using ICC on non-
freeways should be invedtigated. Possble solutions might involve the development of ingtructiond
techniques for new ICC users, means for inhibiting the operation of 1CC on non-freaways, and/or
talloring the performance of ICC systems to meet the unique operationd requirements of non-freeway
driving.

1.3 Use of the ICC seemed to place new demands on the driver that required some adjustment time
for drivers. This was noted in the driver questionnaires, the inditutiond andysis, and in observation of
videos. A concern thisraisesisthat new drivers could use the system in ways that are ingppropriate and
potentialy hazardous. Development of effective techniques for orientation and training of new ICC users
to assist in the learning process is therefore suggested as an area of future research.

2. ICC System Performance

Marketable ICC systems should address shortcomings identified in the FOT, particularly the effects of
snow. In addition, to the extent that ICC will be used on secondary roads, the systems will need to
function well under these more difficult roadway geometries.

3. Deployment Issues

More research is needed on the effects of widespread deployment of ICC on traffic flows. In particular,
the effects of time-headway settings, dgorithms for controlling headways, and multiple ICC vehicles in
platoons on traffic flows should be investigated.
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4. Supporting Research

4.1 The ICC FOT produced extensve data on the performance of the ICC system, as well as the
manud driving characterigtics of a variety of drivers under a range of normaly encountered traffic
conditions. This is extremely useful information for researchers and system developers. The data from
the ICC FOT should be made readily available to the public in aformat that is convenient to support a
wide range of uses.

4.2 To support the ICC evduation, a number of data processng and analyss tools were developed.
These are documented in this study and should be made available to the public to support related
research.

4.3 An extremey chdlenging technica problem that confronted the evauators was to develop
techniques for identifying driving scenarios (eg., cut-ins, lead vehicle decderations) from a stream of
digitd data. Significant progress was made, but further research is required to perfect and standardize
the techniques to provide a uniform means for evauating future collison-avoidance systems.
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1. Introduction

This document presents the results of a comprehensive evaluation of the Intelligent Cruise Con-
trol (ICC) system. The ICC system automatically maintains a set time-headway between an ICC-
equipped vehicle and a preceding vehicle through throttle modulation and down-shifting (but not
braking). When traffic is encountered, |CC-equipped drivers are provided the convenience of
some relief from manually engaging, disengaging, or resetting velocities, as is often the case
with Conventional Cruise Control (CCC). When not in traffic, ICC functions in a manner similar
to CCC. With the imminent commercialization of ICC-type systems in the United States, it was
appropriate that an evaluation of ICC with amajor focus on its safety impacts be conducted.

1.1 Background

The National Plan for Intelligent Transportation Systems (ITS) is a magor initiative of the U.S.
Department of Transportation (DOT) to promote the use of advanced technologies for the pur-
pose of improving the safety, capacity, and mobility of the nation’s highways. The National
Highway Traffic Safety Administration (NHTSA) is a key DOT participant in the ITS program
since many of the ITS projects can potentially contribute to NHTSA’s mission of improving
highway vehicle safety. The ICC system, while intended as a user convenience system, has fea
tures which could affect safety. These safety effects could be positive or negative since the ICC
system exercises limited control over vehicle velocities and headways, and interacts with the
driver. The primary purpose of NHTSA in sponsoring this evaluation of the ICC system is, there-
fore, to determine its effect on safety.

Evauation of the ICC system aso supports other NHTSA safety improvement efforts such as the
development of rear end collision avoidance systems. The ICC system has severa features that
are similar to rear end collision avoidance systems. a forward-looking sensor system for moni-
toring lead vehicle velocity and headway, and a means of adjusting the host vehicle velocity to
maintain appropriate headways. The velocity-adjusting feature of the ICC, furthermore, serves as
awarning to the driver of an approach to a slower vehicle, a function provided by rear end colli-
sion warning systems. The ICC evauation was intended to provide information that may be use-
ful to developers who are incorporating ICC features into forward collision avoidance and for-
ward collision warning systems. In addition, much data was gathered during the FOT that can be
used to characterize normal driving; that is, driving done without the influence of ICC or done
with current technology CCC systems. This information may be useful in evaluation of the
benefits of many prospective ITS systems.

The primary goal of the NHTSA-sponsored evaluation of the ICC system was to determine its
safety effects. However, the evaluation also addressed three additional goals. The overall set of
evaluation goals were to:

1. evaluate safety effects of the ICC system,

2. characterize ICC system and vehicle performance,

3. evauate user acceptance of the ICC system, and

4. evauate system deployment issues.



The Volpe National Transportation Systems Center (Volpe Center), with support from Science
Applications International Corporation (SAIC), conducted the ICC evaluation for NHTSA.

The ICC evaluation was based on, and coordinated with, an ICC Field Operational Test (FOT)
conducted under a cooperative agreement between the NHTSA and the University of Michigan
Transportation Research Institute (UMTRI). Also included in the FOT partnership were Leica
AG, the Michigan Department of Transportation, and Haugen Associates.

1.2 Intelligent Cruise Control Field Operational Test — An Overview

Ten 1996 Chrysler Concordes were equipped with the ICC system. The Concordes were factory-
equipped with a conventional cruise control system. The CCC interface consisted of ON/OFF,
SET/COAST, ACCelerate/RESume, and CANCEL buttons on the steering wheel hub. UMTRI
added a Leica sensor and electronic box (E-Box) that performed the ICC functions. The ICC
functions provided the driver with a selection of three time-headway settings. When the system
was engaged, if a vehicle preceded the ICC host vehicle and was traveling at less than the s-
lected cruise velocity of the ICC host, the host vehicle automatically adjusted its velocity such
that it maintained a constant time gap between it and the preceding vehicle. The ICC system is
further described in Chapter 2 of this report.

One hundred-eight volunteers were recruited to drive the ICC-equipped Concordes. Twenty-four
drivers received vehicles for five weeks, and 84 recelved vehicles for two weeks. Testing was
initiated in July 1996 and completed in September 1997.

1.2.1 Field Operational Test Objectives

Objectives of the FOT, as expressed by the UMTRI team (Fancher, Ervin, Sayer, Hagan, Bogard,
Bareket, Mefford and Haugen, (1997), were to:

evaluate system safety,
evaluate user satisfaction,
provide input to the designers of production systems,

identify design and performance issues that may require further development, market re-
search, industry standards and practices, or changes in public policy,

contribute to the process that |eads to deployment,
understand how the individual 1CC functions contribute to safety and convenience, and

determine how drivers use |CC functions.

1.2.2 Field Operational Test Participants

The purpose of the FOT was to provide researchers with an opportunity to observe use of the
|CC system by drivers who were representative of the general driving population. Furthermore, it
was intended that the evaluation of the ICC system be non-intrusive and that the drivers operate
the system in their normal day-to-day driving.



To assist in locating representative drivers, the Michigan Secretary of State (Michigan’s driving
license bureau), made available a database of 3000 licensed drivers from eight counties in South
Eastern Michigan. From this database, drivers who met age and gender criteria were contacted
by postcard to solicit their participation. Individuals who responded to the postcard were con
tacted by telephone. Towards the end of the FOT, an advertissment was run in an Ann Arbor
newspaper to solicit additional volunteers between 60- to 70-years-of-age. In particular, the al-
vertisement was intended to fill recruitment goals for older females who said that they currently
used conventional cruise control, and older males who said that they did not use conventional
cruise control. Participants received $150 for participating in the project. In addition, partici-
pants who returned to take part in a focus group were provided with an additional $40 compen-
sation.

The recruited drivers represented three age groups: 20 to 30; 40 to 50; and 60 to 70 years of age.
The drivers represented two populations of cruise control users; those who said they did not use
cruise control, and those who said they did. Among the drivers who participated for two weeks,
half stated that they regularly use conventional cruise control. The other half stated that they do
not use cruise control. All the drivers who participated for five weeks stated that they regularly
use conventional cruise control. Table 1-1 shows the number of drivers in each cell of the re-
search design, and also shows that each gender was equally represented across cells.

Tablel-1Driver Sample Sizeasa Function of Age Group, Previous Cruise Control Use,
Weeksof Participation, and Gender

Participation
Age Cruise Control Use Gender | 2Weeks | 5Weeks Total
20-30 Nonuser Femae 7 7
Male 7 7
Nonuser Subtotal 14 14
User Femae 7 4 11
Male 7 4 11
User Subtotal 14 8 2
20-30 Subtotal 28 8 36
40-50 Nonuser Femae 7 7
Male 7 7
Nonuser Subtotal 14 14
User Femae 7 4 11
Male 7 4 11
User Subtotal 14 8 2
40-50 Subtotal 28 8 36
60-70 Nonuser Femae 7 7
Male 7 7
Nonuser Subtotal 14 14
User Femae 7 4 11
Male 7 4 11
User Subtotal 14 8 2
60-70 Subtotal 28 8 36
Grand Total 84 24 108




The participant orientation began with a 12-minute video that introduced the vehicle, the ICC
system, and the conditions for participation. During the video presentation, a research assistant
was present to answer questions. An UMTRI staff member accompanied the participants on a
demonstration drive that included travel on interstate and state highways. The participants were
informed that the cruise control system would operate conventionally during the first week they
had the vehicle. They were further instructed that after the first week, only ICC functions would
be available. An ICC system manual was kept in each vehicle. The participants were instructed
on how to use the cellular phone to contact the ICC help desk.

At the end of their participation, drivers were given a questionnaire that addressed most of the
evaluation objectives associated with user acceptance and perceived benefits of the ICC system.
The guestionnaire can be found in Appendix C of the UMTRI Interim Report (Fancher, Ervin,
Sayer, Hagan, Bogard, Bareket, Mefford and Haugen, 1997).

1.3 Evaluation of the ICC System — An Overview

For each of the four goals addressed by the evaluation, a set of more specific evaluation objec-
tives was established. These evaluation goals and objectives are listed in Table 1-2 below.

Tablel1-2 Evaluation Goalsand Objectives

Goals Objectives

Evaluate Safety Effects - Determine whether drivers drive more or less safely with the
ICC system than without it, in ways related to the system.
Determine whether drivers perceive a safety benefit from use
of the ICC system.

Assess whether widespread use of the ICC system would

affect highway safety.
Characterize ICC System and Vehi- | - Characterize sensor performance.
cle Performance - Characterize the driver interface.

Characterize integrated |CC system performance.

Evauate User Acceptance of the | -  Assesswhether driverslike the ICC system.
ICC System - Assesswillingness to pay for an ICC system.

Evauate System Deployment Issues | - Assess potential effects of ICC-like systems on traffic flow.
Assess potential effects of the ICC system on fuel consump-
tion and emissions.

Assess willingness to pay for ICC-like systems.

Assess ingtitutiona issues associated with full deployment of
ICC.




The FOT provided three primary sources of data used in accomplishing the evaluation goals and
objectives:

1. digital data on ICC system and vehicle performance (e.g., velocity, time-headway, range)
collected in deci-second intervals by an on-board data acquisition system,

2. video data from aforward-looking camera mounted on the vehicle, and
3. participant questionnaires and focus groups.

The data collected by UMTRI was forwarded to the Volpe Center and SAIC. A specia database
was established to support the evaluation. In addition, a number of data processing and analysis
tools were developed to support analysis of the data.

Thefirst evaluation goal, Evaluate Safety Effects, addressed three basic questions:

1. Did the FOT participants drive more or less safely with the ICC system than without it, in
ways related to the system?

2. Didthe FOT participants perceive a safety benefit from use of the ICC system?
3. What would be the effect of widespread use of the ICC system on roadway safety?

Because the FOT was not expected to result in any crashes (and, in fact, did not), a number of
objective, safety surrogate measures were defined to address the first safety question. These
safety performance measures are listed below in Table 1-3 together with the independent vari-
ables. The digital and video data were used extensively to quantify and evaluate these safety
measures. To aid in the integration of these various measures, a safety analysis framework was
developed. This framework permits al driving experiences encountered in the FOT to be char-
acterized in terms of driving states and transitions. States are defined as either closing, cruising,
following, or separating. Transitions (or maneuvers) are changes from one state to another and
include lane changes, cut-ins, approaches, and accelerations/decelerations. All of the safety sur-
rogate measures used in the evaluation were related to this safety analysis framework.



Table1-3 Measuresof Safety, Performance, and I ndependent Variables

GOAL: Evaluate Safety Effects

OBJECTIVE: Determine whether drivers drive more or less safely with the ICC system than without it, in ways

related to the |CC system.

SAFETY MEASURE MEASURES OF SAFETY INDEPENDENT
CATEGORY PERFORMANCE VARIABLES
Overall Exposure Cruise Control Mode
Usage Time Driven Roadway Type

Distance Driven Level of Service (Congestion)
Trip Duration
Age Group
Week into Test

Prior Cruise Control Experience
Weeks of Participation
Velocity Setting

Driving States and Transitions

Driving States:
Closing
Following
Separating
Cruising
Driving Sub-states:
Close/Middle/Far
Rapidly/Moderately
Driving Transitions:
Acquisition/Switch/Drop/
Acceleration/Deceleration
(Active/Passive)
Driving Maneuvers:
Lane Change/Cut-in

Cruise Control Mode
ICC Headway Setting
Roadway Type

Overall Driving Behavior

Time-Headway
Velocity

Velocity Variability
Acceleration
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The second safety question, relating to driver perceptions of safety, was addressed primarily us-
ing results of the participant questionnaires. The third safety question, relating to widespread
safety effects of ICC, was addressed through use of a safety benefits estimation methodology de-
veloped under NHTSA sponsorship.

The second evaluation goal, ICC System and Vehicle Performance, was based primarily on
analysis of data resulting from a series of pilot tests conducted under controlled conditions by the
evaluation team prior to the FOT. Participant questionnaire results were also used.

The third evaluation goal, User Acceptance of the ICC, was based on analysis of the participant
survey results.

The fourth evaluation goal, Deployment Issues, addressed impacts of the ICC system on traffic
flows, impacts on fuel consumption and emissions, user willingness to pay for an ICC system,

and institutional issues associated with full deployment of ICC systems. Effects on traffic flow
were evaluated by applying standard traffic engineering analysis to ICC data on velocity, head-

way, and lane change characteristics. Fuel consumption and emissions were evaluated using a
model developed by the Center for Transportation at the Virginia Polytechnic Ingtitute and State
University and data supplied by Oak Ridge National Laboratories. Willingness to pay was based
on a comparative cost analysis between Anti-Lock Braking Systems (ABS) and the potential de-

velopment of ICC systems. The potential for market penetration was evaluated by analysis of the
likely cost of production ICC systems, and comparison of these systems with the amount partici-

pants said they would be willing to pay for these systems.

Chapter 2 introduces the evaluation with a description of the ICC and data acquisition systems,
and a characterization of the ICC system and vehicle performance (Evaluation Goal #2). Chapter
2 is aso intended to provide the reader with a good understanding of the ICC system which is
further evaluated in subsequent chapters.

Chapter 3 presents the extensive analyses which were performed to evaluate the safety effects of
the ICC system (Evaluation Goal #1).

Chapter 4 presents the analyses of survey questionnaires which were administered to the ICC
participants as a means of evaluating user acceptance of the ICC system (Evaluation Goal #3).

Chapter 5 presents the analyses that were performed to evaluate the wide-scale deployment s
sues of traffic flow impacts, fuel consumption and emissions, institutional factors, and projected
|CC costs (Evauation Goal #4).

Chapters 6 and 7 provide an overall discussion of results and a summary of conclusions, respec-
tively.

Extensive use is made of appendices to minimize the volume of material in the main report.
These appendices are referred to, as appropriate, in the main report.
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2. Characterization of ICC System and Vehicle Performance

The primary purpose for characterizing the ICC system and vehicle performance was to better
understand:

the overall system as an aid to interpreting the field test results, and
the nature and quality of the data collected from the field.

Other evaluation objectives addressed by characterizing the ICC system and vehicle performance
were to support:

development of a vehicle “state” and “transition” model,
development of the capability to identify lane changes,
calibration of amodel for estimating fuel consumption and emissions,

calibration and verification of map-matching software to identify road class and land use,
and

calibration and verification of a model that could be used to classify roadway levels of
service.

2.1 ICC System Overview

Figure 2-1 shows the basic relationships between the driver, vehicle, environment, and 1ICC
headway controller. The ICC system was designed as a convenience to the driver in monitoring
the roadway environment and controlling the vehicle. The ICC sensor was capable of monitoring
three aspects of the roadway environment: range to a preceding vehicle, closing velocity (range
rate) and atmospheric visibility. The ICC driver interface enabled the driver to indicate to the
system a desired travel velocity and a desired time-headway to the preceding vehicle should a
sower vehicle be encountered in the ICC vehicle's lane of travel. Based on the driver’s settings
and sensor inputs, the ICC system controlled vehicle velocity and headway by computing throttle
commands and, for additional deceleration authority, downshift requirements. The ICC driver
was responsible for overall control of the vehicle and occasionally had to override the ICC sys-
tem to take appropriate actions beyond the capability of the ICC system.

If the ICC system determined that visibility in the infrared range was too low for it to function
properly, a low visbility warning was triggered. Fog, road spray, rain, dust or other particulates
could cause low visibility. When the system deemed visibility too low for reliable target detec-
tion while the ICC system was engaged, a buzzer sounded for 2 seconds and the throttle was re-
leased. A low visibility indicator lamp was also illuminated. In those situations the driver was ef-
fectively forced to drive in manua mode until the low visibility indicator went off.
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Figure2-1 Conceptual Diagram of ICC System

Figure 2-2 provides a sketch that shows the parameters used in headway control. These parame-
ters were:
V, Velocity of the preceding vehicle,

R Desired headway; a distance that varies with velocity and is derived from the driver's
time-headway (Th) selection,

R Actual distance headway or Range, and
V Veocity of host (ICC equipped) vehicle.

gl

Preceding < R Host

Vehicle Vehicle
Adapted from UMTRI Test Definition and Project Plan(1996)

Figure2-2 Headway Control Principles

Figure 2-3 shows how the ICC system headway controller worked. A range (R) and range rate
(dR/dt) space is depicted. The space corresponds to the R and dR/dt information provided by the
sensor. Range rate is the difference between the velocity of the preceding vehicle and the veloc-
ity of the host vehicle, i.e,



D -
dR/dt=R=V,- V.

Based on where a sensor reading fell in the range, range rate space, the control algorithm deter-
mined a velocity command (V). How close the ICC vehicle could come to the control objective
depended on the amount of control authority, and the amount of discrepancy between the reading
and the objective. The figure shows the control objective function as a diagonal line. A parabola
that represents the level of deceleration control authority is also shown. The point a R = R, and
dR/dt = O represents the steady state control objective. The value of R; is equal to the product of
the set headway time (Tn) and the velocity of the preceding vehicle (Vp). Hence, the headway
distance varied with velocity.

A Range

Control Objective: T+ dR/dt+ R-R, =0

ICC Control _7
Authority
Decelerate

Near

> dR/dt

Crash 0.0

Adapted from UMTRI Test Definition and Project Plan(1996)
Figure2-3 Range, Range Ratelllustration of ICC Controller Function

Figure 2-4 illustrates the ICC user interface in the Chryder Concorde console. The steering
wheel hub buttons: CANCEL, to left; ON/OFF, lower left; ACCelerate/RESume, upper right;
and SET/COAST, lower right, were standard and located on the Concorde steering wheel. There
was also a standard status lamp indicator on the dashboard to indicate when the cruise mode was
engaged.

Four custom buttons and three custom indicators were unique to the ICC vehicles. To the right of
the steering wheel stock were three buttons that provided the driver with three headway time (Tp)
options. “closer”, amiddle setting, and “farther”. These settings corresponded to 1.0,1.4, and 2.0
second headway times, respectively. The ICC set velocity was displayed numerically to the right
of the standard instrument cluster. Two status lamps to the right of the set velocity display indi-
cated “vehicle detected” — whether the ICC system was tracking another vehicle, and “low visi-
bility” — whether atmospheric backscatter was preventing tracking. A CONCERN button was
provided below the headway selection buttons. The CONCERN button supported field opera
tional test data collection and was to be used to flag and record video on events that the driver
thought the test and evaluation staff should examine.



Chrysler’s
cruise control switches

|CC Set Speed

ICC Status Lamps

"Concern” button

Headway Preference buttons

From UMTRI Test Definition and Project Plan (February, 1996)
Figure2-4 1CC User Interface

2.2 1CC Data Acquisition System

The ICC Field Operational Test resulted in extensive data collection. Sources of onboard data
were:

the driver interface,

the Leica sensor, E-Box, and Controller,
GPS, and

avideo camera

Figure 2-5 depicts the architecture of the onboard data acquisition system. Two hard disks stored
data. The main disk stored most of the system data. The video disk stored images of events cgo-
tured by the video camera.
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2.2.1 Main Disk Data

UMTRI regularly downloaded summary data from the main disk via cellular modem linkage.
The summary data was used by UMTRI to monitor system performance, to ensure that the vehi-
cles were being used, and to evaluate the field operational test. The complete data set was
downloaded each time a vehicle was returned to UMTRI. The main disk drive stored four file

types:
GPS files,
time history files,
trip log files, and

event log files.

GPSFiles. These files included data from the GPS receiver: time, latitude, longitude, atitude,
etc. The sampling rate for GPS data was 0.5 hertz.

TimeHistory Files. The bulk of the data used in the evaluation was stored in these files. A sam+
ple of the variables stored in these files is shown in Table 2-1.



Table2-1 Selected Variables Captured in TimeHistory Filesby the Onboard Data
Acquisition System

Name Type Description Source Sampling System
Rate Units

Date/Time Double | Dayssince Dec 301899 +fractionof day [ GPS & CPU days

Range Float Distanceto target Leica 10 Hz ft

RangeRate Float Rate of change of range Leica 10Hz ft/sec

Velocity Float Vehiclevelocity Leica 10 Hz ft/sec

V Set Float Cruisevelocity set by driver Leica 10 Hz ft/sec

VCommand Float Velocity commanded by controller Leica 10 Hz ft/sec

Headway Time | Float Selected headway time Leica Sec

CurveRadius Float Curve radius Leica 10Hz ft

Throttle Float Throttle percent Leica 10 Hz %

Backscatter Float Backscatter index (1 to 1023) Leica

BrakeActive Logical | Trueif brakepedal ispressed Leica

Target Logical | Truewhentracking atarget Leica

NewTarget Logical | Truefor .3 sec with new target Leica

ValidTarget Logical | Target and velocity filter Leica

ICC Mode Integer | ICC control mode Leica

From UMTRI Test Definition and Project Plan(1996)

Trip Log Files. These files contained counts of certain events and other information useful for
identifying the trip from which the count came. Events such as brake interventions in ICC opera-
tion, turning the ICC system on, and traveling at velocities greater than 80.5 km/h were counted.

Event Log Files. These files stored a chronological history of important, but irregularly occur-
ring events such as button presses by the driver. Also stored in this file were events that triggered
videos to be stored such as deceleration above a certain level or near encounters with other vehi-
cles.

2.2.2 Video Disk Data

The videos from the camera, as opposed to events that triggered the video, were retained on the
video disk drive. For each driver, approximately 200 thirty-second video events, and 420 two-
second video events were triggered and stored. The videos consisted of 60-degree field-of-view,
black and white images, captured at a rate of 5 frames per second. Each frame had a horizontal
resolution of 512 pixels and a vertical resolution of 64 pixels.

Two classes of video information were recorded: episodes and exposures.

2.2.2.1 Episode Videos Episode videos were 30 seconds in length. Episode recordings were
triggered by one of three events:

brake interventions,
near encounters, and

CONCERN button presses.

Brake interventions. Brake interventions were recorded when the following three conditions
occurred simultaneoudly: (1) the brake pedal was depressed, (2) velocity exceeded 64.4 km/h,
and (3) average deceleration over 4 seconds exceeded 0.05 g. Videos for up to 50 of these events



were saved for each of four conditions: (1) CCC available but CCC not engaged (i.e., manual
driving, first week); (2) CCC engaged; (3) ICC available, but not engaged (i.e., manual driving,
weeks 2-5); and (4) ICC engaged. When available storage space on the video disk was reached,
the 20 highest priority events in each condition were retained. Priority was determined by the de-
celeration value. Higher decelerations were given higher priority. Fifteen seconds of the video
that preceded and followed each brake intervention was saved.

Near encounters. Near encounters were recorded when an the average braking force of greater
than 0.05 g would be required to avoid a time-headway of 0.3 seconds The velocity also had to
be greater than 64.4 km/h. Videos for up to 50 of these events were saved for each of four condi-
tions. These conditions were the same as those listed for brake interventions. When available
storage space on the video disk was reached, the 20 highest priority events in each condition
were retained. Priority was determined by the amount of g force required, with higher g's re-
ceiving higher priority. Fifteen seconds of the video that preceded and followed each near en
counter was saved.

CONCERN button presses. When the CONCERN button was pressed, the video for the pre-
ceding 30 seconds was recorded to the video hard disk, and a CONCERN button press was
logged in the event log. The last 50 CONCERN button presses were always retained.

2.2.2.2 Exposure Video Events Exposure videos were 2 seconds in length. Exposure record-
ings were triggered automatically every five minutes for the two-week drivers and every ten
minutes for the five-week drivers. The primary purpose of the exposure videos was to provide a
basis for obtaining information on roadway type, congestion, and weather.

2.3 I1CC Sensor Performance

The ICC sensor system had two infrared laser emitters and two receivers. All four units were
mounted above the front bumper in the grill area between the headlamps, approximately 0.6 me-
ters above pavement level. One transmitter and associated receiver, together referred to as the
sweep sensor, was mounted on the left (driver) side of the grill. The other transmitter and associ-
ated receiver, together referred to as the cut-in sensor, was mounted on the right (passenger) side
of the grill.

2.3.1 ICC Sensor Field of View

The reported horizontal coverage area for the sensors (Fancher, Ervin, Sayer, Hagan, Bogard,
Bareket, Mefford and Haugen, 1997) is depicted in Figure 2-6. The cut-in sensor had a range of
32 meters and a 7 degree field-of-view (FOV). As its name implies, the cut-in sensor was in-
tended to detect vehicles pulling into the ICC vehicle' s lane at close range. At closer ranges, the
sweep sensor beam was too narrow to pick up objects not in the center of the lane.

The sweep sensor was intended to detect a preceding vehicle in the area ahead between 32 me-
ters and 133 meters. The horizontal FOV of the sweep sensor was reported as 1.9 degrees, and
the vertical FOV was reported as 3 degrees. Thus, at 133 meters the beam was 4.4 meters wide,
horizontaly. A typical freeway lane width is 3.65 meters. A gyro dynamically steered the sweep
sensor in response to lateral motion of the ICC vehicle. The sensor was reported capable of



steering 3 degrees in either direction for a total coverage area of approximately 8 degrees. The
sweep was intended to assist the system in maintaining tracking through curves.
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Iéigure2.6 Reported Sensor Coverage Areas (approximately to scalei

The evaluation team attempted to verify the reported sensor FOV This was done by moving a 20
cm sguare plaque into and out of the sensor FOV while the vehicle was parked. A readout de-
vice, supplied by UMTRI, was used to monitor range to targets the system detected. The cut-in
sensor was assessed by moving the plague in and out of the field at a distance of 6 meters. The
sweep sensor FOV was assessed at 34, 67 and 100 meters. The procedure was repeated five
times, each, to detect the left, right, top, and bottom edges of the FOV The bottom edge of the
FOV was measured by elevating the front wheels of the vehicle until the edge of the beam was
detected, and using the elevation to determine the angle. The measured FOV results are shown in
Table 2-2. Note that both sensors were tilted up somewhat. Comparison of the reported and
measured horizontal FOV shows them to be very close. The differences are probably within the
accuracy of the field measurement methodology. The measured vertical FOV of the cut-in sensor
differed by several degrees from that reported by the development team (i.e., 3 degrees).

Table 2-2 M easur ed and Reported Field-of-View of thel CC Sensors

M easur ed Reported
Cut-in  Sweep |Cut-in Sweep
Horizontal 7.1° 2.0° 7.0° 1.9°
Vertical 10.5° 4.0° 3.0° 3.0°
Verticd Tilt 3.3° 0.5° na na

Both the reported and measured FOV characteristics of the ICC system were felt to be adequate
to reliably track targets over hills, dips, and curves found on freeways. The evaluation team did
identify some curves on secondary roads on which the system momentarily lost track of a pre-
ceding vehicle. (This was also noticed during examination of some of the video episodes.) How-
ever, the acceleration characteristics of the vehicle, combined with momentary nature of these
target loses, were such that the driver might not notice these target loses. Ramps onto and off of
limited access roadways often have curves beyond the capability of the sensor system, and, in
part, for this reason, FOT participants were instructed not to use the system on ramps.

The evaluation team also discovered that the ICC system did not perform well in snow because
snow would accumulate on the bumper and sometimes generate false negatives as the snow
scattered return signals from the lead vehicle before they reached the sensor. In other instances
the snow on the bumper would generate false positives as it reflected signals directly back to the
sensors.  Because the ICC system was a prototype, it was decided not to test the system under
snow conditions. Trips that were conducted under snow conditions were identified and removed
from the analysis. The trips that were removed and the process for removing them are discussed
in Appendix A, Show Trip Examination.



Comparisons of actual distance to targets with distances reported by the system were made using
both vehicles and reflective plagues as targets. A counting wheel was used to measure distances
independent of the ICC system. The measurements were made while the ICC vehicle was
parked. Measurements were taken at 6, 34, 67, and 100 meters. In no case was the difference
between the ICC system distance estimate and the counting wheel estimate greater than 1 meter.
At 6 and 34 meters, the ICC system and the counting wheel estimates were the same.

On the road, the ICC system detected targets out to 133 meters. However, stable acquisition of
targets occurred around 100 meters. In the data record, as the ICC vehicle approached a slower
moving vehicle, targets tended to appear and disappear on a deci-second basis until a range be-
tween 80 and 100 meters was attained. In an attempt to characterize this phenomenon, the targets
were classified as “good” if they appeared in the data stream 5 or more deci-seconds, and their
change in range between deci-seconds was less than 20 meters. Targets were classified as
ephemeral, or short-lived, if they lasted less than 5 deci-seconds or their range changed by more
than 20 meters between deci-seconds. Table 2-3 shows, for a sample driver, the number of free-
way deci-seconds records classified as ephemeral. For the sample driver, out of 145,261 deci-
second records (242.1 minutes of driving) recorded on freeways, when the system determined
the range to be between 0 and 20 meters there were 35 records, or 0.024 percent or al records,
that were classified as ephemeral.

Ephemera records — records not marked as “good” — were excluded from most analyses in this
report. It can be seen in Table 2-3 that this exclusionary filter affected very few deci-second rec-
ords. Over 110 million deci-second records of vehicle state were recorded in the vehicles. Rather
than incorporate al 110 million records in the evaluation database, which would have made
analyses unwieldy, one record was selected to represent each second of driving. To accomplish
this, every tenth record was sampled. However, in sampling there was a risk that a record that
represented an ephemeral target would be selected to represent the entire second. Because some
of the ephemeral targets were known to be “false targets’, e.g., vehicle in another lane, or road-
side features such as guardrails, it was decided to exclude ephemera targets from the reduced
data set.

Table 2-3 Percent of “Ephemeral” Targets Recorded on Freewaysfor a Sample Driver

Range (m) Frequency Percent of Cumulative
min(® max (9 |Of Ephemeral|l Records Percent
Targets
0 20 35 0.024% 0.024%
20 40 100 0.069% 0.093%
40 60 119 0.082% 0.175%
60 80 203 0.140% 0.315%
80 100 209 0.144% 0.458%
100 120 251 0.173% 0.631%
120 140 357 0.246% 0.877%
140 160 0 0.000% 0.877%

2.3.2 Retro-Reflectivity and Target Resolution

Tests were conducted to determine the minimum retro-reflectivity requirements of the system,
and how the system behaved in the presence of multiple targets within its FOV.



2.3.2.1 Minimum Retro-Reflectivity Preliminary analysis indicated that the ICC system was
very senditive to the presence of preceding vehicles. This section quantifies this sensitivity and
describes the method that was used.

A 3.8 cm by 5 cm plague with the calibrated reflectance of 70 cd/lux/n? was mounted on a non-
reflecting, matte black stand such that the plague was elevated 0.6 m above the ground. From di-
rectly in front of the vehicle, the plaque was moved toward the sensor until the system reported
the plaque's range, and then away from the sensor until the plague’s range was no longer re-
ported. This procedure was repeated five times.

Detection of the plague occurred at 11 meters. The amount of reflected infrared energy required
for target detection was calculated as3° 107 of original intensity of IR sensor output. The cal-
culation is given in Appendix B Calculation of Minimum Retro-Reflectivity for Target Detection.

2.3.2.2 Multiple Target Resolution To determine how the system would behave when two tar-
gets were present in its FOV, tests were conducted by placing a smaller target near the sensor
and moving a larger distal target toward the sensor until the system reported the range to the
distal target. The smaller, near target was a 5 cm by 5 cm plaque with a retro-reflectance of 70
cd/lux/nt. The larger target was a 20 cm by 20 cm plaque, also with a retro-reflectance of 70
cd/lux/m?. The smaller target was placed on the longitudinal axis in front of the ICC vehicle at
distances of 11, 34, and 67 meters such that its reflecting surface was normal to the direction of
the sensor. The larger plaque was placed dightly off axis (such that the smaller plaque did not
shadow it) at a farther distance. The headway distance reported by the ICC system was noted. If
the system reported the range to the smaller plague, the larger plague was moved toward the ICC
vehicle in one-meter increments until the range to the distal target was reported. Similarly, if the
range to the distal target was initialy reported, the distal target was moved farther away, in one
meter increments, until the proximal target was reported. Moving the distal plaque in the alter-
nating direction was continued until 5 target switches had been obtained at each proximal target
distance.

The results of the multiple target testing are shown in Table 2-4. When the proximal target was at
11 meters, within the 32 meter range of the cut-in sensor, the system tracked the distal target if
the distal target reflected 3 or more times the energy reflected by the proximal target. When the
proximal target was at 34 or 67 meters, in the coverage area of the sweep sensor, the system
tracked the distal target if the distal target reflected 10 or more times the energy reflected by the
proximal target. This is explained further with the aid of Figure 2-7. The ratio of the target area
divided by the square of the range was computed for both the near and distal targets. In the cut-in
sensor range, the distal target would be detected if its ratio exceeded 3 times the ratio for the
proximal target. In the range of the sweep sensor, the distal target was detected instead of the
proximal target if the distal target’ s ratio exceed 10 times the ratio of the proximal target.

Table2-4 Multiple Target Testing

M easur e: Proximal target/Distal tar get

Reflector Distances 11 m/ target switch oc- | 34 m/ target switch oc- | 67 m/ target switch oc-
curred @25m curred @ 43 m curred @ 81 m

Solid Angle Ratios 1:3 1:10 1:10
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Figure2-7 Determining Ratio of Energy Required for Distal Target to Override Proximal
Target

The energy ratios required for far objects to be detected when near objects (vehicles) are present
in the lane make it unlikely that automobiles could be lost in reflections from trucks that precede
them, or that motorcycles could be concealed in the reflections from cars that precede them. It is
possible that the ICC system might fail to detect a small motorcycle that closely follows a large
truck. This possibility was not empirically investigated. However, in at least one case during the
field operational test, a motorcycle was successfully detected and tracked. This was noted during
analysis of the episode videos. Furthermore, the evaluators did field test the ability of the system
to detect a motorcycle following another passenger car.

On-road testing was conducted with a Ford Taurus and Harley Davidson FLHTC motorcycle, re-
spectively, representing distal large and proximal small targets. In general, the system tracked the
motorcycle well, particularly when the ICC vehicle approached the motorcycle traveling in the
same lane. There were cases when the motorcycle was not detected. These cases involved either
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the motorcycle cutting into the ICC vehicle's lane, or the ICC vehicle changing to the motorcy-
cle'slane. The system'’s failure to detect the motorcycle was never caused by the presence of the
larger distal target. Rather, there were blind spots in which the motorcycle was not detected re-
gardless of background reflections.

The areas where motorcycle detection failed are illustrated in Figure 2-8. Areas C and D are not
likely to be of concern, because there are redundant alternative means of detecting the motorcy-
cle. First, the driver of the ICC vehicle is always responsible for monitoring the roadway. How-
ever, even if the ICC driver did not initially respond to a lower moving motorcycle in this area,
the cut-in sensor would eventually pick up the motorcycle. The result of closing on a slower
moving motorcycle traveling in the left or right side of a lane was a brief acceleration when the
motorcycle came into areas C and D, followed by deceleration as the motorcycle came within 32
m. This situation required driver intervention if the difference in motorcycle velocity and de-
sired set velocity were large. Areas A and B are within 15 meters of the ICC vehicle. These arein
areas in which the ICC driver should be visually attending to the motorcycle even before a lane
change occurs. Furthermore, any vehicle intruding only as far as any of the four blind spots
would not be detected by the system. In the judgement of the evaluators, the system does not
pose any special hazard to motorcycles. This is because: (1) the scenarios where the system fails
to detect motorcycles are those in which the ICC user normally expects to intervene regardless of
ICC performance, and (2) any vehicle that intruded into the same space would pose the same
risk.

1.9°

t 133 m

Figure 2-8 Areasin Lane Where Motorcycle can be Within Range but Outside Cover age
Area

2.4 1CC Driver Interface Characteristics

|CC specific driver interface elements consisted of three headway selection buttons, a set veloc-
ity indicator, and indicator lamps identifying low visibility and vehicle detected. The remainder
of the ICC interface relied on existing conventional cruise control buttons that retained the same
functions as for conventional cruise control. The headway selection buttons offered a choice of
three headway settings: 1, 1.4, and 2 seconds However, the time-headway settings were not ru-
merically labeled. Rather, the button for 1-second headway was labeled “closer” and the 2-
second headway button was labeled “farther.” The 1.4-second headway button was unlabeled,
but positioned between the other two buttons. These buttons were located to the right of the
steering wheel, on the dashboard, between the steering column and the radio. The buttons and set
velocity indicator were illuminated to a level equivalent to the rest of the instrument panel. The
button luminance ranged from 3 to 7 cd/nf.

All the controls were within reach for virtually al drivers, as the driver's seat was electronically

adjustable over a wide range, the steering wheel had an adjustable tilt, and the conventional
cruise control buttons were mounted on the steering wheel hub.
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When drivers completed participation in the test, they filled out a questionnaire about their expe-

rience with the ICC system. All 108 drivers completed the questionnaire. The questionnaire did

not specifically address the acceptability of the ICC driver interface. However, one question
asked whether the “system components” were distracting, and offered the indicator lamps and

headway selection buttons as examples of system components. Possible responses were on a
scale from 1 to 7, where 1 was labeled “very distracting” and 7 was labeled “not at all distract-

ing.” Only 12 percent of the 108 respondents indicated that they thought the components were
distracting, 10 percent were neutral, and 78 percent gave a rating greater than 4. Of those pro-

viding a rating greater than 4, 48 percent selected the 7 rating. Thus, questionnaire ratings sug-

gest that the majority of respondents perceived the interface positively.

In comments on the questionnaire, some respondents did offer suggestions for improving the
driver interface. Table 2-5 provides a summary of comments offered by 2 or more respondents.
The most frequent comment, offered by 6 individuals, suggests that users found the low visibility
warning buzzer annoying.

Table2-5 ICC User Interface | mprovements Suggested by Two or More
Questionnair e Respondents

Comment Frequency
Make the low visibility sensor less sensitive or remove buzzer
Add brightness control for buttons and display
Provide a warning light when below selected headway
Display current headway
Offer shorter headway selection
Offer longer headway selection
Offer continuous dial headway selection

NDNNDNDNOTO

Several recommendations for improvements to the ICC controls and displays came from the fo-
cus groups. Roughly one-fourth of focus group participants suggested that the displays be inte-
grated into the dashboard instrument cluster. This recommendation was not unexpected as
placement of the prototype displays was driven by the desire to avoid occluding existing displays
and was not part of the original vehicle design. Similarly, about one-fifth of the participants rec-
ommended integrating the ICC controls onto the steering wheel hub where the CCC controls are
located. Several also suggested illuminating the controls on the steering wheel hub. Most of the
participants who recommended changes in the controls and displays were from among the group
of participants who claimed to be prior users of conventional cruise control.
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2.5 Characterization of Integrated | CC System and Vehicle Perfor mance

The evaluators undertook a number of pilot tests on the highway before and during the conduct
of the FOT. The purpose of this pilot testing was to collect vehicle and system performance data
under controlled conditions. The resultant data were used to characterize system performance
and develop models that could be used to anayze FOT data that were not collected under con-
trolled conditions. In the following sections we present some of these data and briefly describe
the models that were based on them.

2.5.1 ICC System Performancefor Four Driving Scenarios

In this section four scenarios are depicted using data recorded by the ICC system during con
trolled pilot testing:

following another vehicle that is traveling at a constant velocity,
following another vehicle that begins a rapid acceleration,
following another vehicle that begins a rapid deceleration, and

approaching a slower moving vehicle that is traveling at a constant velocity.

Whereas the ICC FOT generated a tremendous amount of data under all of the above scenarios,
characterization of the specific scenario at any given time had to be inferred solely from the sen-
sor data. Although episode videos were collected when the ICC vehicle braked above a certain
level or had near encounters with preceding vehicles, video was not normally collected for typi-
cal driving conditions. To aid in interpreting the field data, the evaluators produced the above
scenarios, and others, and simultaneously recorded a continuous video. The sample data pre-
sented here are intended to provide an understanding of how the ICC system performed on a sec-
ond-by-second basis under typical driving conditions. In the chapters that follow, summary sta-
tistics such as average headway and average velocity will be presented. Some of the later find-
ings will be related directly back to performance in these typical scenarios.

25.1.1 ICC Vehicle Following Another Vehicle at Constant Velocity Figure 2-9 shows data
recorded by the ICC system while it followed a confederate (controlled preceding) vehicle that
had its cruise control set at 78 km/h. The range variable is the distance, in meters, between the
front bumper of the ICC vehicle and the rear of the preceding vehicle. Range rate (Rdot) is rate
of change in range between the two vehicles in meters per second, and is negative when the dis-
tance between the two vehicles is closing. Percent of throttle and Rdot are plotted against the
right ordinate, all other measures are plotted against the left ordinate.
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Figure2-9 System Performance Variablesfor |CC Vehiclewith 1.4 Second Time-Headway
Selected Following a Constant Velocity Vehicle

The ICC vehicle had a much higher set velocity (96 km/h) and had been following the confeder-
ate vehicle for some time. The ICC time-headway setting was 1.4 seconds. The “range goa”
shown in Figure 2-9 was computed from the preceding vehicle's velocity, as reported by the ICC
system, e.g., goal equals preceding vehicle velocity (meters per second) times 1.4 seconds. It can
be seen that the ICC vehicle was less aggressive in accelerating to close the range gap in seconds
4 through 42 than it was to extend the gap in seconds 42 through 60. This asymmetry, which fa-
vors longer than selected average headway, resulted in a mean time-headway of 1.43 seconds for
the charted interval. The plot of the preceding vehicle’ s velocity can be seen as aline briefly de-
viating above and below the ICC vehicle' s velocity plot.

2.5.1.2 ICC Vehicle Following Another Vehiclethat Rapidly Accelerates Figure 2-10 shows
the system performance variables for the case where the preceding vehicle accelerates away from
the ICC vehicle. Again, the ICC vehicle had a high set velocity and had been following the pre-
ceding vehicle for some time. The ICC time-headway setting was 1.0 second. At about the 10"
second into the scenario in Figure 2-10, the confederate vehicle began to accelerate from 60
km/h to a target velocity of 94 km/h. The ICC vehicle accelerated at an average rate of about
.040 g and reached the lead vehicle's velocity at about the 34™ second. The ICC vehicle then de-
celerated at a rate of about .036 g to regain the selected time-headway at about the 55™ second.
Although the ICC vehicle dightly overshot the desired headway between seconds 55 and 80, the
average time-headway for the 90-second scenario was 1.4 seconds. Even though the maximum
acceleration and deceleration rates of the ICC vehicle were nearly equal, as in the previous sce-
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nario, the ICC system tended to operate in a way that resulted in an average time-headway that
was longer, and perhaps safer, then the selected time-headway.
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Figure 2-10 System Performance Variablesfor |CC Vehiclewith 1.0 Second Time-
Headway Selected Following a Vehicle Accelerating from 60 to 94 km/h

25.1.3 ICC Vehicle Following a Decelerating Vehicle Figure 2-11 shows the system per-
formance variables for a scenario in which the preceding vehicle decelerates from 96 km/h to
approximately 63 km/h. The ICC time-headway setting was 1.0 second. The maximum decel-
eration of the lead vehicle was 0.053 g, and the average lead vehicle deceleration during the first
10 seconds of the scenario was 0.031 g. The lead vehicle had just begun its deceleration in the
seconds that preceded second 0 in the figure, and the vehicles had not reached steady state fol-
lowing before the end of the 60-second interval. However, it can be seen that the lead vehicle de-
celeration came close to requiring greater deceleration than the ICC vehicle could achieve. The
maximum deceleration rate of the ICC vehicle during the scenario was about .64 g. The ICC ve-
hicle could achieve about .05 g deceleration without a downshift, and about .07 g with a down-
shift. The minimum range was 4.5 m and the minimum time-headway was 0.26 second. The av-
erage time-headway during the displayed portion of the scenario was 0.68 second, and the
maximum time-headway was 1.10 seconds. The maximum time-headway occurred at second O,
and the minimum occurred at second 29. It is arguable whether a 4.5 m headway is comfortable
at 62 km/h (39 mi/h). However, because no braking was required, this scenario illustrates a case
where the system approached its limits in providing a convenience that relieves the driver from
the necessity to intervene in cruise control operation. It aso illustrates a case where a substan-
tially lower time-headway (0.26 second) than the set headway (1.0 second) can be achieved
while driving in the ICC mode.
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Figure2-11 System Performance Variablesfor ICC Vehiclewith 1.0 Second Time-
Headway Following a Vehicle Decelerating from 96 to 63 km/h

2.5.1.4 ICC Vehicle Approaching a Slower Vehicle Figure 2-12 shows the performance vari-
ables when the ICC vehicle was initially traveling at 86 km/h and approached a vehicle cruising
at 52 km/h. The ICC vehicle had a 1.0-second time-headway selected. At O seconds the ICC
system has not acquired the preceding vehicle. Once the target was acquired, the throttle went to
zero and, between seconds 2 and 3, the ICC vehicle began to decelerate. The minimum range,
about 4m at second 25, was less than most drivers would alow, but was within the capabilities of
the system. The maximum deceleration was 0.049 g. The average time-headway for the portion
of the scenario depicted in Figure 2-12 was 1.64 seconds, the minimum was 0.25 seconds and the
initial time-headway at the instant the target was acquired was 4.93 seconds.
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Figure 2-12 System Performance Variablesfor ICC Vehiclewith 1.0 Second Time-

Headway asit Approached a Slower Constant-Velocity Vehicle

2.5.2 ICC System Performancein Contrast to Manual Driving

Figure 2-13 shows a plot of velocity versus range samples taken at 2-second intervals for 15 to
20 minutes of freeway driving with each of the ICC headway settings. The data were collected
by selecting a relatively high set velocity, and then following another vehicle through normal
(low density) traffic. The best fitting linear regression of range on velocity has also been plotted
for each of the time-headway settings. It can be seen that the ICC system maintains a fairly tight
linear relationship between range and velocity throughout the cruising range. The slopes of the
linear regressions relating velocity to range correspond to the inverse of average headway time
(Vp=R/Th). Using the linear regressions, the calculated time-headways are 1.00, 1.42, and 2.02
seconds for the 1.00, 1.40, and 2.00-second headway settings, respectively. Based on these re-
aults, the ICC system does a remarkably good job of achieving, on average, the desired time-

headways when tracking other vehicles.
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Figure2-13 Typical ICC Velocity-Range Relationship for Freeway Driving

Figure 2-14 shows the cumulative time-headway distributions for the three time-headway set-
tings based on the same data presented in Figure 2-13. As Figure 2-14 shows, the distributions
are very narrow with means about equal to the three time-headway settings.
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Figure 2-14 Distribution of Time-Headway for Each of Three Time-Headway Settings
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Figure 2-15 shows velocity — range relationships from three members of the evauation team who
were instructed to follow traffic as they normally would without use of the ICC system. In con-
trast to the ICC system, the velocity-range relationships from the evaluation team, for normal,
manual driving shows considerably more variation. For these cases of manual driving, the \e-
locity-range relationship tended to be curvilinear. These data came from a trip on the same free-
ways at the same time of day, as the data shown in Figure 2-13. The three drivers were selected,
apriori (that is before the drives), for their driving styles. one tended to be very “aggressive’ in
that he preferred to drive fast and with very close ranges. Another tended to drive more slowly
than average, and to maintain longer ranges. The third was thought to have an intermediate style.
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Figure 2-15 Manual Driving Velocity-Range Relationship From Three Individualswith
Different Driving Styles

Figure 2-16 shows the cumulative time-headway distributions for the three manual driving styles
based on the same data presented in Figure 2-15. As Figure 2-16 shows, the distributions are
much broader than the ICC driving distributions shown in Figure 2-14. The means of the three
driving style distributions are about 0.88 seconds for the most aggressive driver, 1.12 seconds for
the moderately aggressive driver, and 1.41 seconds for the least aggressive driver.

On average, the driver thought to be more aggressive maintained shorter ranges and time-
headways, and the driver thought be less aggressive maintained the longest ranges and time-
headways. However, it can be seen from Figures 2-15 and 2-16 that at low velocities (less than
80km/h) all three maintained similar ranges and time-headways. If these drivers are representa-
tive of the genera driving population, then it appears that ICC might result in longer ranges
and/or time-headways at lower freeway velocities, as well as less variable gaps and, dependent
on driving style, shorter ranges and/or headways at higher velocities. However, these drivers
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were instructed when to use, or not use the ICC system. The FOT data reflect when and where
drivers elected to use ICC, and are a better source for safety-outcome and -impact data. The data
presented in this section are intended primarily to show how the system performed under specific
conditions. More detailed analyses of the effects of ICC system use on time-headway, range,
velocity, and other driving parameters, based on the FOT data, are presented in subsequent
chapters.

OMost Aggressve Bl Moderately Aggressive U Least Aggressive

25%1M ’

Per cent of Observations

Time-Headway

Figure 2-16 Distribution of Time-Headway from ThreePilot-Test DriversWho Used
Manual Control of Cruise Velocity

2.6 Evaluation Tool Development

This section briefly discusses the development and validation of tools that were developed to as-
sist in performing the evaluation. Many, but not al, of the tools relied heavily on data collected
during the pilot-test phase of the evaluation.

2.6.1 Characterization of Vehicle Driving States and Transitions Based on Data from Sen-
sor

In later portions of this report, analyses are performed that break driving down into component
states and transitions. A safety analysis framework_is developed in Section 3 in terms of the
states and transitions so that the effects of ICC on safety can be related to specific driving states
and scenarios. Use of the safety analysis framework alows a clear description of where the
safety anaysis of this study is focused relative to al driving and where future analysis may be
conducted. In this section we briefly define the driving states and transitions and describe how
they were derived from the data collected in the vehicles. For a complete description of the &
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tionale, calculations, and validation of the driving state algorithms see Appendix C, Driving State
| dentification Tool.

The driving states were intended to be exhaustive, that is, al driving could be classified into one
of four driving states.

Driving States. Four basic states were defined:
following,
closing,
Separating, and
cruising.

Following was defined as driving behind another vehicle within sensor range, where the preced-
ing vehicle velocity was within = 1.5 m/s (5 ft/s) of the velocity of the host (ICC) vehicle.

Closing was defined as driving behind another vehicle within sensor range, where the preceding
vehicle was traveling at a velocity at least 1.5 m/s lower than the host vehicle.

Separating was defined as driving behind another vehicle within sensor range, where the pre-
ceding vehicle was traveling at a velocity at least 1.5 m/s faster than the host vehicle.

Cruising was defined as driving with no preceding vehicle within sensor range. For purposes of
providing reliable classification of the cruising state, the sensor range was limited to that corre-
sponding to a 2.4-second headway. For example, if a vehicle was detected at a time-headway of
2.5 seconds, it was classified as cruising.

Closing and Separating were further subdivided into closing or separating slowly or rapidly. If
the difference in velocities of the host and preceding vehicle was greater than 6.1 m/s (20 ft/s)
then they were classified as closing or separating rapidly, otherwise they were classified as
closing or separating slowly.

Following, Closing and Separating were also subdivided according to time-headway. Time-
headway less than or equal to 0.8 seconds was classified as close. Time-headway greater than 0.8
seconds, but less than or equal to 1.6 seconds, was classified as middle. Time-headway greater
than 1.6 seconds, but less than or equal to 2.4 seconds, was classified asfar.

Transitions. In addition to the driving states, driving transitions were defined that could account
for changes in driving state. From an agorithmic standpoint, transitions were instantaneous
events that had no duration, and aways were associated with a new driving state.

Four transitions were defined:
target acquisition,
target switch,
target drop, and
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acceleration.

A target acquisition occurred when a preceding vehicle was present and the previous state had
been cruising.

A target switch describes a transition from following one preceding vehicle to following another.
The change in preceding vehicles was defined algorithmically as an instantaneous (one deci-
second to the next) change in range to the preceding vehicle greater than or equal to 1.5 m (5 ft),
or an instantaneous change in preceding velocity greater than or equa to 7.6 m/s (25.0 ft/s). It
should be noted that with this definition, if the criteria are not met, it does not mean that there
was no switch, but rather one could not be determined positively. The implications are discussed
later in this report.

A target drop was defined as a switch to cruising from one of the other driving states.

An acceleration transition, designated as a elsewhere in this report, was defined as the relative
acceleration between the target and host vehicles leading to a change in state.

Target acquisitions, drops, and switches were subdivided into active and passive. An active tran-
sition was defined as a trangition that resulted from a lane movement by the ICC vehicle. Transi-
tions that were not classified as active were classified as passive, and were presumed to have re-
sulted because of the actions of other drivers.

The following section describes how a lane movement by the ICC vehicle was identified in the
data stream.

2.6.2 |ldentification of L ane M ovements

Where a target acquisition, switch, or loss was identified in the data stream, a classification was
also made as to whether the change in target was caused by the lane movement of the ICC vehi-
cle, or the result of actions of the preceding vehicles. When a target acquisition, switch, or drop
was associated with the lane movement of the |CC-equipped vehicle the change was termed ac-
tive, i.e., the result of an act of the host vehicle driver. When the ICC equipped vehicle was de-
termined not to have a lane movement, the change in target was termed passive, i.e., not the re-
sult of an action by the host vehicle driver.

During pilot testing, the evaluation team conducted several test drives in which lane movements
of varying severity were performed for later laboratory analysis. In the laboratory, the recorded
lane movements in the digital data, specifically the degree of curvature variable, were identified
manually, by comparison with continuous video records and CONCERN button presses used to
mark lane movements.

An elegant, but reliable algorithm was then developed to identify lane movements in the ICC
system data stream. The algorithm was validated against data not used in algorithm development.
Appendix D, Development of a Lane Movement Algorithm provides a complete description of the
algorithm and the devel opment process. A brief description is given next.

A plot of a prototypical lane movement is depicted in Figure 2-17 on a grid where the abscissais
time in deci-seconds and the ordinate is degree of curvature (Fancher, et al, 1997).
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Figure2-17 Elementsof Lane Movement I dentification Algorithm

The steps to determining whether a lane movement occurred were as follows:

1. for each 8-second interval where velocity was greater than 40.3 km/h, determine the
dope of the line that connects the degree of curvature for the first deci-second record in
the interval (the record at 0) with the degree of curvature at the 80th record,

2. linearly transform each of the 80 points such that the slope between the first and last
points is zero,

3. determine the values of the parameters bmax, bmin, c, a, and f that are depicted in Figure
2-17, and
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4. compare parameters against criteria, shown in Table 2-6, for alane movement.

Table2-6 Criteriafor ParametersUsed to I dentify L ane M ovements.

Parameter Description Minimum Value | Maximum Value
f areaunder curve 16 200
a inflection point 0.1 sec 5.0 sec
[pmax] @nd |ominl | Amplitude 0.6 5.0
C time interval between peaks 1.5sec n/a

The agorithm was applied to every set of 8 seconds in the data stream in 1-second steps. The d-
gorithm had a low false darm rate, but tended to miss lane movements that involved more than
one lane or were contiguous with exit or entrance ramps on limited access roads.

2.6.3 Calibration of Fuel Consumption and Emissions Effects

One of the evaluation objectives was to assess the impacts of 1CC on fuel consumption and emis-
sions. Because the ICC data acquisition system did not record fuel consumption, it was necessary
to estimate fuel consumption. Similarly, no means was available to measure vehicle emissions in
the field, so it was necessary to estimate emissions.

The mode used to estimate fuel and emissions was developed by the Center for Transportation
Research at the Virginia Polytechnic Institute and State University (VPI) (Ahn, et a., 1998). VP
developed the model by fitting third order polynomials to data supplied by Oak Ridge National
Laboratories (ORNL) (West, et a., 1997). Appendix E Fuel Consumption and Emissions Esti-
mation summarizes the approach to constructing computational algorithms and queries of the
FOT database.

The ORNL data was produced by first recording engine loading on the highway, and then repli-
cating those loadings using a laboratory dynamometer. Fuel consumption and emissions were
measured in the laboratory, simulating highway conditions for velocities between 0 and 110 ft/s
in one ft/s increments, and accelerations from -5 ft/s* through 12 ft/s?, in 1 ft/s’ increments.
ORNL performed this procedure for eight different vehicles. The vehicle tested that was most
smilar to the Chrysder Concorde used in the ICC FOT was an 1994 Oldsmobile 88. The
Oldsmobile 88 was equipped with a 170-horsepower 3.8-liter, six-cylinder engine. The Concorde
had a 214-horsepower, 3.5-liter, six-cylinder engine.

The form of the equation fit by VPI to the Oak Ridge data was the same for fuel consumption,
HCO, CO, and NO:

In(Y)=a+bA+ cA+ dA’+eSHS+gS*+hASHIAS +AS + KA SHIA’S +mA’S+nA’SH oA’S + pAS’

where the equation symbols are defined in Table 2-7.
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Table 2-7 Definition of Symbolsin Fuel Consumption and Emissions M odel

Symbol | Value

Y Fuel consumption (liters/second) or emission rates (milligrams/second)
a I ntercept

b,c,....p | Regression coefficients

A Acceleration (ft/s)

S Veocity (ft/s)

In Natural log, base“€’ (e=2.718281828 ...)

The coefficients of these equations for the Oldsmobile 88 are shown in Table 2-8.

Table 2-8 Fuel Consumption and Emissions M odel Parameters.

Parameters Fuel Consumption Hydro_ Qarbon Carbon_ M_onoxide Nitrogen Oxide
Emissions Emissions Emissions
a -7.5474000000 -0.9213460000 0.9944280000 -3.6453100000
b 0.1873190000 0.0500794000 0.1801960000 0.4122050000
c 0.0316184000 0.0325467000 0.0370812000 0.0893588000
d -0.0025869100 -0.0009235180 -0.0017690900 -0.0083433700
e 0.0246331000 0.0146511000 0.0457495000 0.1166630000
f -0.0002673000 -0.0002347900 -0.0007079830 -0.0013377000
g 0.0000020294 0.0000044247 0.0000072996 0.0000081175
h 0.0037867500 0.0149929000 0.0152469000 0.0178212000
i 0.0000320880 -0.0001638290 -0.0002061070 0.0000163313
j -0.0000002552 0.0000006016 0.0000010308 -0.0000010757
k -0.0011520900 -0.0013172400 -0.0014625700 -0.0025063100
I 0.0000308215 0.0000735484 0.0000862032 0.0000567589
m -0.0000002291 -0.0000005011 -0.0000006236 -0.0000005377
n 0.0000391402 -0.0001522230 -0.0001638210 0.0002827000
o] -0.0000013617 0.0000011040 0.0000022414 -0.0000119278
p -0.0000000087 0.0000000071 -0.0000000100 0.0000000280

The ORNL/VPI fuel consumption and emissions model was selected for use because it is sensi-
tive to acceleration differences that may exist between CCC, ICC, and manua driving. The
evaluation team developed another model specifically for the ICC FOT, but this model used only
velocity and three percentages of throttle settings (< 20 percent, 20 to 30 percent, and above 30
percent) as inputs. The ICC specific model was accurate in predicting overal fuel consumption
of the Chrysler Concorde. However, as shown in Figures 2-9 through 2-12, the Concorde throttle
rarely exceeded 20 percent.

2.6.4 GISMap Matching

In the FOT, participants were free to drive wherever they wanted. Although each car captured
video images of the forward roadway every 5 or 10 minutes, these video images proved inade-
guate for the purpose of classifying the roadways on which participants drove. Classification of
roadways from the video was labor intensive and was aso incomplete; several roads could be
traversed in 10 minutes, and average trip length was not much greater than 10 minutes. And al-
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though the vehicle database contained Global Positioning System (GPS) coordinates, there was
no Geographical Information System (GIS) associated with the coordinates. Thus, the data gath-
ered during the FOT was inadequate, by itself, to enable the evaluation team to identify the road
types that participants were using. As crash rates vary with road type, and velocities can vary
widely across road types, it was deemed critical that the evaluation team be able to identify
where, as well as when, participants chose to use cruise control.

To thisend a GIS database for 11 counties in southeastern Michigan that the test drivers were
most likely to drive in, was purchased from Etak!, and custom software was developed to match
roads in the GIS database to GPS coordinates in the ICC field data. Appendix F describes the
Deveopment of the GISGPS Map Matching Tool.

A map of the GIS coverage area is shown in Figure 2-18.
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Figure2-18 GI S Database Coverage Area

Prior to purchasing the 