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ABSTRACT

In order to evaluate the impact of driver assistance
systems under various situations, researchers have
attempted to reproduce accurate traffic situations and
accidents by traffic simulations. Here, we propose a
new simulator STREET (Safety & Traffic REaltime
Evaluation Tool) that has a driver model with a
cognition model and a decision-making model in it.
This paper mainly describes the aim and the
architecture of this novel driver model.

In the cognition model, there are three stages: 1)
detecting objects in the field of view, 2) classifying
such objects like a lead vehicle or oncoming vehicle,
etc., and getting information, and 3) setting the driver’s
gaze direction. In the decision-making module, there
are two stages: the first stage is to decide a maneuver
for each recognized object by using “a decision rule
with maps” expressed as the status space region
defined by object’s parameters such as distance and
velocity as axes. The second stage is to decide the
most appropriate maneuver among the combinations
permitted in the acceleration/deceleration ranges for
each object in succession to the first stage. The
driving maneuver is switched in sequence based on the
decision-making model output and the vehicle motion
is then consequently calculated. When the traffic
participants are added in the scene, decision-making
rules are added for them, allowing STREET to
correspond to complex traffic situations.

Two benefits are expected by using STREET. One
is that users can evaluate and understand system
activation under the target situations. Another is that
the system can be evaluated under various traffic

situations beyond the target situations so that the users
can assess the limitations of the system. Some
preliminary results using STREET and further
development plans for the system are also discussed.

INTRODUCTION

For the purpose of evaluating traffic safety systems,
traffic simulators have been developed. Most
conventional simulators have implemented “average”
vehicle motion for a traffic circumstance prepared for
the evaluation. These have been very useful for
estimating “average” performance. However, the
upcoming driver support systems are expected to
comprehend each driver’s behavior influenced by
external situations and his/her internal conditions, and
to automatically adapt their properties. It will become
very difficult for conventional traffic simulators to
evaluate such adaptive support systems.

So, a traffic simulator, called STREET (Safety &
Traffic REaltime Evaluation Tool) [1] has been
developed. This paper describes the concept of
STREET and its driver model in detail, in which a
driver recognizes his/her surrounding and decides the
most appropriate maneuver. By allotting a variety to
the parameters to each traffic participant based on
his/her characteristics and his/her abilities measured
under actual traffic circumstances or DS experiments, it
becomes possible to assess the system benefit
comprehensively.
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OUTLINE OF A DRIVER MODEL IN STREET

Figure 1 shows the structure of STREET. Traffic
participants such as car, motorcycle, bicycle or
pedestrian, are called mobility objects in the simulator.
Each mobility object recognizes each other, decides its
next operation and puts it into practice.

Each mobility object is generated from “Mobility
generation module (b)” and is given its properties
based on mobility dataset that define not only origin,
destination and route, but also driver or pedestrian
characteristics and abilities.

Roads are generated from “Road generation module
(a)” using a road element dataset that possesses road
network data defined by node and link and roadside
commodities such as traffic signals, stop signs and also
obstacles.
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Figure 1. Structure of STREET

The generation, disappearance and movement during
the period of each mobility object are managed under
“traffic environment module (c)”. Each one obtains
surroundings from the Traffic Environment Module,

recognizes its situation and then decides the next
operation. As the result, the location and velocity of
each are updated and the changes are reflected in the
data in the Traffic Environment Module and new
interactions between the objects are yielded. If “Active
Safety System (d)” is equipped to the objects such as
information service, warning or intervention, they work
to influence drivers’ cognition, decision and/or
behavior.

(1) Rear-end collision by inattentive driving

(2) Car to pedestrian collision

Figure 2. Execution screen (STREET)

When collisions happened during simulations, STREET
outputs accumulated data such as process of the
cognition, decision, operation and driving situations
and the collision diagram after the simulations were
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completed. Two examples are shown in Figure
2.Active safety systems are designed to either help
reduce collisions or mitigate human injuries as a result
of decreased collision speed. For the purpose of
evaluate mitigation benefit, “Injuries Estimation
Module (e)” is attached to calculate a probability of
fatality, serious injury and less severe injury in
collisions.

A DRIVER’S COGNITION MODEL

Cognition itself is the composition of visual, auditory
and tactual sensation etc. Among all, visual is the most
important to be modeled because it is closely related to
traffic accident cause. Central visual field allows
drivers to be aware of the location and speed of objects
while peripheral visual field allows drivers to be aware
of just the existence of them. Therefore, cognition
status depends on the direction of eyes. When there are
many objects, the order of cognition is one of the
important factors that drivers must decide.

Figure 3 is a simplified model of human’s memorizing
procedure. Sensory memory holds instantaneous iconic
information within driver’s visual field. The sensory
information is segregated in this process. Selected
information that is considered to attract a driver will be
stored in memory while the unselected one will be
forgotten.

Acquisition from
memory

Update memory

Position and velocity
of other vehicles

‘ Risk estimation

Figure. 3 Assumption of the driver visual
behavior.

Memory process model in STREET models sensory
memory and short-term memory as shown in Figure 4.
Objects such as cars, passengers etc. that exist within

driver’s visual field are inputted to sensory memory,
and selected ones among them are copied in short-term
memory with location and velocity information.

STREET uses the fan-shaped visual field with visual
distance and angle as parameters for both central visual
field and peripheral field as shown in Figure 5. The
parameters are varied between individuals because they
depend on their ability.

The location and velocity of each object in short-term
memory are used to classify whether it is a lead vehicle,
an oncoming vehicle, a vehicle coming from right or
etc. Such definitions are expressed in Figure 6 and 7.
The process is essential to estimate a surrounding risk
and to decide the priority to direct the eyes.
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Figure. 4 Memory process model
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Figure 5. Driver’s field of view
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A DRIVER’S DECISION-MAKING MODEL

The driver’s decision-making model is the core of the
simulator. In actual traffic, a driver’s decision is
influenced not just by recognized objects, but also by
their complex combinations. However, it is rather
impractical to implement such combinations one by
one.

So, we propose a new driver’s decision-making model
that consists of a bundle of rules like a production line
shown in Figure 8. It is a concrete example which
simulates that a driver recognizes five objects, that is, a
traffic signal (green), the vehicle in front (brake light
lit), a vehicle on the right (not close), a vehicle on the
left (not close), and an oncoming right-turning vehicle
(stopped). All the while, the driver is following a
vehicle and approaching to an intersection.

The decision-making model has two steps. The first
step (Stepl) is the decision of candidate of maneuver
and its level using “a decision rule with maps” for each
recognized object. The map establishes the
correspondence from one point in the state space region
defined by the object’s and driver vehicle’s information
to one maneuver. Wiedemann’s model [2] for the
vehicle in front and the Gap Acceptance model [3] for
an oncoming vehicle are considered adequate to be
applied. They propose appropriate maneuver zones

enclosed by kinematics conditions and also by the
driver’s abilities and characteristics. Figure 9 shows
the modified Wiedemann’s model in STREET for an
average driver while following a vehicle. Each region
has an allowable range between the maximum
deceleration and the maximum acceleration to avoid a
collision and maintain the driver’s safety margin (usual
gap time, acceptable deceleration, and so on). The
range of course should pay attention not to break any
traffic rules. Various maps are prepared according to
the driver’s abilities and characteristics.

In the second step (Step 2), the most appropriate
driving maneuver within the smallest allowable
acceleration range among the candidates is selected.
Then, a target location and a target velocity are
identified.

The model has three benefits: First, it is based on the
information processing model for a human. Second, it
expands easily to complex traffic situations simply by
piling up new decision rules with maps for added
object. Third, the development of a decision rule with a
map is easy, for one can deal with a decision rule with
a map respectively. We have developed almost 1,500
rules so far that are related to intersection driving. As
the number of rules increase, the model can cover more
traffic situations.
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EXPERIMENT AND RESULT

We confirmed the capability of traffic flow
reproduction of the simulator. The traffic conditions
used for validation are shown in Figure 10. Vehicles
are generated at the rate shown in Figure 10(1) and the
signal timings are set as shown in Figure 10(2).
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Figure 10. Trafic conditions used for the
validation
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The indexes related to the lead vehicle were validated.
The distribution of gap time to a lead vehicle while
passing through an intersection during the signal is
green is shown in Figure 11. The simulator shows the
mode value of 2.0 sec while measured data shows that
of 1.8sec. The graph indicates that the distribution of
simulation coincides well with that of measured data
[4]. The 50 percentile TTC (time to collision) at the
onset of braking to a lead vehicle is compared in Figure
12. It can be seen that the 50 percentile TTC in
simulation coincides well with that of measured data
[5], except for LVM scene. The difference may suggest
that actual drivers are more sensitive to the lead
vehicle’s deceleration than the modeled driver. Further
investigation will be needed to understand these
differences.

CONCLUSION

To evaluate the performance of safety systems, a traffic
simulator with a detailed driver model, named STREET
has been developed. Its cognition model possesses
sensory memory and short-term memory so as to
emulate human visual behavior. The characteristic of
its decision-making model is that it consists of decision
rules with maps so as to ensure expandability and easy
development. The capability of traffic flow
reproduction of the simulator was confirmed. In the
future, we plan to validate both the macro- and
microscopic traffic flow levels and evaluate the effect
of driver support systems.
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ABSTRACT

One of the main objectives of the European
TRACE project (Traffic Accident Causation in
Europe, January 2006 — June 2008) was the
development of methodology for the evaluation of
the safety benefit of existing on-board safety
applications in passenger cars with the use of mass
accident data-bases only.

The challenge was to evaluate passive safety
applications as well as active applications and
especially combinations of the two within a single
investigation. In order to do so the well known
concept of odds-ratio has been generalized for
jointly evaluating injury mitigating effectiveness as
well as accident avoiding effectiveness at once.

This paper describes statistical sound methodology
that is able to evaluate the safety benefit of either a
single on-board safety function or the additional
gain of specific safety feature(s) (i.e. a selection of
various passive safety functions and active safety
functions), given that some other safety
applications already are on board. In particular, the
method allows for evaluation of accident avoiding
effectiveness as well as injury mitigating
effectiveness. Hence, it can be applied for joint
evaluations of passive and on-board active safety
applications.

The focus of the paper lies on the presentation of a
ready-to-apply methodology, including detailed
examples as well as a discussion on its advantages
and its limitations.

EFFECTIVENESS OF SINGLE SAFETY
FUNCTIONS

For measuring the effectiveness of a safety function
it is of critical importance to distinguish between
different possible types of effects. In general there

are at least four different types of safety function
effects. These are:

e accident avoiding effectiveness

e injury avoiding effectiveness

e injury mitigating effectiveness

o cffects of tertiary safety functions

Some safety functions aim at avoiding the accident
altogether. If this is not possible, measures to
prevent the involved persons from suffering
injuries are taken. If this cannot be achieved either,
the injury outcome for the passengers is minimized
as far as possible. Afterwards, the aim is to reduce
the consequences of already inflicted injuries to the
largest extend possible (e.g. by automatically
placing an emergency call).

A typical primary safety function aims at all of the
first three types of effectiveness, whereas the
effectiveness of a typical secondary safety function
only consists of the injury avoiding and injury
mitigating effectiveness. Tertiary safety functions
aim at reducing the consequences of injuries. This
paper focuses on primary and secondary safety
functions and does not deal with tertiary safety
functions at all.

In some sense the first three mentioned types of
safety function effects are ordered hierarchically. A
safety function which aims at accident avoiding
typically has some measurable effect on injury
avoiding and injury mitigating in cases in which the
accident can not be avoided but the crash’s severity
can be reduced. A secondary safety function aiming
at injury avoiding typically also has some
effectiveness towards injury mitigating but not
towards accident avoiding. Thus, a combined
evaluation of different safety functions must
include  injury avoiding and  mitigating
effectiveness as well as the accident avoiding
effectiveness.
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However, this paper will first focus on the accident
avoiding effectiveness and deal with the other types
of effectiveness later.

Relative risk — odds-ratios

A reasonable way of measuring the effectiveness of
a single safety function “SF” within a certain group
of accidental situations “4” is to compute relative
risks. For example, a relative risk easy to interpret
is the ratio of the probability that a vehicle with a
SF on board and active has to suffer an accident
that belongs to a predetermined category A of
accidents, and the probability of suffering an
accident belonging to 4 with SF not active (cf.
equation (1)).

_ P(suffering 4| SF active)
P(suffering A | SF not active)

(1

This relative risk is independent of the population
of interest if it is the same for both probabilities.
For example, when interested in the population of
all vehicles on the road within one specific year,
the probabilities have to be interpreted as the
“probability of suffering an accident of type A
within the year of interest, given that SF is (not)
active”.

As the relative risk is the ratio of two probabilities
it can take any value in the interval [0, o). If it
equals one, the probability of suffering an accident
of type A4 is independent of the safety function SF
being active or not. If it is larger than one, the
effectiveness of SF is negative, i.e. the safety
function increases the probability of suffering an
accident of category 4 when driving on a road. If
the relative risk is less than one, the safety function
has some positive effect, i.e. the safety function
decreases the probability of suffering an accident of
category 4 when driving on a road.

With simple algebra and Bayes’ theorem for
conditional probabilities the equivalence between
this relative risk and the following odds-ratio can
be shown (cf. equation (2))

P(SF active| A)
P(SF not active | 4)
P(SF active | N)
P(SF not active | N)

RR =O0R =

(@)

where N stands for a category of neutral accidental
situations or for an internal control group of
vehicle-related accidental situations. See [15] if
interested in the derivation of this result. It is
crucial that the relative risk of suffering an accident
classified as N depending on SF active (P(suffering
N | SF active)) and not (P(suffering N | SF not
active)) respectively, must be equal or very close to
one. This means that SF more or less has no

influence on the probability of suffering an
accident of neutral type N. For more detailed
information on odds-ratios see [4], [6], [7] and [8].
It is crucial for any analysis using odds-ratios to
have a reliable classification of neutral accidents N
as the results are very sensitive to this
classification!

It is important to point out the difference between
accidents and vehicle-related accidental situations.
There may be several vehicles involved in a single
accident and the different drivers were most likely
confronted with more or less different situations
that led to the accident. Hence, safety functions on
board of vehicles involved in one and the same
accident may very well be confronted with
different situations. Therefore, the effectiveness of
a safety function in a specific accident highly
depends on which of the involved vehicles is
considered for the evaluation.

Thus, when referring to a certain type of accident,
vehicle-related classification of accidents will
always be in consideration.

For computing the term in equation (2) the two
odds have to be estimated with the equipment-rates
within the accident type of interest as shown in
equation (3).
P(SF active| A)
P(SF not active | A)

No. of cars with SF active within 4

3)

" No. of cars with SF not active within 4

Of course, this estimator only is adequate if the
numbers of these accident counts are reasonably
high. The section “Confidence intervals” deals with
the accuracy of the estimated results.

With this transformation a term is derived that can
easily be computed and is equivalent to the relative
risk which can be interpreted, so that the
effectiveness of SF within 4 can be computed as
shown in equation (4).

eff (4)=1-OR

No. of cars w. SF active in 4

—1— No. of cars w. SF not active in 4 )
No. of cars w. SF active in N

No. of cars w. SF not active in N

The effectiveness then describes the percentage of
avoided accidents within the category A. To
describe it more precisely:

Assume that each vehicle out of a certain fleet of
vehicles is involved in a specific critical accidental
situation (base unit of exposure) that in case the SF
is not active would lead to accidents of type A.
Now assume that exactly the same number of
similar vehicles out of a similar fleet with the same
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drivers and the exact same surrounding conditions
is being confronted with the same critical situation,
but this time every vehicle out of this second fleet
is to be equipped with SF. Hence, this thought
experiment resembles a perfect case-control-study,
where each critical situation is observed twice —
one time with the safety function on board, and
another time without the same. Each pair represents
a matched pair: Case and control. As for each pair
all surrounding conditions are exactly the same
except for the safety function of interest, these pairs
will be referred to as a “perfect matching” in the
following. Assuming that SF has some accident
avoiding effectiveness, eff'100% of the critical
situations should not have led to an accident.

100,0%
90,0% +
80,0% +
70,0% +
60,0% -
50,0% W accident

o O no accident

40,0% +
30,0% 4
20,0%

10,0%

0,0% -+

without safety function with safety function

Figure 1: Example for the interpretation of the
accident avoiding effectiveness of a safety
function

In this thought experiment the accident avoiding
effectiveness is about 10%, as roughly 10% less
accidents within the group of equipped vehicles
were observed compared to the group of non-
equipped vehicles. Since the one and only
difference between the two fleets is supposed to be
the safety function, the effect may be postulated to
be caused by the safety function’s effectiveness.

Obviously, there will never be a chance of
observing such an ideal situation of a perfectly
matched case-control-study in the field of accident
research. However, by explaining another possible
way of interpreting odds-ratios, it should become
clear how this problem is circumvented.

Odds-ratios compare the relative frequency of the
equipment-rate within accident type 4 to the
equipment-rate within type N. If the safety function
of interest has no effect on the occurrences of
accidents of type A, the equipment-rate within 4
should be equal to the rate within N. Contrary, if it
has some positive effect on accident type A4, then
some accidents must have been avoided due to the
safety function. Hence, these do not appear in the
database. With odds-ratios it is possible to calculate
the number of accidents avoided this way.

The effectiveness of a safety function is calculated
by using only four different accident counts as

shown in equation (4). These are the numbers of
vehicles involved in accidents of type N or 4, either
equipped with SF or not equipped with SF. As N
stands for a type of accidental situation not
influenced by SF (neutral accidents), only one of
these four counts is influenced by SF: The count of
vehicles equipped with SF involved in accidents of
type A. Therefore, any accident avoided due to the
safety function has to be out of the group of SF-
equipped vehicles in 4. Hence, any change in the
calculated odds-ratio may be traced back to the one
group of interest. Due to that, it is possible to
calculate the percentage of avoided accidents as
well as the absolute number of avoided accidents
within this single group of interest. This is done by
looking at two different ratios only. Particularly
section “evaluating injury mitigating and injury
avoiding effectiveness” will make use of this way
of interpreting odds-ratios.

Typically, it is not possible to identify the exact
cause for these “missing” accidents — whether it is
solemnly the influence of the SF or possibly due to
external variables such as vehicle age, driver’s
experience and so on. As newer vehicles are more
likely to be equipped with more safety functions
than older ones, the variable vehicle-age is likely to
have a confounding influence. The paper will come
back to the topic of confounding variables in the
section “the influence of additional external factors
and logistic regression”. Hence, no causal
relationship between the safety function and the
effectiveness can be drawn so far. For the sake of
simplicity it will still be referred to as the
“effectiveness of the safety function” instead of
“effectiveness of the behavior of vehicles equipped
with the safety function”, which would be more
appropriate. According to [12] all calculations
made without taking external factors into account
shall be referred to as “crude” calculations in this
paper, e.g. crude odds-ratios and crude
effectiveness.

Furthermore, it is important to point out that
effectiveness always refers to accident counts
instead of accidents in general. Therefore, an
effectiveness of 20% for some safety function SF
and some accident type 4 must be interpreted in the
following way:

20% of the cases that should have been observed in
group 4 are not listed in the database at hand. Thus,
the probability of a vehicle equipped with SF to
suffer an accident of type 4 and to have that
accident actually reported in the database at hand
is only 80% of the probability for a vehicle without
SF. This plays an important role in the
interpretation of the results especially when looking
at injury-accident databases. Furthermore, when the
probability of an accident being reported is varying
among different types of accidents, the computed
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effectiveness will typically be biased due to that
variance.

Overall effectiveness and misclassifications

Besides the effectiveness for a certain group of
accidental situations one might also be interested in
the overall effectiveness for all accidents. There are
two possible approaches to quantify the overall
effectiveness of a safety function, either by
extrapolation or by direct approach.

For the direct approach, A4 has to be chosen as the
category of “all accidents within the database”,
which leads to such an overall effectiveness. This
approach has the advantage that additional effects
of the safety function on other than the selected
sensitive accidents are taken into account as well.
On the other hand more unwanted external
confounding variables could be included in the
overall effectiveness calculation. For example, if
drivers of vehicles equipped with ESC are more
likely to have a parking assistant on board as well,
then the calculated overall effectiveness of ESC
would include some effectiveness on parking
accidents due to the correlation between ESC and
parking assistants. The main disadvantage is the
fact, that the category N of neutral accidents for this
proposal will be a subset of A. This does not lead to
any problems within the calculation itself, but
calculating confidence intervals in the way
described below becomes impossible.

For the other approach the effectiveness within the
subgroup of accidental situations which are
sensitive to the safety function has to be calculated
and extrapolated to the complete set of accidents.
Before discussing this approach any further, some
discussion on the effects of misclassifications of
accidents in a real world accident-database is in
order.

There are two different possibilities for
misclassifications in every single count out of the
four accident counts necessary for the calculation
of odds-ratios. The equipment of the vehicle of
interest may be falsely classified as well as the
classification of the type of accident may not be
correct. It can be shown that if the system has a
positive effectiveness, independent of the type of
misclassification, the outcome will be an
underestimation of the real effectiveness (cf. [7]).
At this point the interpretation of the effectiveness
is crucial. It is common to compare all accidents
that are considered to be sensitive (instead of some
specific accident type A) to the safety function to a
neutral group [9]. Therefore a misclassification
leads to an underestimation of the effectiveness of
all sensitive cases. Typically, in analyses with
accident data there will be at least some accidental
situations that are not easily classifiable to be
sensitive or neutral to the safety function. In many

cases there even is a large group of accidents that is
known to be a mixture of sensitive and neutral
cases. Often it is impossible to split such a group
into sensitive and neutral cases with the amount of
information available. Hence, there are three
possibilities to deal with such a group: Either
excluding the entire group from the analysis, or
including this group in the analysis and considering
all these cases to be either of sensitive or neutral
type. When including this group in the analysis,
many of the cases will be misclassified, which
results in an underestimated effectiveness for all
sensitive accidents. The most convenient way to
deal with such a blend of sensitive and neutral
cases is to exclude them from the analysis ([7],
[9]). By excluding such cases from the analysis the
accuracy of the estimator for the effectiveness is
higher but this estimator refers to a smaller group
of sensitive cases.

Returning to the second approach, calculating the
overall effectiveness via extrapolation, it is no
longer of interest to have an accurate estimator for
the effectiveness for sensitive accidents rather for
sensitive accidents but for all accidents. The
extrapolation is done as shown in equation (5).

ej;)veml/ (SF)
A
" 1-eff,(SF) (6))
A n]A
" efr, (SF)

The abbreviations used in equation (5) are
explained in equation (6):

=eff, (SF)

N N
+n, +n

n" := No. of accidents of type 4 of cars equipped with SF

ny == No. of accidents of type 4 of cars not equip. with SF (6)
" := No. of accidents of type N of cars equip. with SF

n) = No. of accidents of type N of cars not equip. with SF

See [15] for the derivation of this formula. This
way of calculating the overall effectiveness only
makes sense if definitely all accidents that are
somehow sensitive to SF are included in 4. If 4
contains some neutral accidents, then eff,(SF) will
be reduced accordingly. However, this leads to a
larger group A4 and the resulting overall
effectiveness does mnot differ from the one
calculated by using a perfectly dichotomous
classification of neutral and sensitive accidents at
all! Therefore, a misclassification in the sense of
neutral accidents being classified as sensitive does
not change the calculated overall effectiveness! (cf.

[15])

Hence, it is of no consequences for the calculation
to include some neutral accidents into the group 4,
whereas the other types of misclassification still
lead to an underestimation of the effectiveness.
Therefore, if interested in an overall effectiveness it
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is strongly recommended to include only these
cases where the categorization is done with a
sufficient precision into the neutral category.
Whereas all cases without such a sufficient
certainty of a correct classification should be
included in group 4.

On the basis of these findings, the correct
classification of a neutral type of accidental
situation becomes ever more important. Although
both approaches lead to comparable results, the
authors recommend the usage of this extrapolation
approach as in the other approach the accident
counts are not independent. This is crucial as the
possibility of calculating confidence intervals is
eliminated.

As a last important statement of this section a word
of caution is in order: It is important to point out
the non-linearity of odds-ratios. When calculating
the effectiveness within two disjoint groups of
accidental situations, the effectiveness of the union
of the two groups calculated directly will most
likely differ from the one calculated by a weighted
mean of each group’s effectiveness. In some cases
it may even occur that the directly calculated
effectiveness of the union of the groups is larger (or
smaller) than each of the two groups’ effectiveness
(cf. [2] keyword “Simpson’s paradox” for more
information on this behalf). Therefore, it is not
advisable to calculate the overall effectiveness by
dividing the data into different groups and
averaging the results! In case of the overall
effectiveness extrapolation approach, the 0%
effectiveness of the neutral group leads to
reasonable  results, but for many other
classifications Simpson’s paradox comes into play.

Confidence intervals

Independently of the selection of type A, N and SF,
the calculated result of the effectiveness does not
take into account statistical fluctuations. For
example, assume that for a certain given population
of vehicles the true accident avoiding effectiveness
of SF for 4 equals 20%. Then, a randomly drawn
sample of accidents is reported to a database. If
then the above described way of calculating the
accident avoiding effectiveness is applied, it is
most likely that the result will not be exactly
20.0%, due to the random drawing and therefore
statistical fluctuations. Nevertheless, for a given
interval it is possible to compute the probability
that the true value is covered by this interval. E.g.
when the probability of a certain interval for
including the true value of interest is equal to 95%,
then the interval is called a 95% confidence interval
for that value of interest.

The requirements for calculating a confidence
interval are the following:

'y, ', n) and n", (cf. equation (6)) need to be
pair wise stochastically independent and those
accident counts need to properly follow Poisson
distributions. Except for the above-mentioned first
approach for calculating the overall effectiveness,
these assumptions are very common in literature;
cf. [10] and the literature review of [9]. If any of
the two assumptions is not appropriate, a better but
more time-consuming and computer-intensive
method would be bootstrapping, where resampling
is used to calculate a variety of different results for
the effectiveness. From the variance of these
different calculations, conclusions about the
influence of statistical fluctuations on the
effectiveness may be drawn. See [3] for more
information on this topic.

When calculating the effectiveness by the means of
odds-ratios, it is easily possible to calculate a
confidence interval for it. If interested in a (1-
a)*100% confidence interval for the effectiveness

efffA) with a € (0,1), equation (7) shows how to

compute it. See [1] page 24 for more detailed
information.

. 1 1 1 1
effIWZI—OR-eXp(HJ d.\/_A+_A+_'V+_'VJ
1-= n I’ll

2

1 1 1 1
eﬁ”high ZI—OR'CXpi—ul_a \/_A+_A+_N+_NJ
2

nl n() nl

Where u;.o, stands for the (1-o/2)-quantile of the
standard normal distribution. Please take notice of
the fact that this is no symmetric confidence
interval, i.e. eff usually will not be in the center of
this interval.

If O & [effiow: effiign], the calculated effectiveness is

called statistically significant with the level of
significance o.

If interested in a confidence interval for the overall
effectiveness described in the preceding section,
the upper and lower bounds of the confidence
interval for eff; need to be imputed into equation
(5). The interval calculated in this way is not an
exact confidence interval in the strict sense as
statistical fluctuations on the percentage of neutral
accidents from all accidents are not taken into
account. Nevertheless, the authors recommend this
approach, since as the influence of these statistical
fluctuations should be negligible compared to the
fluctuations the confidence interval for eff; takes
into account.

In principle the presented confidence intervals or
bounds are in correspondence to rates and
percentages only. They are not related to absolute
numbers since for example the absolute number of
accidents in a certain time period is a random
quantity as well. Therefore, the presented absolute
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numbers should always be understood in relation to
the total number of accidents (even of a specific

type).

The confidence interval for the overall
effectiveness is computed as shown in equation (8):

e. f;)verall Jlow ( S F )

A

Ay M
=eff tiow (SF)- _ Alow
nt + . m I
0 ) :
1 - eﬁ‘A,/ow (SF)
®)
ef;)verall,high (SF)
A
ny +1ﬁ”’17](SF)
¢ hi
= effA,high (SF) v A, high
"y l +ny +n’

" L=effy sign (SF)

EVALUATING MULTIPLE SAFETY
FUNCTIONS

As a matter of course, it is of major interest to be
able to evaluate a whole package of multiple safety
functions as well as a single safety functions only.
Odds-ratios offer a well interpretable way of
comparing any two (or even more) different safety
equipments. In equation (2) the odds-ratio is
calculated by comparing the probabilities of
suffering a certain accident depending on whether a
SF is active or not. The very same approach may be
applied when looking at different safety
configurations instead of a single active or non-
active safety function. A safety configuration is
considered to be a set of various safety functions
such as “any car that is equipped with anti-lock
braking system, airbags and emergency brake
assistant but does not contain ESC”. In this paper a
safety configuration is understood to be a set of
safety functions always included, certain safety
functions may be excluded and information about
other safety functions is not of interest. In this
section the effectiveness of a safety configuration
SC T is compared with the effectiveness of another
safety configuration SC II.

The effectiveness calculated by the use of odds-
ratios then describes the additional gain of safety of
SC 1 compared to SC II. In other words: Assume
that some vehicles equipped with SC II are
involved in critical accidental situations that would
lead to accidents of type A. The effectiveness then
describes how many of these accidents could have
been avoided if instead of SC II the safety
configuration SC I had been on board.

SC I and SC II do not have to be a single specific
safety configuration but may also each describe

classes of safety configurations. For example, SC II
may stand for “any safety-configuration that
includes the safety function SF1 but excludes SF2”
and SC I could be “any safety configuration that
includes SF1 as well as SF2”. For the sake of an
easier interpretation of the results, SCI should
always include every single safety function that is
included in SC II plus some additional safety
function(s) that are excluded in SC II.

For SC I and SC II defined in this way, the
corresponding effectiveness shown in equation (9)
P(SCI| 4)
P(SCII| 4)
P(SCI|N)
P(SCII|N)

eff (A)=1-OR =1— )

describes the additional gain of SF2 within accident
type A4, given that SF1 is already existent. If
interested in safety configurations which contain
information on more than two safety functions, the
interpretation of the results is analogous:

The effectiveness then describes the additional gain
of all these safety functions that are included in SC
I but excluded in SC II, given that all the safety
functions that are included in both, SC I and SC II
are already present.

At this point again the neutral accident type N is
crucial. This type of accident must not be
influenced by any of the safety functions that
distinguish SC I from SC II.

Analogous to evaluating a single safety function,
the confidence intervals may be computed by
applying equation (7).

The overall effectiveness calculation (cf. equation
(5)) is still possible. However, the fact that the
computed value refers to the group of all vehicles
equipped either with SC I or SC II has to be taken
into consideration. All other safety configurations
are excluded and therefore the different overall
effectiveness  calculations are not always
comparable as shown in the following.

The herewith described algorithm is applied to a
data example in [15] in detail.

EVALUATING INJURY MITIGATING AND
INJURY AVOIDING EFFECTIVENESS

So far odds-ratios have only been used for
evaluating the accident avoiding effectiveness, but
as pointed out in the beginning of the paper the
other types of effectiveness (e.g. injury avoiding
and injury mitigating) are of major interest as well.
Typically these types of effectiveness can be
quantified on the basis of in-depth accident studies
and simulations based on accident-reconstructions.
But as these in-depth studies are not always
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applicable, this paper intends to propose a general
approach that as far as possible is independent on
the type of safety function or configuration of
interest, such an approach shall be presented in the
following.

As seen in the previous sections, odds-ratios are
able to evaluate the accident avoiding effectiveness
of some safety configurations within a certain type
of accidental situation called 4. To evaluate the
effectiveness of a safety configuration on different
severity levels of injuries, 4 has to be split up into n
different subgroups, enumerated according to an
increasing severity of the accident. Thus 4/ may
stand for all accidents within category A4 with
material damage only, 42 may stand for all
accidents within category 4 with slightly injured
passengers only, up to 4An which may stand for
accidents of category A with fatally injured
passengers. As the described classification of the
accidents is vehicle-related, only the occupants of
the vehicle of interest are relevant for the
classification 4Ax, x=1,...,n, and not for example the
most severely injured person involved in an
accident. For such a classification both approaches
of either looking at the injury status of the driver
only, or looking at the maximum injury severity of
any occupant of the vehicle is feasible. As injury
mitigation stands for a reduction of the severity, it
may be expressed by a shifting of cases from
higher groups to lower groups due to the safety
configuration of interest.

Explanation with the help of a thought
experiment

For the sake of an easier understanding this
subclassification shall now be introduced to the
thought experiment above: Two almost identical
fleets of vehicles are to be involved in critical
situations. The vehicles of the first fleet are not
equipped with the safety configuration of interest,
the vehicles out of the second fleet are all to be
equipped with the safety configuration. All other
variables that may have an influence on the
accident outcome such as driver behavior are
supposed to be exactly the same for the vehicles of
both fleets. Hence, this thought experiment again
resembles a perfect case-control-study, where each
critical situation is observed twice — one time with
the safety configuration on board and another time
without the same. Each pair represents a matched
pair: Case and control. Assuming that the safety
configuration indeed has some effect on the injury
severity of the accident-involved persons, this
should be observable. The distribution of the
accidents through the different severity types A/ to
An within the fleet of equipped vehicles should
differ from the distribution of the non-equipped
fleet. For the sake of consistency the event “no
accident” is to be named A0.

100,0%
90,0% 4
80,0%

70,0% +

0 A4: fatally injured
B A3: severlyinjured

60,0% 4
50,0% - m A2: slightly injured
0 A1: notinjured

40,0% _
O AD: no accident

30,0%

20,0%

10,0%

without safety function with safety function

Figure 2: Example for a different injury severity
distribution

This example is similar to the example in Figure 1,
just the group “accidents” has been subclassified
according to the above introduced scheme of
accident severity. Similar to the accident avoidance
effectiveness which may be observed by the
decreasing amount of accidents, the injury
mitigating effectiveness expresses itself in shifts
within the group “accidents” from one group of
injury severity to another one. In this example the
amount of vehicles with fatally injured occupants
has decreased in the group of SF-equipped vehicles
compared to the non-equipped ones. Unfortunately
it is not possible to tell, what has happened with
these “missing” fatalities. Did these accidents not
happen anymore (accident avoidance) or was it an
accident still but with a lesser severity (injury
avoidance or injury mitigation)?

At this point one major assumption has to be made:

It is assumed that the safety configuration of
interest has to have a positive effectiveness. This
means that every accident that is prevented from
being of severity x and instead of severity y, it
must be assumed that y < x will always hold! In
other words for every matched pair of cases and
controls the severity of the case (that is a vehicle
equipped with this specific safety configuration)
must be of the same or of a lower level than the
severity of the control (non-equipped vehicle)!

Obviously this assumption sometimes may not be
true in single specific accidents, such as if a vehicle
falls into water where drowning may become more
likely for a belted person. Nevertheless, for the
majority of the cases the assumption is not
unrealistic and as the assumption is crucial for all
the follow-ups, the few exceptions shall be ignored.

Due to this assumption it may be taken for granted
that all accidents out of the second fleet, classified
to a certain severity level has its matching partner
within the same or a higher group of accident-
severity. For example all fatal accidents in the
group of equipped vehicles have their matching
non-equipped counterpart in the group of fatal
accidents.

Zangmeister 7



100,0%

90,0%

80,0% -

70,0%

60,0% -

@ Ad4: fatally injured - matched
50,0% O Ad: fatally injured - unmatched
O A0-3: no fatal accident

40,0%

30,0%

20,0% -

10,0%

without safety function with safety function

Figure 3: Example for different amounts of fatal
accidents

A short recall: In the thought experiment every
critical situation is observed twice with identical
surrounding conditions except for the safety
function. Each of these pairs is called a matched
pair. In the context of Figure 1 “matched” stands
for matched within the same severity level and if
the matching partner of a specific critical situation
is not within the same group it is denoted as being
“unmatched”.

All non-equipped vehicles out of the group A4 that
are not matched have been avoided to stay in the
group of fatal accidents due to the safety
configuration. Thus, the injury mitigating
effectiveness for the group of fatal accidents is
somehow expressed by an accident avoiding
effectiveness of this subgroup. If the above
assumption does not hold, it is not possible to tell
anything about the amount of unmatched vehicles
within the non-equipped group A4, as it may be the
case that some of the equipped fatal accidents may
have their matching partner in a non-fatal group.
That is why the assumption is crucial for the
following.

The same argument may be applied to any group of
accident where it is for sure that all vehicles in this
group out of the equipped fleet have their matching
counterpart in the same injury severity group
within the non-equipped fleet. Hence, in the
equipped fleet no shifts from other groups to the
group of interest are allowed. Due to the above
assumption this will always hold if this group of
interest is what shall be referred to as a “topmost
group”, which may be described as a group of at
least a certain severity. Thus if the group with a
certain severity x, that is group Ax is to be
investigated, it is necessary to look at this very
group and all more severe groups which may be
defined as Ax" = Ax U A(x+1) U ... U A(n-1) U
An. Only then it is for sure that theoretically all
cases of equipped vehicles in this group Ax™ have
their control of non-equipped vehicles in the group
Ax" as well.

100,0%
- r
80,0%

70,0%

60,0%

B A3+: severe or fatal - matched
50,0% O A3+: severe or fatal - unmatched
0 A0-A2: not fatal/severe

40,0%

30,0%
20,0%

10,0%

without safety function with safety function

Figure 4: Example for different amounts of
severe or fatal accidents

For every topmost group the injury mitigation
effectiveness may be calculated in this way and it
describes the amount of non-equipped vehicles (or
controls) that are downshifted from the topmost
group to some other groups. It stays unclear to
which group these controls are shifted, i.e. to which
group the matching case-vehicle belongs.

100,0%
20.0%
80.0%

70.0%

W A3+: severe or fatal - matched
DO A3+: severe of fatal - unmaiched
WA2: slightly injured

OA1: not injured

OAD: no accident

60.0%
50,0%
40,0%
30,0%
20,0%

10,0%

X

0,0%

without safety function with safety function

Figure 5: Example for unknown amount of
downshift to group of interest: A2

When now looking at a not topmost group, for
example A2, it is obviously impossible to tell how
many of the 43 -unmatched controls are matched
to a case in 42. One extreme would be that all of
these are matched to a case in 42, which would
describe the situation that due to the safety
configuration, the outcome of all these accidents
has been mitigated to slight injuries only. This is
expressed in Figure 6, where all the 43 -unmatched
controls are matched to a case in A42. For
calculating the injury mitigation -effectiveness
within group 42 it is again necessary to identify the
amount of unmatched controls, that is non-
equipped vehicles, in group A42. Because of the
assumed non-negative effectiveness, it becomes
clear that all leftover cases in 42 are matched to
controls of the same severity (dark blue areas in
Figure 6). With this knowledge the exact amount of
controls that are not matched to cases of the same
severity level may be obtained, which is as well
shown in Figure 6.
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50.0%
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>

10.0%

o
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Figure 6: Upper bound for effectiveness in
group A2

It has to be kept in mind that due to the assumption,
that every time the safety configuration prevented
an accident from being severe or fatal, the outcome
then has necessarily to be classified as belonging to
group A2. If this is not true and at least some injury
mitigation leads to a less severe classification, then
the amount of matchings from case group 42 to
control group A2 increases and therefore the
amount of unmatched controls in group A2
decreases. As the injury mitigation effectiveness
decreases with a decreasing amount of unmatched
controls, the above described extreme leads to an
upper bound for the effectiveness!

The other extreme would be to assume, that all
controls of the group 43" that are not matched to
cases in 43" as well are matched to a less severe
group than 42. Thus, as no cases in 42 are matched
to a higher group, all the observed cases in A2 need
to have their matching counterpart in the control
group A2. By then looking at the size of both
groups A2 and seeing which is bigger and therefore
leaves some cases or controls unmatched within the
same severity level, a lower bound for the injury
mitigating effectives may be calculated. In this
example one observes more cases of severity level
A2 than controls of the same severity level. This
would lead to a negative effectiveness for the group
A2 which contradicts the general assumption of a
non-negative effectiveness. On the other hand this
extreme scenario, where every time the safety
configuration prevents an accident from being fatal
or severe, the outcome must be no injury or no
accident seems rather unlikely. Therefore a
negative lower bound of the effectiveness does not
necessarily  contradict  the  non-negativity-
assumption.

100,0%

80,0%
80,0%
70,0%
O A3+ severe of fatal - matched

O A3+ severe or fatal - unmatched
m A2: slightly injured - matched

B A2; slightly injured - unmatched
O Al: not injured

0O AQ: no accident

60,0%
50.0%
40,0%
30.0%

20,0%

10,0%

X

0.0%

without safety function with safety function

Figure 7: Lower bound for effectiveness in
group A2

A negative lower bound for the effectiveness has to
be interpreted almost similar to a lower bound
equal to zero with the only difference that it
indicates a high effectiveness in the higher groups
and in some cases possibly a low effectiveness in
the group of interest.

It is important to point out, that the interval given
by the lower and upper bound do have nothing in
common with a confidence interval. This interval
just includes all possible values for the
effectiveness for the group A2 that are conformable
with the data at hand. Confidence intervals need to
be computed separately for each of the two
boundaries!

Of course all the above explanations are applicable
to any of the different severity groups A/ to An as
well as especially 47" to A(n-1)". When then
having a closer look and the classification of 40
and A/ is similar to the example above, the
effectiveness of group 41" describes the amount of
cases that are shifted to group 40 due to the safety
configuration. In other words the safety
configuration has changed an event from being an
accident of a certain severity to become an event
“no accident”. Thus the effectiveness of group 41",
denoted by eff{A1"), is equivalent to the accident
avoiding effectiveness. Accordingly eff(42") is a
combination of the injury avoiding effectiveness
and the accident avoiding effectiveness.

Analogous to the section “effectiveness of single
safety functions” it is important to point out the
impossibility of observing such a perfectly matched
case-control study in the real world similar to the
above thought experiment. Nevertheless, if there is
a neutral type of accidental situation according to
the requirements for such mentioned above, this
group may be used as the control group and some
other group of interest then will be the case group.
These two groups of course then are not case wise
matched as it is assumed in the thought experiment,
but these matchings were only introduced for the
sake of an easier understanding, odds-ratios do not
require such an assumption.
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Resulting formulas for injury mitigation
analysis

When implying the above described theory to the
formulas for odds-ratios, the effectiveness for a
topmost group is calculated as shown in equation
(10), where SC I stands for the safety configuration
of interest that is about to be compared to the other
safety configuration SC II. N stands for the neutral
type of accidental situation.

eff (4x")=1-OR
P(SCI|AxNA(x+1)N...N An)
P(SCH|AxnA(x+)N...n4n)  (10)
P(SCI|N)
P(SCII|N)

The probability-rates such as P(SC I | N)/P(SC II |
N) may be understood as the equipment-rates
within the groups of interest as shown in equation

).

If there is a sufficient amount of accidents involved
in accidents of type N in the database at hand, the
group N may be divided into subgroups according
to the subclassification of 4. But as the difference
between SC I and SC 1II is considered to have no
influence on crash occurrence and injury severity
for the group N, the equipment-rate should not
differ between the different severity levels. Hence,
there should be no need to do so. In some cases it
even will occur that the equipment rate within
different severity levels within N do differ (either
due to statistical fluctuations or to substantial
differences) but then it seems to be questionable to
take these differences into account for calculating
the different types of effectiveness.

The confidence interval for this effectiveness may
be computed by applying equations (7) which shall
be repeated in equations (11).

eff,. :I—ORAexp(+u L

eff,., =1—OR-exp (—u .
’ -

Again, u)., stands for the (1-a/2)-quantile of the
standard normal distribution and n?,, n?,, n", and
n", are the four different absolute numbers used in
the calculation for the odds-ratio OR (cf. [15]).

As this paper now comes back to the earlier
discussed lower and upper bounds it is important to
point out the difference between these upper and
lower bounds and confidence intervals. The upper
and lower bounds only account for different
possible amounts of injury mitigations from more
severe groups to the group of interest, whereas

confidence intervals account for statistical
fluctuations!

As argued above where Figure 7 is described, the
lower bound for the effectiveness is calculated by
not taking any possible injury mitigation (or
downshifts) from more severe accident categories
to the group of interest into account. Therefore this
effectiveness is calculated by the crude odds-ratio
of this group as shown in equation (12).

No. of vehicles with SC I in Ax

No. of vehicles with SC Il in 4x
(Ax)=1-
& in ( x) No. of vehicles with SC Iin N

: : : (12)
No. of vehicles with SC Il in N
n* /n"
1
n, n;’

For calculating the confidence interval for this
lower bound, only a one-sided interval is of use, as
the maximal possible value for the lower bound
does not provide any useful information. Therefore
it must be calculated with using the (1-o)-quantile
of the standard normal distribution instead of the
(1-0/2)-quantile and equation (13) describes the (1-
o) lower confidence bound for the minimal
effectiveness.

ejf min,low (Ax)

x

n

n 1 1 1 1)03
=1- N'CXp +u17a- _x+_x+_N+_N
n nooon o nnm

N
n,

The calculation of the upper bound is a bit more
complicated, so only the resulting formulas are
presented here. The derivation of these results may
be found in [15]. The crucial point for this upper
bound for a certain group Ax is a proper estimation
of the downshifts from higher groups to this group
Ax as described with Figure 6. Therefore many
different variables needed for the formula are
defined, as well as some abbreviations comparable
to equation (6) are introduced in equations (14).

n’ = No. of vehicles with SC I in Ax
n, = No. of vehicles with SC II in Ax
z=x+1

ni" = No. of vehicles with SC I in Az" (14)

n;" = No. of vehicles with SC Il in Az"

n" = No. of vehicles with SC Iin N

n)’ == No. of vehicles with SC Il in N
Then the upper bound for the effectiveness within
group Ax may be calculated as explained in [15]. In

a first step, the maximum amount of downshifts
into the group of interest ist computed (cf. equation

(15)).
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z+ N

#shifis =2 _pt* (15)

n,

Then, for the sake of consistency this value needs
to be truncated to the interval [0, n;"] as any other
value would lead to negative accident counts (cf.
equation (16)).

IF #shifts <0  THEN #shifts =0

16
IF #shifts >n; THEN #shifts =n/ (16)

Finally, the effectiveness is computed by
subtracting the amount of shifts from the accident
count of interest and computing the effectiveness in
the standard way with the use of odds-ratios.

(nlx —#Shifts)-név

X N
n, -n

eff o (Ax)zl— (17)

If interested in a direct calculation of the
effectiveness without explicitely computing the
amount of shifts, equation (18) may be used.

nz+.nN
2 1 z+ X
IF | 2—+n/ 2n

n,

THEN eff

max

(Ax)=100%

+ N
ELSE IF [nf+ “B M < ]

n,

(18)
THEN eff,.,. (Ax) = eff.,,, (4x)
ELSE

N X z+ N X z+
n, ~(n2+n2 )—n2 ~(nl ‘|‘l’ll )

X N
n, -n

eff o (Ax) =

When interested in an upper confidence bound for
the maximal effectiveness, the proceeding is
analogously. First the maximum number of shifts
needs to be calculated, this time including
confidence intervals (cf. equation (19)).

# shifts,

| 1 el (427)) (9)
1—eff e (Az+) l—eﬁ"(Af)

Please take special note of the fact that for the

calculation of effjii(4z") the one-sided upper

confidence bound instead of the two-sided one was
used!

-4 o
_nl

Again, for the sake of consistency this value needs
to be truncated to the interval [0, n;"] as any other
value would lead to negative accident counts (cf.
equation (16)).

IF #shifts, <0  THEN #shifts, =0

(20)
IF #shifts, >n’ THEN #shifts, =n;

This amount of shifts has to be subtracted from the
accident count of interest for the computation of the
upper bound of the effectiveness as shown in
equation (21).

(nlx —#shifts, ) -n)

x| N
n,-n

effmax,high (Ax) = 1 -

1 1 1 1
exp| —u_, [t —F+—+—
l \/(nf —#shiftsa) n n' nl

The resulting value will most certainly be equal or
larger than the actual upper confidence bound. The
left over uncertainty and the exact derivation of
these formulas is explained in detail in [15].

As a matter of course, the overall effectiveness
introduced in the section “overall effectiveness and
misclassifications” is of interest for the different
groups of injury severity. The formula given in
equation (5) may be transformed accordingly to
any group Ax or Ax", subgroup of A4 with an injury
severity x or x' respectively as shown in equation
(22). Please pay special attention to the necessity of
splitting the accident type N according to the injury
severity splitting of accident type 4. This is
necessary for the calculation of the overall
effectiveness within a certain injury severity level
and does not contradict the recommendation from
above not to do such a splitting for the calculation
of effy. or effy+ The abbreviations used are
according to equation (14) except for the
substitution of N with Nx due to the
subclassification of N. According to the definition
of group Ax" the group Nx" stands for “accidents of
type N classified with a severity of at least x”.

el (SF) =eff . (SF)

x
X

m
" e, (SF)

x

x

nl
" e, (SF)

+ n?x + nlN x
(22)
M (SF) =eff .. (SF)

x+

n"
m*+

1-eff,. (SF)

For calculating the overall effectiveness of an
upper bound for the effectiveness of a not topmost
injury-group, the shifts described in equation (15)
and (19) respectively need to be taken into
consideration which leads to equation (23):

Nx+

X+ N
+hn," +n

n, +

X+
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&M rmrconerat (SF) = €ff 1. (SF)
N n —#shifts
ny +———
1_ effmax.AA (SF)
P ol=effn (SF) (23)

S ot (SF) = €y 10 (SF)
1- e.f.fmax./lx (SF)

. n —#shifts
n, +—(————
1- eff;nux.high,/lx (SF)

x

n, +

N: N
+n, +n

If interested in the overall effectiveness of a group
Ax" instead of Ax the formulas are almost
identically and therefore will not be repeated.
Again it shall be stressed, that the interval given by
the extrapolation of confidence boundaries for the
effectiveness within a certain accident group to an
interval for the overall effectiveness is not any
longer an exact (1-a) confidence interval as
statistical fluctuations on the percentage of neutral
accidents from all accidents are not taken into
account.

The herewith described algorithm is applied to a
data example in [15] in detail.

THE INFLUENCE OF ADDITIONAL
EXTERNAL FACTORS AND LOGISTIC
REGRESSION

In drawing conclusions from a statistical analysis
one always has to be careful. A causal relationship
between two variables always leads to some kind of
statistical dependence between these two quantities.
The opposite assertion that an existing statistical
dependence between two quantities leads to a
causal relationship between the -corresponding
variables in general is not true. The easiest example
one may think of is as follows. Assume that one
variable Z has a causal relationship to the variables
X and Y which are of interest to the investigator. If
one considers or observes the variables X and Y
only, then they typically will show up some kind of
dependence. But the true story is that both variables
depend on the third one Z. In the context of this
paper this could mean that if the driver populations
of vehicles equipped and not-equipped with a
specific safety equipment are completely different
or even disjoint. Then the observed effectiveness of
this safety equipment may be entirely due to the
difference in the driver population. One easily can
think of other examples which in some and even in
relevant cases may lead to a significant
misinterpretation of the results. In pure statistical
theory one therefore usually assumes that the test
conditions of the two experiments are completely
equal except for the variable of interest as in the
thought experiments in the preceding section.
Having such an ideal situation at hand, all observed

differences in accident outcome between equipped
and non-equipped vehicles are due to the safety
configuration for sure. But the above mentioned
theoretical assumption is far from being realistic
when investigating real world accident data. In
reality the equipment of vehicles not only differs in
specific safety functions and the driver population
rarely is the same for different vehicles. Therefore
methodology is needed to deal with this situation.

One simple idea is to create different categories of
accidents in which all relevant external variables
like driver’s age and gender, size of the vehicle,
weather conditions at the accident spot, accidental
situation etc are as similar as possible. Within
every group of such categorized accidents one may
compute an odds-ratio as described above. The
variation of the odds-ratio over the different
categories easily may be interpreted as a
quantification of the influence of the accident
characteristics within a single category. This
approach perfectly works if one has sufficient
accident data at hand and not too many external
variables in mind. If only one of these two
hypotheses is not true one ends up with very few
cases in each category which leads to non reliable
statistical quantities within each category. Even if
only five external variables are considered, for
which each of them may take five different values
at least hundred thousand and more accidents are
needed in order to obtain reliable and interpretable
results. Thus, even for a rather low number of
external variables the so-called curse of
dimensionality arises.

Another possibility in order to quantify the
influence of external variables to the accident
outcome is given by the statistical concept of
logistic regression. A detailed explanation of the
concept of logistic regression models may be found
in any textbook of categorical data (cf. for example
[1]). Before starting the explanation, a brief word
of caution is in order. Logistic regression is not
able to circumvent the above mentioned curse of
dimensionality. Logistic regression is a statistical
tool which is able to deal with a moderate and
sometimes even high number of external variables
by the price of assuming that the influence of the
external variables is to some extend -easily
structured. From a principle point of view logistic
regression assumes that the influence of the
external variables to a slightly transformed output
quantity is just as simple as a linear influence.

For describing the essentials of logistic modeling
some external variables x;, x, ..., x; are
introduced. These variables could take values 0 or
1, in case of gender as an example, or could take
numbers (like the age of the driver of the vehicle)
and so on. One or more of the variables denotes the
coding whether a specific safety function in the
vehicle is on or off. Then logistic modeling for the
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probability P(4|x;, x,, ..., x4) of having an accident
of type 4 given that the external variables take the
specific values x;, xj, ..., x; reads as follows (cf.
equation (24)).

P(A|xl"_"xd) _ exp(fB, + Bx, +...+ B,x,)
1+exp(B, + Bix, +..+ B,x,)

24

For the so-called odds this means

N P(A|x1,...,xd)
1-P(A|x,,...,x,)  (25)

=B+ Bx +.+ B,x,

which just indicates the above mentioned linearity
assumption of logistic modeling. When the
accident-database at hand is split into two groups —
accidents of type A and accidents of type N which
is neutral to the safety function of interest —
statistical routine software is able to estimate the
parameters f5;, [, ..., B.. With the use of equation
(26) which is shown to be valid in [15], the relative
risk introduced in the section “relative risk — odds-
ratios” may be computed.

logit P(A|x,,...,x,) =

f 0, safety configuration: SC II
ory, =

" |1, safety configuration: SC I (26)
P(A|x =1&x, eQ, forke{2,..,d})

P(A|x,=0&x, €Q, forke{2,..,d})

=exp(f,)

In equation (26) € stands for the set of all possible
values x; can take. Hence, for any given specific
combination of values for the different external
factors x; ‘s, the relative risk of suffering an
accident of type 4 with SC I compared to SC II is
calculable. It even is independent on the specific
values of x,, ..., x; which means that no matter the
specific situation of external factors, the relative
risk always stays the same. This may be interpreted
as the relative risk shown in equation (1) where all
the confounding influences of the variables
X ..., X have been canceled out!

It shall be stressed that the classification and
choosing of the variables x,, ..., x; may have an
enormous influence on the estimation of .

First, the type of variable is of interest: When a
variable has more than two values possible to take,
the logistic model always assumes that the
influence of that variable continuously increases or
decreases. E.g. if looking at the influence of the
driver’s age on the probability to be involved in a
skidding accident the model either assumes that the
older the driver, the higher (or lower) the
probability of being involved in a skidding accident
will be. It is not possible to model a high risk for
young drivers, a low one for middle-aged and again
a high one for old drivers when using a logistic
regression.  Therefore the authors strongly
recommend using binary variables only. This

would not be a loss of generality as every variable
describing a single external factor x; with £
different possible values may be expressed by
binary variables only. In order to do so, one of the
possible outcomes needs to be set as a reference
group. Then this single factor may be coded as (k-
1) different variables x;, ... , Xy each to be
coded as 0, if the value x; equals the reference
group. If the value equals one of the other (k-1)
possible outcomes, e.g. the m-st possible value,
then xy, is set to 1 and all the others to 0. Thus, any
categorized variable with # different possible
values may be coded as (%-1) different binary
variables. (Many statistical software-packages do
this automatically when applying a categorical
logistic regression.)

When dealing with continuous variables, these may
be categorized as well without losing much
information due to the limited number of cases
within a database and a limited interpretability — is
there much information to gain by distinguishing
between a driver who is 37 years and 360 days old
and a 38 years old driver?

Second, including one more variable or excluding a
single one from the model may have a big
influence on the estimation of f as well
Accordingly, the inclusion or exclusion of certain
interactions of multiple of the different variables
may have a big influence. Thus, for the logistic
regression it is of crucial importance to choose the
“right” variables and interactions of variables to be
included into the model only. There are multiple
ways of identifying the so-called “goodness of fit”
of a model which may be used to select the model
most appropriate for the data at hand. See [1] for
more information.

Another important remark is that it is crucial that 5,
is interpretable in such a good way due to the
specific choice of neutral accident types. Please see
[15] on what requirements need to be fulfilled in
order to be able to interpret £, with k # 1.

It shall be stressed, that when applying a logistic
regression typically a confidence interval for the
parameter J) is given. Imputing these in equation
(26) directly leads to confidence intervals for the
effectiveness of interest.

Finally a logistic regression model is only able to
deal with data sets that have complete information
on all variables included in the model. As a logistic
regression model typically includes plenty of
different confounder variables this typically leads
to a considerable reduction of the amount of data
available to run the regression on. To circumvent
this problem two approaches are promising:

Either a missing data imputation algorithm [5]
should be run on the data-base, or the attribute
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“missing” should be used as another category of the
corresponding categorical confounding variable.

GENERAL REMARKS

The methodology presented in this paper is
applicable for any accident-database with a
sufficient amount of information available to
identify the crucial group of neutral accidents. Even
though to obtain representative results it is crucial
to have a database which is representative for the
population of interest. Many databases are not
representative as for example most of the times the
injury outcome of any accident has an influence on
the probability of a specific accident to be recorded
in the database. This problem of representativeness
may be dealt with by using an appropriate
weighting algorithm. See [13] for more details.

Another important remark deals with missing
values in the database. Often many entries within a
database are missing. Many studies assume these
values to be missing at random and therefore
simply exclude these cases from further analyses.
However if this nonexistence of information is not
entirely at random this proceeding results in a
possible bias. Therefore it is recommended to take
missing  value  imputation methods into
consideration as they are described in [5].
Especially when calculating the effectiveness with
a logistic regression to cancel out the influence of
different confounder variables this is crucial. That
is because a logistic regression requires complete
information on all variables of all cases that are to
be involved in the analysis. Typically this is only
true for a comparatively small number of cases
within a database.

CONCLUSIONS

So far the findings of the preceding sections are
more or less stand-alone results. As a matter of
course, it is of great interest to combine these
findings in order to be able to do an injury
mitigation analysis for multiple safety functions
including external factors. Therefore, the results are
summarized in the following and it is explained
how to combine the various methods.

First, the paper describes how odds-ratios may be
interpreted, how to use these values in order to
calculate the effectiveness of a safety function, how
to extrapolate the results to an overall effectiveness
and how to compute confidence intervals.

Afterwards, these findings are generalized in order
to evaluate more than a single safety function. This
is done by evaluating different combinations of the
safety functions. Hence, if interested in an
evaluation of more than a single safety function,
multiple analyses have to be made. These multiple

evaluations distinguish from each other in a
different focus on the safety configuration of
interest.

Section “evaluating injury mitigating and injury
avoiding  effectiveness” again describes a
generalization of the use of odds-ratios and again
multiple evaluations have to be made in order to
quantify the injury mitigation effectiveness of a
safety function. This time the multiple evaluations
necessary differ in the injury severity of interest.
Thus, it is no problem to combine the different
generalization methods of odds-ratios: Each
evaluation necessary for evaluating multiple safety
functions at once may be split up into the multiple
injury mitigation evaluations.

It is important to point out, that for all calculations
presented so far, only aggregated data is necessary.
Only with introducing a logistic regression in order
to deal with confounding variables it becomes
necessary to have more detailed case by case
information!

Section “the influence of additional external factors
and logistic regression” suggests a logistic
regression instead of calculating the crude odds-
ratios. By doing so, external factors may be taken
into account in order to reduce interfering
influences. Therefore, each calculation necessary
should be done with the use of logistic regression.
This is easily possible for almost all evaluations
described above. Only if so-called “shifts” need to
be taken into account, the logistic regression may
not be applied directly. Nevertheless it is possible
to apply a logistic regression in these cases as well.
See [15] for a detailed description.
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ABSTRACT

This paper describes a basic framework for Safety
Impact Methodologies (SIM) to estimate potential
safety benefits of pre-production advanced Driver
Assistance Systems (DAS). A common flow-chart,
showing the interaction between data usage, crash
scenarios development, model development, testing,
data generation, and benefits estimation activities, is
used to describe the basic framework. Although the
framework applies to all types of evaluation of DAS,
this paper focuses on those aspects that support
evaluation of pre-production systems.

The paper then describes three approaches to
implementing the SIM framework for pre-production
systems. Two of these approaches describe
effectiveness in terms of reduction in number of
crashes with the system active. The third approach
describes the effectiveness in terms of fatality and
injury reduction, rather than estimating crashes
avoided.

The paper concludes with descriptions of how the
three approaches are being implemented in the SIMs
that are being developed by the four teams
participating in NHTSA’s Advanced Crash
Avoidance Technology (ACAT) program. The paper
also includes brief descriptions of other benefits
evaluations as a means of highlighting how the
framework accommodates evaluation of production
systems and near-production systems as well as pre-
production systems.

The framework developed in this paper provides a
cornerstone for development of safety impact
methodologies for evaluating pre-production driver
assistance systems and for comparisons of
methodologies that are used to evaluate production
and near-production systems.

INTRODUCTION

The automotive industry has made significant
progress in the development of advanced
technologies intended to prevent crashes and their
consequences. Advanced technologies that include
sensing, computing, positioning, and communications
appear to have the ability to help drivers avoid
imminent crashes or events that often lead to crashes
and to reduce the severity of crashes that do occur.
For example, some of these technologies address
goals such as preventing rollovers, improving
visibility, reducing tailgating, and reducing speed for
safety related conflict conditions.

A key question about these technologies is how
effective they will be in preventing crashes and
reducing the severity of injuries to vehicle occupants.

To answer this question NHTSA initiated the ACAT
program to determine if there is a methodology, or
one can be developed, that will effectively measure
the link between technological performance of pre-
production systems and their safety impact. Benefits
estimates from such a methodology can be used in
many ways: 1) as part of the design process of new
systems, 2) to evaluate the performance of pre-
production systems before marketing, 3) to provide
guidance to safety advocates, such as NHTSA, on
new safety improvements, and 4) to form the basis
for regulatory evaluations of potential new
requirements.

Methodologies that have been used for estimating
safety benefits include:

1. Gathering crash data for systems that have been
available to consumers for sufficient time to
establish a record of numbers of crashes. This is
a common method for evaluating the impact of
new requirements in Federal safety standards.
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An example of a regulatory evaluation that uses
this methodology is provided in Appendix A.

2. Implementing Field Operational Tests (FOT)
with selected near-production systems to create a
database of driver/system performance that can
be used to estimate safety impact. An example
of an evaluation of a technology based on FOT
data is provided in Appendix A.

3. Performing laboratory tests with pre-production
systems and extrapolating the results to estimate
the safety impact.

The third of these methods is the most feasible for
early assessment of pre-production systems. For this
reason, this methodology is the focus of the NHTSA
ACAT program, and this paper.

In summary, part of NHTSA’s goal for the ACAT
Program is to establish a Safety Impact Methodology
(SIM) that will support the evaluation of an ACAT
countermeasure and produce safety benefit estimates.

NHTSA SIM FRAMEWORK

The above three methodologies used to estimate
safety benefits are based on the benefits equation
B=N,, - N, [Appendix B] and its derivatives.

Where,

Model

Creation

B = benefits, (which can be the number of crashes,
number of fatalities, “harm,” or other such
measures).

Nywo = value of this measure, (for example, number of
crashes) that occurs without the system.

Ny, = value of the measure with the system fully
deployed.

In this paper a SIM framework is developed to
populate the various components of the benefits
equation. This framework identifies the principle
components of SIM and interaction between these
components. The framework does not dictate a
specific approach or method. The framework
communicates NHTSA’s operational vision of a SIM
and the activities NHTSA identifies as critical to
developing a sound methodology. The elements of
the SIM include activities, functions, and
interactions. This framework can be adjusted to
accommodate and communicate various approaches.
The framework corresponding to the SIM structure is
shown below in Figure 1. The highlighted portion of
the framework in Figure 1 is the core of the ACAT
SIM methodology and is the focus of this project.
The rest of the activities are similar to other
methodologies (i.e. evaluation of FOTs and
Regulatory Evaluation, examples of which are
available in the Appendix A) involved in the benefits
estimation process.

Figure 1: SIM Framework
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Details of the framework

The SIM structure and framework in Figure 1 is
expanded to show the details of the functions within
each activity in Figure 2 The high level activity
boxes in Figure 2 are the same activities as in Figure
1 and correspond to the section titles of their
description. Functions identified within each activity
are assigned numbers ([1], [2], etc.). The different
outline colors of the activity boxes represent two
distinct areas of the SIM framework, namely the
model development activities (shown in orange) and
the model execution and analysis (shown in blue).
Model development activities include development of
data and information needed to create the model,
model inputs for data generation, and data to support
the validation and calibration of the model. Not all of
these activities need to be executed if there exists a
completed evaluation of a similar ACAT
countermeasure.  Model execution and analysis
activities include running the model to generate the
necessary data to calculate safety benefits estimates
of the subject ACAT countermeasure. The details of
the various components of the SIM, as shown in
Figure 2, are discussed in the remainder of this
section.

Data Usage

7
M~
Archival Data

Data Usage:

This activity describes the available data that is used
in the development of a SIM. The available data
includes crash data files like General Estimates
System (GES)[GES, 2006], Crashworthiness Data
System (CDS) [CDS, 2006], National Motor Vehicle
Crash Causation Study (NMVCCS), [NMVCCS,
2008] etc.)[1], naturalistic driving data (such as the
100-Car Naturalistic Driving Study and Field
Operation Tests [Dingus, 2006], etc.)[2], Corporate
body of knowledge [3], and a technical description of
the ACAT countermeasure [4]. The functions
included in this activity are as follows:

o The identification of all technology relevant
crash types and countermeasure data sources.

e Defining and estimating the magnitude of the
crash problem in relation to the subject ACAT
countermeasure.

e The identification of real world pre-crash
scenarios that can be addressed by the subject
ACAT countermeasure.

e Documenting the functional characteristics of the
ACAT countermeasure
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Figure 2: Details of NHTSA SIM Framework
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Case Scenarios:

In this activity, the SIM developer consolidates the
crashes that are relevant to the specific ACAT
countermeasure. The activities include breakdown of
scenarios [5], crash characteristics [6] and
countermeasure relevant scenarios [7]. One starting
point is the Universal Description (updated to most-
recent year of data) which is a high-level description
of events and conditions that precede crashes
[Burgett, 2008] The Universal Description utilizes
the central variables (Critical Event, Corrective
Action Attempted, and First Harmful Event) of the
National Automotive Sampling System’s Critical
Crash Envelope' [GES, 2006] to describe mutually-
exclusive scenarios that are potentially relevant to
ACAT countermeasures. Each relevant scenario can
be further refined through development of a Crash
Phase Time Line” [Burgett, 2008]. The phases of the
crash time line are defined by specific values of
Time-to-Collision (TTC). The logic for interaction
of the ACAT countermeasure is described in terms of
the phases and anticipated driver reactions. The Case
Scenarios activity has three functions :

e The first area is to identify the broad
characteristics of representative crashes that are
to be addressed.

e The next area identifies the attributes of
individual scenarios including the values that
describe the roadway and the operation of the
vehicle.

e The last area finalizes the relevant crash
scenarios and summarizes the functional
characteristics of the countermeasure. These are
the scenarios that become the subsets in the
benefits equation as indicated by the summation
of “1” (Appendix B).

Model Creation:

A key element of the NHTSA SIM is that the data
about driver and system performance is generated by
a computer model as shown in Figure 2. The purpose
of the model is to generate the data that produces the
safety benefits. The details of the model are tailored
to suit the technology of the ACAT system and the

" The NASS Critical Crash Envelope includes six variables:
Driver Distracted By (D07), Movement Prior to Critical Event
(V21), Critical Event (V26), Corrective Action Attempted (V27),
Pre-crash Vehicle Control (V28), Pre-crash Location (V29) and
First Harmful Event (A06).

% The Crash Phase Time Line consists of five phases: Non-
conflict, Conflict, Imminent crash, Crash and Post-crash. Zero
time (t = 0) occurs at the beginning of the Crash phase.

relevant scenarios identified in the preceding activity.
The model [13] is a set of equations (differential,
algebraic, Boolean, etc.) with an embedded set of
parameters that describe the performance of the
vehicle/driver/ACAT countermeasure. The equations
describe three relationships: 1) the control actions by
the driver in response to all environmental stimuli,
including warnings or other input from a ACAT
countermeasure, 2) the motions of the vehicle in
response to driver control inputs including
interactions with other vehicles and the roadway, and
3) the performance of the countermeasure relative to
vehicle motion and the driving environment. The
data for the value of, or distributions of values of
parameters [14] are obtained from the objective tests
described below. The model outputs include the
answer to the question of whether a crash occurred or
not, and the dynamic conditions at the point of
impact when a crash occurs. The model creation step
also includes an iterative process of calibration and
validation [15] that checks for adequacy [16] of the
computer model outcome against the outcome of
objective tests and baseline crash data.

Objective Testing:

Once the relevant crashes, crash data, and the basic
concept of the model are established, various types of
tests are used to obtain values for the embedded
parameters. Testing includes Driving Simulator [8],
Open loop test [9], Closed loop tests [10], Human
factors test [11], and Lab tests [12] to determine
distribution of values of parameters that would
populate the driver, vehicle and countermeasure
models. Various parameter values and distribution of
values will be needed to replicate the following
relationships in order to accurately account for driver,
vehicle, countermeasure, and scenario interactions
and obtain representative results to base the estimate
of safety benefits. The relationships that need to be
replicated include:

e The driver’s response to the ACAT
countermeasure

e The performance of the ACAT countermeasure
system

e The wvehicle’s response to control inputs,
including any direct ACAT countermeasure
intervention

e  The characteristics of the driver

e The system / component characteristics of the
ACAT countermeasure
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Data Generation:

When the model has been completed and validated, it
is ready to be used for data generation. This activity
uses the finished model that was validated and
calibrated in the Model Creation activity. In this
activity the model is executed using initial conditions
and other scenario information to generate the data
needed to estimate the safety benefits. Each “run”
will simulate a period of time during which a driver
is exposed to a critical event, including initial
conditions that reflect an appropriate level of risk.
The performance of the driver (as represented by the
driver performance model) affects whether or not a
crash will occur during each run. Each run with the
countermeasure system active will be matched by a
corresponding run without the countermeasure, for all
of the scenarios.

The computer simulation [17] embodies the
equations that replicate the driver, the vehicle, and
the countermeasure and allows each of them to
interact with the scenarios and each other. The
model provides the environment by which the ACAT
countermeasure is tested such that an estimate of how
the countermeasure would perform in a real-world
environment can be ascertained.

The initial conditions [18] in this activity include the
relevant crash scenarios that describe the scope and
range of events that the ACAT countermeasure will
be tested against to determine the countermeasure
effectiveness and produce the data needed to estimate
the safety benefits.

Countermeasure Performance Analysis

This activity uses the data from the Data Generation
activity to calculate the various ratios needed to
evaluate the performance of the subject ACAT
countermeasure and determine the system’s Safety
Effectiveness in preventing crashes. The Without
Countermeasure [19] function captures all the data
generated by the Computer Simulation tests that are
conducted when the ACAT countermeasure is not
activated. The With Countermeasure [20] analysis
captures all the data generated by the Computer
Simulation tests that are conducted when the ACAT
countermeasure is  activated. The System
Effectiveness [21] analysis uses the data sorted by
Without Countermeasure and With Countermeasure
to calculate the relevant countermeasure performance
ratios that produce the System Safety Effectiveness
ratio.

Safety Benefits:

This activity transforms the performance ratios into
safety benefit estimates [22]. Ratios associated with
fatalities, exposure, and prevention are transformed

into estimates of crashes, fatality and injury severity
reductions. This is achieved by implementing the

Benefits Equations B = z Nyo XE;  and its
i

extensions (Appendix B). In this equation, Ny, is the
number of crashes that occur in scenario “i” when the
ACAT countermeasure is not available and E; is the
effectiveness of the ACAT countermeasure in
preventing crashes in scenario “i.”

ACAT PROGRAM

Given the framework of the NHTSA SIM, three
approaches are discussed in the remaining part of this
paper that fit into the NHTSA SIM methodology.
NHTSA is currently working with four teams that
have exercised the SIM methodology in the ACAT
program as a means of answering how effective their
technology would be in preventing crashes and
reducing the severity of injuries to vehicle occupants.
A summary of these approaches is given below:

Approachl

The first approach begins by defining the crash
problem size by looking into public domain databases
as well as naturalistic driving data to come up with
technology relevant crash types. Crashes that fall into
these categories are sub-sampled to obtain a
technology relevant subset of crashes. These subsets
are reconstructed based on their time-domain
relationships and are subject to test-track testing,
simulator testing, lab testing, etc. to generate
parameter values that feed into the computer model.
The models are validated and calibrated against the
reconstructed data as well as the preliminary results
obtained from simulation data. This validated model
is used in the final set of simulation runs that
generates data for the safety benefits estimation
process.

Approach2

The second approach begins similarly by defining the
crash problem size from public domain research
databases to narrow down the relevant crash types.
However, instead of real-world crashes, the approach
builds heavily on statistical distributions for
parameter values that populate the driver, vehicle,
and countermeasure models. The values for these
distributions are obtained from subjective simulator
and human factors testing combined with driver-
vehicle involved track tests. These distributions form
the basis for inputs of all parameters that populate the
simulation model. A random number generation
using a Monte Carlo process picks data from each of
these distributions that will define the initial state of
the parameters as well as the dynamics of the run.
Each run will be performed several times to account
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for all possible range of values that is applicable to
the prevailing countermeasure system. The output
from these simulation runs will be used in the safety
benefit estimation process.

Approach3

The third approach addresses safety benefits from the
perspective of fatality and injury reduction by
reduction in impact speed. This process is conducted
by classification of the accident patterns for each
countermeasure system; and use driver and vehicle
models to estimate effectiveness of the safety system.
Driver and vehicle parameters such as subjects’
response time to the warning, system response time,
and reduction speed are obtained from objective tests.

ACAT Implementation

The three approaches mentioned above form the basis
of all SIM implementations in the ACAT program.
All four teams have implemented the SIM
methodology that can be expressed within the
framework of these three approaches. The four teams
NHTSA is working with and the details of their
approach towards the SIM are as follows:

Team 1: . Advanced Collision Mitigation Braking
System. (ACMBS) Countermeasure.

Dynamic Research Inc is working with Honda who
developed an ACMBS. The ACMBS automatically
predicts impending collisions, warns the driver, and
applies braking in order to reduce the effects of an
impact.  Their approach (1) begins with the
reconstruction of series of crashes from archival US
DOT accident databases (NASS/CDS, Pedestrian
Crashworthiness Data System (PCDS) and FARS) to
generate a Crash Scenario Database This crash
scenario database contains in-depth information and
time-space reconstructions of real-world accidents
based on their time-domain relationship. This data is
used to classify the crash scenarios in terms of
technology relevance and to create sub-samples of
cases in each technology relevant crash type.

Once the technology relevant crash types defined and
real world cases are selected, tests are conducted to
obtain parameter values. In objective testing,
relevant scenarios are subject to lab tests, driver-out-
of-the-loop tests, driver-in-the loop test, and driving
simulator tests to provide the necessary data that
could be used to validate and calibrate the driver,
vehicle, and countermeasure performance models.
These tests would serve as a bridge between the
reconstructed component of the analysis and the
simulation runs that generate the data.

The computer simulation comprises the validated
models (driver, vehicle and countermeasure) and
calibration parameters. The simulation tool is used to
simulate driver, vehicle, and the environment, with
and without the ACAT, allowing for uncertainties in
driver response to the ACAT system. The outputs
from the runs are used to estimate the overall effect
of the ACAT on crash involvement and fatalities for
each crash type.

Team 2: Lane Collision
Countermeasure.

Volvo and Ford, working with the University of
Michigan  Transportation  Research  Institute
(UMTRI), are researching Volvo developed Driver
Alert Control (DAC), Lane Departure Warning, and
Emergency Lane Assist (ELA) systems. DAC
monitors lane keeping and curve taking performance
over long periods of time and warns the driver to take
a break from driving if performance degrades. LDW
uses a camera to detect lane lines and warns the
driver when the vehicle is drifting out of the lane.
ELA senses when the driver is making a lane change
into oncoming traffic that could result in a conflict
and responds automatically to help move the vehicle
back into the lane.

Departure

The Volvo/Ford/UMTRI (VFU) approach (2) uses a
Monte Carlo simulation to generate the data required
for estimating safety benefits. Following are the
steps involved in developing the model:

A detailed investigation of crash circumstances and
related factors is developed based on a nationally
representative crash database (in this study GES was
used). The VFU team developed a method of
classifying crashes that results in mutually exclusive
scenarios that are potentially relevant to ACAT
countermeasures. This allowed for developing
scenarios that were as closely tailored as the crash
data allows to the safety technologies being evaluated
.the safety technologies are assumed to be relevant
for crashes in which the subject vehicle was not
maneuvering prior to the initiation of the crash
sequence, i.e. where the lane/road departure appears
to be unintentional.

Naturalistic driving data from appropriate FOTs
(Road Departure Crash Warning System Field
Operational Test (RDCW-FOT)[leBlanc, 2006]) is
used to assist in assigning initial conditions, and to
assist in parameterize driver inattention models.

Public road tests, test track tests, and driving

simulator tests are conducted to generate distributions
of parameters, assess system availability, and for
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characterization of vehicle, driver, and environment
models.

The Monte Carlo simulation model includes a vehicle
model, an ACAT system model (DAC, LDW, &
ELA), and a driver model. All the components of the
simulation model are validated and calibrated against
available test data. This completes the model
development process. Then the developed model is
used to generate data in terms of when crashes are
likely to occur and when there is likely to be no
crash. This model is executed with and without the
countermeasure active. ~ The output from the
simulation is used to generate an estimate of the
effectiveness ratio for the technology, and safety
benefits that given sufficient input could be calibrated
to represent national statistics.

Team 3: Pre-Collision Safety System (PCS)
Countermeasure.

Toyota’s ACAT project develops a safety impact
estimation methodology (SIM) for a pre-collision
safety system (PCS) that is designed to mitigate the
collision impact with obstacles in front of the subject
vehicle through warning, activation of brake control
systems, and occupant restraint systems prior to a
collision. It addresses safety benefits from the
viewpoint of fatality and injury reduction by
reduction in impact speed.

Accident data from 2005 NASS-GES and 2005
FARS are categorized into major accident patterns.
Accident patterns applicable to the safety system will
be selected from the categorized patterns. A driver
and vehicle model are used by the SIM to estimate
the effectiveness of the safety system.

The parameters of the driver model, such as response
time to warning, are determined from driver
simulator tests while the vehicle model parameters,
such as system delay and speed reduction, are
determined from test track tests.

The reduction in impact speed, with the ACAT
system active, is determined by overlaying effects of
ACAT system from test-track tests on driver’s
reaction from driving simulator tests. The reduction
in impact speed is then used to estimate reduction in
fatalities and casualties [Yamanaka, 2006]. These
effectiveness values are extrapolated to national
estimates of safety benefits.

Team 4: Backing-Collision Countermeasure.
General Motors, working with the Virginia Tech
Transportation Institute is researching a Next-
Generation Backing-Collision countermeasure that

provides levels of information, warning and
automated control to avoid backing collisions.

The focus of General Motor’s (GM) ACAT Backing
Crash Countermeasure Program (annual report 1) is
to characterize backing crashes in the U.S. and
investigate a set of integrated countermeasures to
mitigate them at appropriate points along the crash
timeline, with the objective of estimating the
potential safety benefit, or harm reduction that this
countermeasure-set might provide. The primary goal
of the SIM is to predict the proportion of certain
crashes that might be eliminated or mitigated if a
countermeasure is deployed.

GM’s Safety Impact Methodology (annual report
2007) begins with estimating the crash problem size
utilizing multiple sources like public domain research
on backing maneuvers, existing GM research,
national crash databases like GES, FARS, Special
Crash Investigations (SCI), and NHTSA’s report to
Congress on backing maneuvers.

The analysis of the crash problem description leads to
the development of a framework of ten technology
relevant scenarios (6 representing pedestrian back-
over crashes, 3 representing vehicle-to-vehicle
crashes, and 1 for vehicle-to-fixed-object crashes).

Once the technology relevant crash types, scenarios
and the countermeasure performance requirements
are established, objective tests are performed. As
part of the ACAT goal, a preliminary set of three
classes of objective tests were designed. The three
basic types or classes of objective tests are:

1. Driver out-of-the-loop Grid Test for Obstacle
Response Performance,

2. Trained driver-in-the loop test for False Alarm
rate

3. Naive driver-In-The-Loop Test of Crash
avoidance.

The data from these tests provides information that
aids in both model construction and model validation.
The validated model essentially forms the core the
SIM tool which is a Matlab/Simulink programming
environment that performs the  necessary
mathematical operations.

The core of the SIM is the Monte Carlo simulation
process that will extract data from a given set of
distributions. The process involves picking values
from a given distribution for a given iteration, which
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are obtained from objective tests and other sources of
data. Each iteration is run several times for a new set
of parameter values with and without countermeasure
active to account for the variability in outcomes. A
comprehensive set of data is produced for all
situations which are used in the estimation of safety
benefits. The main outcome of the safety benefits
estimation process is the predicted number of crashes
potentially avoided and injures mitigated annually
following the deployment of a particular crash
countermeasure.

ACAT Summary

A summary comparing the three approaches for the
four ACAT teams and their components are given
below in Table 1

CONCLUSION AND SUMMARY
This paper develops a basic framework for Safety

Impact Methodology (SIM) to estimate potential
safety benefits of pre-production advanced Driver
Assistance  Systems  (DAS), describes three
approaches for the framework, and provides a
description of the implementation of the SIM by the
Advanced Crash Avoidance Technologies (ACAT)
program teams.

Each of the approaches by the four teams exhibits a
unique and challenging opportunity to assess the
effectiveness of a countermeasure system. Given the
complexity of each of the systems and their
subcomponents, each process brings with it numerous
merits. All four of these projects are still in progress
so the final step of estimating safety benefits has not
been completed. The testing phase of each project is
almost complete and each of the projects will be
completed during 2009.
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SIM Components Team 1:. Team 2: Lane Team 3: Pre- | Team 4: Backing-
Blocks Advanced Collision | Departure Collision Safety | Collision
Mitigation Braking | Collision System  (PCS) | Countermeasure
System. (ACMBS) | Countermeasure Countermeasure
Archival Data, NASS/CDS, PCDS, | GES, CDS, GES, FARS and | FARS, GES, SCI,
° Real world data, | VTTI data, and Highway Event data Public domain
2 Corporate body | FARS and GES Performance recorder (EDR) research, and VTTI
4 of knowledge data for an Monitoring System | for a Pre- data for a Backing
< and Technology | Advanced-Collision | (HPMS), ,RDCW- | Collisions Safety | Countermeasure
8 characteristics Mitigation Braking FOT, and data for | system System
System a Lane-Departure
Prevention System
Breakdown of —vehicle-vehicle, Inadvertent lane or | - (Lead vehicle 10 scenarios (6
scenarios, rear-end/forward road departure stopped(LVS) pedestrian crashes,
3 Crash impact - Lead vehicle 3 vehicle-to-
= Characteristics —vehicle-vehicle, decelerating vehicle crashes,
S and Technology head-on (LVD) and 1 vehicle-to-
A relevant —vehicle-vehicle, fixed-object
% scenarios intersecting paths crashes).
o —Single vehicle,
pedestrian
Driving Driving simulator Driving simulator Driving simulator | Track and public
2 simulator, and lab tests and lab tests involved. road tests involved.
& test track and involved. Tests involved. Naive Vehicle tests with | All 10 scenarios
o Lab/HMI test include guided soft driver test -fixed obstacles tested. Pedestrian
b Target-vehicle conducted for for system tests using
-_°Q—’~ impact tests using LDW. Trained performance mannequins.
(@] naive and trained driver tests for
driver. system validation.
Indigenous Using distribution | Model validated Matlab/Simulink
c Model simulation model. of parameters. from test track. model. Validated
z £ definition, Cases validated Model generated based on previous
§ § validation and | against automated with Matlab/ corporate
O calibration reconstruction and Simulink/CarSIM sponsored research
simulation
c Digital
© 2 computer Reconstructed Monte Carlo Simulator Testing | Monte Carlo
2 8 simulation and | crashes run with and | simulation run with | results simulation run
Q2 | simulator without the DAS. | and without DAS with and without
O testing DAS
o Without Crash/ No crash,
§ o countermeasure, | DeltaV, Crash, No Crash/No, Crash, Speed reduction Crash/No crash,
S & 2| With crash, exposure Exposure ratio, Crashes avoided, | Prevention ratio
£ £ %‘ countermeasure, | ratio, prevention Prevention ratio Injuries reduced
3 L ¢ System ratio
c = < .
38 effectiveness.
O
Safety benefits Crashes, fatalities, Crashes reduced/ Crash reduction, | Crashes

Safety
Benefit

conflicts , injury
severity

mitigated

fatalities and
injury reduction.

reduced/ mitigated

Table 1: Comparison of SIM for the four ACAT teams
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APPENDIX A

EVALUATION EXAMPLES

Estimations of the safety impact of driver assistance
systems are performed for a wide range of purposes.
Two of the more common purposes are as part of the
regulatory analysis for a pending regulatory activity
and for the evaluation of the safety impact of a
prototype system as part of a field operational test.

In this Appendix, one example of each of these two
types of evaluation are discussed in the context of the
SIM framework.

Regulatory Evaluation [FMVSS #126, 2007]

This example discusses the Safety Benefits portion of
the Final Regulatory Impact Analysis for Standard
No. 126. that requires installation of electronic
stability control (ESC) systems.

As with most evaluations, the evaluation begins by
identifying Data that can support the analysis. In this
case, the CDS and FARS crash data files were
determined to be appropriate data sources.

The next step, identifying relevant Case Scenarios, is
accomplished by comparing the performance
characteristics of ESC systems with crash
characteristics from the crash data files. This
comparison led to the conclusion that there are two
main types of crashes that are addressed by ESC
systems: single-vehicle crashes and a subset of
single-vehicle crashes where the first-harmful-event
is a rollover. The system performance characteristics
for this evaluation were obtained by testing
commercially available systems.

ESC systems have been installed on vehicles for
enough years that there is now a history of crash
results with these systems. This evaluation makes
use of the available crash data for vehicles that are
equipped with compliant ESC systems. Availability
of crash data for vehicles with the system is one
feature of this evaluation that distinguishes it from
the evaluation in the ACAT program. In the ACAT
methodology it is necessary to have computer
models, or equivalent tests, that are used to create a
data base for the evaluation. In the case of this
evaluation, the available crash data serves that
purpose. Thus, in the framework shown in Figure 1,
the Objective Test, Model Creation and Data
Generation activities are replaced by the combination
of crash data for vehicles with ESC systems and
vehicles without ESC systems.

The Countermeasure Performance analysis consists
of estimating system effectiveness through use of the

available crash data. The effectiveness estimation
uses the form of the Benefits Equation described in
Equation 5 of Appendix B.

In this evaluation the measure of exposure that has
been selected is the number of “non-relevant crash
involvements” for each group of vehicles (those
without ESC and those with ESC [Dang 2007].

The Countermeasure Performance Analysis in this
evaluation concludes with values of effectiveness in
preventing single-vehicle crashes and single-vehicle
crashes with rollover as the first-harmful-event for
passenger cars. The analysis also includes similar
results for fatal crashes and for light-truck and van
type vehicles. The two values of effectiveness for
passenger cars are:

SEPC = 34 %
SEPC/ Rollover — 71 %.

The final step in the SIM is to combine estimates of
effectiveness with the size of the problem to obtain
the estimate of safety benefits.  This analysis
concluded that in the year 2011 when the requirement
for installation of ESC goes into effect, there will be
142,000 relevant single-vehicle passenger car crashes
and 33,700 relevant single-vehicle passenger car
crashes with rollover as the first-harmful-event. Thus
the annual safety benefits of introducing this
requirement are the reductions in these numbers that
will occur due to installation of ESC. The evaluation
concludes that these passenger car benefits are
48,400 single-vehicle crashes and 21,100 single-
vehicle passenger car crashes with rollover as the
first-harmful-event.

Field Operational Test [Najm, 2006]

This evaluation uses data that was generated during a
field operational test of a rear-end crash warning
system [Zador, 2000]. In this analysis, the GES and
CDS crash data files were determined to be
appropriate crash data sources to complement the
field data from the operational test.

Relevant Case Scenarios were determined by
comparing the performance characteristics of the
ACAS with crash characteristics from the crash data
files. This comparison led to the conclusion that
there are three main types of crashes addressed by the
ACAS. They are:

1. Lead-vehicle stopped

2. Lead-vehicle moving at lower constant speed
3. Lead-vehicle decelerating
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These three primary scenarios were subdivided
further by the type of driver response and the speed at
the time of the event. There are two basic driver
responses: brake or steer. The speeds (V) were
grouped into three ranges: V < 25 mph, 25 mph <V
< 35 mph, V > 35 mph. Thus, there are a total 18
scenarios to be evaluated.

The evaluation uses the form of the Benefits
Equation shown in Equation 7 of Appendix B. In this
form, the effectiveness in each scenario is a
combination of the Exposure Ratio and the
Prevention Ratio. The Exposure Ratio quantifies the
change in rate of exposure to conflicts that results
from introduction of the ACAS; and the Prevention
Ratio quantifies the change in number of crashes that
occur as a consequence of the conflict. Thus, the
estimation of effectiveness consists of estimating
these two ratios. The data for estimating the
Exposure Ratio comes directly from the FOT data.
The evaluation uses two conflict types (Conflict and
Near-crash) and two intensity levels (Low intensity
and High intensity) as the basis for determining
Exposure Ratio. However, during the test program,
none of the vehicles experienced a crash; a limitation
that is common to most FOTs. Therefore, it was not
possible to estimate the Prevention Ratio directly
from the FOT data. To circumvent this shortcoming,
the evaluators utilized a model of the relative motion
between vehicles during braking and overtaking
scenarios. Details of the distributions of parameters
in the model are discussed below. The model was
used in a Monte Carlo simulation to create a database
that could be used to estimate values of Prevention
Ratio. The Countermeasure Performance analysis
utilized the formulation of the Benefits equation that
is based on values of the Exposure Ratio and the
Prevention Ratio in each scenario. The list of
scenarios discussed above shows that the range of the
summation for estimating system effectiveness is 1 <
i < 18. In summary, the Data Generation activity
included both the data gathered during the FOT and
data generated by the Monte Carlo simulation.

The Countermeasure Performance Analysis in this
evaluation consists of estimating the value of the
Exposure Ratio and the Prevention Ratio for each of
the 18 crash scenarios. The values of Exposure Ratio
were calculated directly from FOT data. The model
mentioned above was used in a Monte Carlo series of
simulations to estimate the change in number of
crashes, and hence the value of Prevention Ratio.
Initial conditions for the simulations were taken from
the FOT data, but distributions of parameters such as
level of deceleration and time-to-collision at the time
of brake application were taken from the literature.

The results of the Countermeasure Performance
Analysis are summarized in the following table for
the seven scenarios that showed statistically
significant improvements with ACAS. These are the
only scenarios that were used to estimate system
effectiveness.

IACAS Effectiveness Estimation
Scenario |Avoidance | Speed Ei Nwoi  [SE
Maneuver | (Mph) / Ny, |[Component

LVS Brake V>35 .14 1 0.05 | 0.68%
LVM Brake V<25 73 1 0.03 | 2.09%
LVM Steer V>35 21 0.00 | 0.01%
LVD Brake V>35 D.18 | 0.26 | 4.60%
LVD Steer V>35 21 0.01 | 0.23%
LVS Brake 25<V<35 .29 | 0.03 | 0.99%
Net System Effectiveness = 8.60%

The final step in the SIM is to combine estimates of
effectiveness with the size of the problem to obtain
the estimate of Safety Benefits. From GES it is seen
that there are 1,791,000 police-reported rear-end
crashes annually. These are distributed between the
three primary scenarios as follows:

LVS: 28%
LVM: 8%
LVD: 61%

There are also approximately 2,149,000 unreported
rear-end crashes annually, making a total problem
size, Ny, of 3,940,000 crashes. Combining this
problem size with the system effectiveness of 8.6 %
leads to the conclusion that the ACAS could help
prevent 340,000 rear-end crashes per year. The
evaluation includes additional details of confidence
intervals and ranges of possible benefits that are not
discussed in this short summary.
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APPENDIX B

SUMMARY OF EQUATIONS FOR
ESTIMATING SAFETY BENEFITS

The purpose of the SIM is to implement the Benefits
Equation for the estimation of number of crashes
prevented by the ACAT countermeasure, and provide
extensions for estimation of impact on level of injury.
Although there are many formulations, they all are
based on the fundamental definition of benefits
[Burgett, 2008]:

B =Ny, — N, (1)

Where,

B = benefits, (which can be the number of crashes,
number of fatalities, “harm,” or other such
measures).

Nwo = value of this measure, (for example, number of
crashes) that occurs without the system.

Nw = value of the measure with the system fully
deployed.

The value of Nwo is usually known from crash data
files, but Nwis not known for pre-production or early-
production systems. Thus, it is necessary to estimate
the effectiveness of a countermeasure and combine it
with the known value of Nwo, as shown in the
following

equations:

B=N,, xSE 2)

Where,

SE = effectiveness of the system, and

Nwo = size of the problem.

An extension of this idea is that the overall benefits

consist of the sum of benefits across a number of
specific scenarios:

B=> Nyq xE, (3)

Where,

[73¢2]

1” = individual scenarios.

Ei = effectiveness of the system in reducing the
number of crashes in a specific crash-related
scenario

Nwoi = baseline number of crashes in individual

7331}

scenario “i
Bi= the benefits in each of the individual scenarios.

From expressions (2) and (3), system effectiveness
can be written as:

SE:Z Eix% @)

WO

An extension of Equation 4 is needed when the
source of estimates of the number of crashes without
the system is not the same as the source of estimates
with the system. In this case the relative exposure
between the two sources needs to be included. This
extension is expressed in the form:

E’ —1- NWi/iWi

= = (%)
Nuoi /XWOi

Where,

Nwoi = baseline number of crashes in individual

7331}

scenario “i

Nwi = number of crashes with the system for
individual scenario “i”

Xwi = Exposure with the system for individual

17331

scenario “i

Xwoi= Exposure without the system for individual

3330}

scenario “i

and the “~” is used to emphasize that these are
estimates.

Commonly used measures of exposure include
vehicle miles traveled (VMT), number of registered
vehicles, or other indirect measures.

A second extension is needed if the number of
conflict events varies within a scenario. A modified
version of Equation 5 that accommodates non-
uniform exposures is given by:
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Where,

Swoi = number of conflicts that occur without the
system for scenario “i”

Syi = number of conflicts that occur with the system

17331

for scenario “i

VMT,,,; = the exposure (VMT is used in this
expression) that occurs without the system for
scenario “i”

VMT,,; = exposure that occurs with the system for

3331}

scenario “i

It can be seen that this expression for the estimate of
effectiveness is composed of rates of crashes per
conflict (Prevention Ratio) and rates of conflicts per
unit of exposure (Exposure Ratio).

In this form, the expression for effectiveness is
written as:

E, =(1-ER xPR,) 7

Where,

733 2)
1.

ERi= Exposure Ratio for the specific scenario

[1331)

PRi= Prevention Ratio for the specific scenario “i”.

This is the expression for E; that is included in
Equation 4 for system effectiveness.
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ABSTRACT

This paper presents a data fusion algorithm which is
able to robustly estimate the Time-to-Lane-Crossing
(TLC) of a vehicle traveling along a lane on the basis
of road images, collected by an on-board videocamera,
and kinematic data coming from car sensors. This algo-
rithm is instrumental to built Lane Departure Warning
Systems (LDWS) with enhanced predictive capabilities
which allow the generation of earlier warnings able to
better prevent dangerous driving situations coming from
unintentional vehicle lane crossing occurrences. Com-
parisons with no predictive strategies are carried out and
discussed in order to verify the effectiveness of the pro-
posed approach in some critical driving scenarios simu-
lated within the Carsim simulation framework.

INTRODUCTION

Traffic safety is a key problem in nowadays automotive
industry, having relevant social and economic impacts.
The European Road Safety Observatory (ERSO) doc-
ument [1] reports over than 1,000, 000 accidents, with
around 40, 000 fatalities, only in 2006. In Italy, more
than 15% [2] of this amount is due to driver fatigue and
negligence: in many cases the driver falls asleep, mak-
ing the vehicle to leave its designated lane and possibly
causing an accident.

During the last two decades much effort has been de-
voted to the development of Advanced Driving Assis-
tance Systems (ADAS). AntiLock Braking (ABS) or
Electronic Stability Program (ESP) apparatuses are well
known examples of such systems, the latter being now
standard equipments in all commercial cars where they
contribute to the overall vehicle stability and safety.
Many new ideas and concepts for enriching existing
ADAS systems with new functionalities are currently
under development or have been recently introduced
into the market. Amongst many, we focus here on
the development of Lane Departure Warning Systems

(LWDS) which, according to a recent report of the EU
Intelligent Car Initiative [3], are supposed to have the
potentiality to save 1,500 accidents in 2010, given a
0.6% of penetration rate, and 14, 000 in 2020 for a pen-
etration rate of 7%.

LWDS refer to systems that try to help the driver to stay
into the lane. A DSP equipped with an on-board camera
is typically used to identify the lane strips, computing
the position and the heading with respect to the lane and
the TLC by exploiting data, such as wheel speeds and
yaw and steering angles, taken from the car ECUs, via
the CAN bus, or provided by additional sensors. Some
interesting contributions to LDWS development can be
found in [4]-[10]. An interesting approach is the so-
called TLC-based method, first proposed by Godthelp
et al. [11], where an alarm is triggered when the TLC
is below a specified threshold. Such systems typically
use acoustic or vibration warnings, the latter applied to
the driving seat or the steering wheel. In general, TLC-
based methods provide earlier warnings than roadside
rumble strips (RRS), because alarms are triggered with
sufficient advance before the driver being really in dan-
ger.

Here, the development of a TLC-based LDWS system
is described. A single calibrated camera has been used
for capturing road images and a data fusion algorithm
has been implemented and used for determining the lane
markings and estimating the TLC time. Details on the
data fusion algorithm are also reported.

The outline of the paper is as follows. First, the TLC
estimation problem is defined and two strategies for its
computation described. Hence, the mathematical model
of the vehicle is described and used, along with an Ex-
tended Kalman Filter, for data fusion. Computer simu-
lations and comparisons with no-predictive approaches
are presented. Finally, some conclusions end the paper.
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SYSTEM OVERVIEW

In this section we will give an overview of the LDWS
system under development. Figure 1 depicts the set of
devices used for estimating the vehicle dynamics and
detecting the road stripes. In particular, it is assumed
that the vehicle is equipped with a camera mounted be-
hind the windshield, an absolute angle sensor is used
for measuring the steering angle and an angular speed
sensor is mounted on a rear wheel.

WHEEL

SPEED
| SENSOR
STEERING |
| SENSOR J

Figure 1. System Overview.

In figure 2, the overall functional and computational
scheme for the proposed LDWS system is reported.
The ingredients can be summarized as follows. Based
on a mathematical description of the vehicle, that will
be discussed later, the LDWS consists of two functional
blocks: the Data Acquisition and Elaboration and the
Warning Generation modules.

In the Data Acquisition and Elaboration module, the
lane geometry and the vehicle position relative to the
lane are estimated from the camera frames: such a task
is of course crucial to detect a lane departure because it
provides unique information for that purpose, no deriv-
able by other on-board sensors.

Because all driver assistance systems share the need
of knowing the driving surroundings, the information
coming from the Video Frame Elaboration and from the
Sensor Data Elaboration, i.e. elaboration of kinemat-
ics data coming from the on-board sensors, are com-
bined into a model of the vehicle surroundings by using
a suitable Data Fusion algorithm. Typically, a data fu-
sion algorithm operates in discrete time cycles. At each
step, a measurement update includes new sensor mea-
surements into the model, while a time update predicts
the model behavior from the current state towards the
next fusion cycle.

In this paper, such a phase will be performed by means
of an Extended Kalman Filter [12]. The Warning Gen-
eration module is in charge to generate an alarm when-
ever necessary on the basis of information coming from
the Data Acquisition and Elaboration module. The
latter consists of a Lane Departure Detection scheme
which is mainly based on the computation of an esti-
mate of the TLC time.

Finally, the LDWS could be connected to some Hu-

man Machine Interface (HMI), e.g. acoustic alarms or
LCDs, in order to advise the driver of the forthcoming
lane departure.

Data Acquisition
and Elaboration

Warning
Generation

Video Frame |
Elaboration

Lane
— Departure
Detection

Data
Fusion

| Sensors Data,

— Elaboration

Figure 2. System Overview.

TIME TO LINE CROSSING

Roughly speaking, TLC can be defined as the available
time interval before a vehicle crosses any lane boundary
following a pre-specified path direction. An important
application of TLC in driver warning systems is to de-
tect instances when the vehicle actually moves out of
the lane and to warn the driver in order to avoid an im-
mediate accident. As a consequence, it could be consid-
ered a further indicator to support the driver assistance
in case of severe impairments caused by drowsiness.

In the last decade, many researchers have studied the
problem of an exact TLC computation (see [13],[14]
and references therein). Unfortunately, exact real-time
TLC computation is not an easy task due to several lim-
itations concerning an a priori knowledge of both the
vehicle trajectory and the lane geometry. Beside this,
another major restriction factor is the complexity of its
computation in real-time. In the sequel, we will discuss
two methods that allow a quite effective TLC evalua-
tion.

The trigonometric computation

This first method has been proposed in [13] and the key
idea is that the vehicle is rarely driving on a straight
path, therefore it has been assumed that the vehicle tra-
jectory alternates between curves to left and to the right.
A mathematical description of the TLC is as follows

DLC

TLC = 222, Yu>0 (D).
u

where DLC' [m] is the distance to lane crossing along

the vehicle path and w [m/s] the vehicle speed. Note

that the parameter DLC is directly computable via the

cosine rule (see Figures 3, 4):

DLC = aR, Q).

where the radius of the vehicle path R, is computed as
R, = u/r, with r [rad/s] the yaw rate. As far as the
parameter « is concerned, it represents the angle be-
tween the line from the centre point (X, Y, ) of the ve-
hicle trajectory to the lane departure point d and the line
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from the front wheel to the centre point (see Figures 3,
4). Differently from R,, its computation depends on
the road geometry. First, let us consider the straight
road scenario (Figure 3). In this case, « is computed

Figure 3. DLC calculation for a straight road.

by using the cosine rule

A3).

A+ R -C?
2AC

. = arccos (

where

-A = Rv— A and A = Y/cos(ay), with Y
the distance between the front wheel and the lane
boundary (along a perpendicular line to the road)
and o the angle between such a perpendicular line

and the line from the front wheel to the centre point
(X0, Ys)

2-A-cos(,@)+\/(2-A-cos(,8))2 —4(A2-R2)
2

_C:

Conversely, Figure 4 depicts the road curve scenario. In

Figure 4. DLC calculation for curved road.

this other case, « is differently computed as
.

a=03—-ao

where

- [ is the angle between the line passing from the
centre point (X,,Y,) of the vehicle curve to the
centre point of the road curve (X,.,Y,.) and the line
passing from (X,,Y,) and the left front wheel (if
the vehicle turns towards the inner lane boundary);

2 2 2
- (1 = arccos (%), with A the distance

between (X, Y,) and (X,,Y,), and R, the radius
of the curved road segment.

The approximate computation

In practice, the computation of the TLC is performed by
using an approximation procedure because the trigono-
metric method is based on the knowledge of relevant
parameters , e.g. the distance to line crossing, the radii
of the vehicle path and of the curved road segment, that
in real scenarios are not available. Even if an approxi-
mate computation of the TLC is of interest, its calcula-
tion depends on the following assumptions

a) the lateral vehicle position Y is a priori known or
can easily be measured

b) the lateral vehicle velocity Y is constant, which
imposes that the vehicle preserves a constant ve-
locity while approaching to lane boundaries

It is well recognized that the computation of the lateral
vehicle position Y is a more simpler task than the com-
putation of the vehicle radii and curved road segment
paths [14].

Then, the TLC can be easily computed as the ratio be-
tween the lateral position and the rate of change of the
lateral position [13]

TLC:K
Y

(5).
It is worth to note that, even if the assumption b) is
not realistic, in [13] the expression (5) has been proved
to be a tight overestimation of the minimum TLC (1),
whose accuracy increases as the time to cross the lane
decreases. Finally, it is interesting to recall that the use
of this approximation has provided good simulation re-
sults as testified in [13].

LATERAL SPEED ESTIMATION

This section is devoted to describe a Kalman-based filter
for lateral speed estimation purposes. In the sequel, we
will first discuss the mathematical vehicle model, then
the extended Kalman filter will be outlined and applied
to the vehicle model under consideration.

Vehicle Model

A vast variety of mathematical models able to describe
the vehicle dynamics during driving have been proposed
in the literature (see [15], [16] for a detailed survey). In
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most cases, even if many models are very accurate, they
usually require a good knowledge of many vehicle pa-
rameters (stiffness, yaw moment of inertia, etc.) and
this precludes their practical use [17], [18]. Therefore,
it is necessary to look for mathematical models that are
sufficiently accurate and simple to be used in practical
contexts. A well-known vehicle description that satis-
fies these requirements is the kinematic model proposed
in [19].

Such a model is based on a three state description, that
comprises the Cartesian coordinates (x,y) of the vehi-
cle CoG, mid-way centered between the rear wheels,
and the vehicle orientation angle ¢. Following the no-
tation of Figure 5, Vry hereafter denotes the longitu-
dinal velocity of the rear wheels, Vry the longitudinal
velocity of the front wheels (taking care of the steered
angle §) and B the wheelbase. Then, a continuous-time
description can be derived as follows:

i(t) = Vrw(t)cos(o(t))
y(t) = Vew(t)sin(¢(t)) (6).
b = VewlsmGw)
with
VFW t) = fj{g E(ttg))
¢(t) _ Vew (t ]tgan(&(t))

Figure 5. Vehicle’s kinematic model

The continuous-time system (6) can be discretized us-
ing forward Euler differences with a sampling time AT'.
As a result, the following discrete-time description is
achieved

z(k) x(k — 1) + Verw (k) AT cos(p(k — 1))
[y(k) ] = [ y(k — 1) + Vew (k) AT sin(¢(k — 1))
o(k) ] Lok — 1) + YR RAT tan(s(k))
.
Note that such a model does not take into considera-
tion the discrepancy between the vehicle speed and the
wheel speed when spinning or skidding phenomena oc-
cur. The same holds true for the difference between
the measured steer angle and the actual angle steered

in presence of wheel side slip situations. Therefore,
to compensate for some of these effects a wheel ra-
dius state can be added, hereafter named R(k). In par-
ticular, such a quantity increases when the wheel slips
whereas it conversely decreases when the wheel skids.
Beside this, it is important to underline that the wheel
radius varies w.r.t. different vehicle payloads, tempera-
tures and tyre pressures. Hence, the following four state
model can be proposed:

z(k)
y(k) | _
o(k)

| R(K)

[z(k — 1) + w(k)R(k — 1)AT cos(¢p(k — 1)) €z (k)
y(k— 1)+ w(k)R(k — 1)AT sin(¢(k — 1)) n ey (k)
$(k — 1) + LOREZDAT ¢an (5(k)) €s (k)

| R(k—1) er(k)

(3).

where R(k) € R and w(k) is the forward wheel an-
gular velocity measured by the wheel sensor. More-
over, the additive vector [e, (k), €, (k), €5(k), er(k)]7T,
whose components are stochastic processes with zero
mean and fixed variances, reflect inaccuracies in the
state model and the static error occurring when the ve-
hicle is in a steady-state condition.

Extended Kalman filter

The Kalman Filter (KF) [12],[20] is one of the most
widely used methods for tracking and estimation due
to its simplicity, optimality, tractability and robustness.
However, the application of the KF to nonlinear sys-
tems can be difficult. The most common approach is to
use the Extended Kalman Filter (EKF) [21], [22] which
simply linearizes the nonlinear model along the trajec-
tory so that the traditional linear Kalman filter can lo-
cally be applied at each computational step.

Let us consider the following nonlinear discrete-time
system

).
(10).

v = fro1(@r—1) + wi—1,
2 = hi(wg) + ok
where x; represents the state vector of the system, zj
the measurement vector, wy, the noise process due to
disturbances and modelling errors and vy, the measure-
ment noise. It is assumed that the noise vectors wy, and
vy, are zero-mean, uncorrelated and with covariance ma-
trices Qr = QF > 0and Ry = R > 0 respectively,
ie.
Wy ~ N(Oa Qk)a Vg ~ N(Oka)

The signal and measurement noises are assumed un-
correlated also with the initial state zy. Then, the es-
timation problem can be stated, in general terms, as fol-
lows: given the observations set Zj := {zo, 21, - .., 2k }
evaluate an estimate Ty of xj such that a suitable cri-
terion is minimized. In the sequel, we will consider
the mean-square error estimator, and therefore, the esti-
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mated value of the random vector is the one that mini-
mizes the cost function

Jlig] = El(xr — &1)2| Zs) (11).
At each time instant k, the EKF design can be split in
two parts: time update (prediction) and measurement
update (correction). In the first part, given the current
estimates of the process state ;1 and covariance ma-
trix P,_q and based on the linearization of the state
equation (9)
_ Otk

0]
k ox

(12).

T=%p_1

the updating of the covariance matrix and state predic-
tion 1,y are performed as follows

Py 1 PL + Qy,

Tpe—r = fre(@r-1)

(13).
(14).

Pyp—1 =

Then, given the current measurement z; and by lineariz-
ing the output equation (10) according to

oh
H, = =& 15).
or | _.
T=Tk|k—1
the following Kalman observer gain is derived
Ky = Py H (R + Hp Py HiD) ™' (16).

Finally, the state and the matrix covariance estimates are
updated as

T =
Py

Tppp—1 + Kp(ze — hi(Zpip—1)), (A7).
(I — K Hy) Py (13).

and the procedure is iterated.

Because the aim is to use the EKF for estimating the lat-
eral position y(k) and the yaw angle ¢(k) of the vehicle
model (8), real measurements (y(k), ¢(k)) are needed.
Such a task will be accomplished by resorting to data
made available by the vision system, because we as-
sume that the vehicle is not equipped with gyroscopes
and/or radar/GPS devices.

VISION SYSTEM

This section is devoted to describe the proposed vision
algorithm. Two main phases can be characterized: Lane
Detection and Lane Tracking. It is assumed that a cam-
era is mounted behind the vehicle windshield and used
for capturing road image frames.

Lane Detection

The lane detection system is represented in Figure 6. It
consists of all steps related to each frame elaboration in
extracting relevant features. It includes five steps that
will be discussed in details below.

\

Frame Acquisition ]

L

Image
Preprocessing

!

Edge
Detection

.

Line
Identification

Line
Fitting

Detection

=

!

Figure 6. Lane Detection.

_/

Frame acquisition — In this first phase, the aim
is to recover image frames from the vehicle camera. To
this end, it is important to adequately set the camera
position on the vehicle and its orientation w.r.t. the hor-
izontal road line. An example of an acquisition frame is
shown in Figure 7.

Figure 7. Frame acquisition.

Image Preprocessing - Inverse Perspective —
Once an image frame is obtained, an image processing
phase is required. Here, we apply the Inverse perspec-
tive mapping, hereafter denoted as IPM.

The IPM is a geometrical transformation technique that
re-maps each pixel of the 2D perspective view (see Fig-
ure 7) of a 3D object in a new planar image (see Figure
10) with a bird’s eye view. In other words, the IPM is
the projection from the image plane I = (u,v) € R?
onto the Euclidean space W = (z,y,z) € R? (world
space) [23], [24], [25].

Therefore, the side view geometrical model of the IPM
is as depicted in Figure 8, while Figure 9 represents the
top view geometrical model.
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Figure 8. Inverse Perspective: lateral view.

Figure 9. Inverse Perspective: bird view.

In particular, the equations describing the projection
from the image plane I onto the world space W and
viceversa are given by

r—1
0 = (SRS
an{Yo pr an(aw,
= +[1-2(5=7)] tan(aw)
y(r,e) =h sin(80)— [1-2(Z=% )] tan(a) cos(6o)

(19).
m=1 (1 + %m coth(av)) +1

c(:c,y) = nT_l (1 - hsin(BO)jl—x cos(6o) COth(a“)) +1
(20).

where

h the height of camera w.r.t. the ground level;

m X n the image resolution;

e (r,c) image pixel coordinates;

o, and o, vertical and horizontal camera half-
angle of view, respectively;

e 0, pitch camera angle.

By using the equation (19), each IPM image pixel is
rephrased by adopting the real world metric coordinates
(z,y), see Figure 10.

4 18 32
[m]

Figure 10. Inverse Perspective.

Edge Detection and Line Identification — The

task of this phase is that of identifying points in a digital
image at which the image brightness changes sharply
or more formally has discontinuities. For instance, a
strip may be distinguished from the asphalt by means of
the associated intensity changes. The ultimate goal of
the edge detection is the characterization of significant
intensity changes in the digital image in terms of edge
points.
To this end let us denote with TPM (x,y) the gray-
scale image (see Figure 10). An edge point is defined
as the zero crossing of the Laplacian of the function
IPM (x,y) [32] (see Figure 12)

L(z,y) = V?IPM(z,y) =
OIPM(ry) | 9°1PM(x.) 2D.
Ox2 0y?

The intensity changes can be identified by using the
above Laplacian operator. However, because the com-
putation of L(z,y) is highly sensitive to image noises
unacceptable errors could arise. For this reason, a
well-known procedure consists of first convolving the
function I P M (x, y) with a smoothing two-dimensional
Gaussian filter of the following form

1 —(224y?)
Gla,y) = s—pe =%

2mo?

, o the standard deviation,
(22).
and then applying the Laplacian operator to the obtained
result.
Here the idea is to reverse such steps thanks to the lin-
earity properties of V2 : first we compute V2G(z,y),
then the result is convolved with I PM (z,y). The main
reason of such a choice is that it allows one to off-line
compute V2G(x,y) and to on-line use low-demanding
filters.
To reduce further the computational burden, we select
the class of steerable filters introduced by Freeman and
Adelson [26]. Such filters can be rotated very efficiently
by taking a suitable linear combination of a small num-
ber of filters. Steerable filters have a number of desir-
able properties that make them excellent for lane detec-
tion applications.
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The steerable filters used here are based on second
derivatives of the Gaussian filter (22), where

2252 —(22+y2)
Gma:(x7y) = ( 276 )6 202
zy *(124’92) (23)
Gmy(xay) = 5,56€ 202 :
2,2
. (yz_az) —(z%+y*)
ny(aj’ y) = Togo0 € 207

are the second order derivative filter kernels which can
computed off-line and separated into their x and y com-
ponents. At each time instant, the filters are convolved
with the gray-scale image I PM (z,y) to get its deriva-
tives, i.e. Dyz, Dyy, Dy,y. The next step is to build the
following binary matrix

1, L(z,y) < Mgpmin(L(z,y
IPMp(@,y) :{ 0, o(therzuise ()
(24).
where (Z, §) are the coordinates of a generic pixel and
A, represents a threshold used to discriminate the edge
pixels. The matrix IPMy(x,y) is used to appropri-
ately select the edge pixels (l-entries) on the image

IPM(z,y).

Figure 11. Edge Detection.

Amongst all the edge pixels, only the stripes need to
be detected. Therefore, an additional filtering phase is
necessary. In particular, the V2IPM (x,y) w.r.t. any
angle orientation is defined as follows

V2IPM®(2,y) := Days cos®(0) 4+ Dy, sin®(0)

—2 Dy cos(6) sin(0) 25).

and we want to determine all pixels (z,y) at which the
gradient of the Gaussian V21 PM?(z,y) along the di-
rection perpendicular to the stripe assumes a maximum
value. This can be achieved by computing

emaz = tan_l (7Dz1_Dyy+£)

3D,
_ 2
= \/Dm

— 2D, Dy, + Dgy +4D2,
(26).
Finally, by moving the search along the maximum di-
rections, the stripe pixels selection is performed by

searching for zero crossing of L(z,y) [27] (see Figure
11).

First Derivate

JLFT/\_

Second Derivat e

zero crosslng Zero crossing

Figure 12. Zero crossing.

Line Fitting — In this phase, we resort to a simple
parabolic road model [28] which is a sufficiently accu-
rate approximation of the clothoid model usually used
in civil engineering [29]. Therefore, each stripe can be
simply described by the following quadratic function

y(x) = c + b + az? 7).

where y and x represent the physical coordinates as de-
picted in Figure 10 while the sign of the constant c de-
pends on which line is taken into consideration w.r.t. the
optical axis x (see Figure 13: positive values of ¢ cor-
respond to the red line while negative ones to the green
line).

Figure 13. Line Fitting.

Here, for curve fitting purposes, we apply a well-
established algorithm known as RANdom SAmple
Consensus procedure (RANSAC) [30]. The RANSAC
is a robust fitting algorithm that has been successfully
applied in several computer vision problems [31]. The
algorithm consists in an iterative procedure to estimate
the unknown parameters of a given mathematical model
using a set of measured data. It can be considered non-
deterministic in the sense that it produces reasonable
results within a pre-specified probability. RANSAC, as
opposite to the conventional smoothing techniques, uses
as small initial data sets as feasible and enlarges these
sets with consistent data as much as possible.

The paradigm can be more formally stated as follows.
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1. Given a model M, which requires a minimum of
n data points to instantiate its free parameters, a
set D of data points such that card(D) > n and a
number N, of trials;

2. Randomly select a subset S; of n data points from
D and instantiate the model M as Mj;

3. Determine a subset S} C D of data points such
that it satisfies a fixed tolerance error w.r.t. M;.
S} is defined as the consensus set of M;;

4. If card(S;) > Ny, (a given threshold which is a
function of the number of data points of D not con-
sidered in §;) and ¢ < Nyqz, use S to generate a
new instantiate model M1, ¢ := ¢ + 1 and goto
the step 3.;

5. Else if card(S}) < Ny, and i < Npygg, i :=1+1
and goto the step 2.;

6. Elseif i = Ny,

e if card(Sy, ) > Ny, thenuse My,

e otherwise consider that model M such that
card(S}) is maximal.

Figure 14. Ransac Fitting.

Lane Tracking

The second phase of the proposed vision system con-
sists of the development of a Lane Tracking algorithm.
The elaborations here take care of data coming from dif-
ferent video frames and try to make consistent quanti-
tative conclusions on how the lane changes during the
vehicle motion. To this end, we will use a Kalman Fil-
ter (KF) [22] in order to estimate and update the coef-
ficients (a, b, c) of the line model (27) during the vehi-
cle motion. Therefore, we consider the following linear
time-invariant system

xrp = Arp_1 4+ wE_1
where the state is
r=1[abc Aa Ab Ad” (29).

with Az := xp — x,_1, w and v are zero mean white
noises with covariance matrices () and R respectively,
and

100100
8(1)?8(1)(1) 100000
A= H=[0 1 0 0 0 0
000100 0010 0 0
0000T10
000001

Following the standard notation, at each time step & the
state estimation is given by

2y = T + Ki(2 — Hzy) (30).
with
T = AR, (31).
P, = AP, AT +Q (32).
B, = (I-KH)PB, (33).
K, = BHT(HBH"+R)" (34

where the above iteration is initialized with £y = 0 and
a covariance matrix Py is appropriately chosen as indi-
cated in [22].

SIMULATION RESULTS

All the above software modules (EKF, Inverse perspec-
tive, Steerable filters, RANSAC and KF) have been
implemented within the Matlab/Simulink™> package.
Simulations have been carried out bé using video and
sensors data provided by the Carsim'> simulator.
Simulations were conducted to estimate key vehicle pa-
rameters and to validate the models used in vehicle dy-
namics simulation. Accurate knowledge of the param-
eters is useful for system design, for evaluation of re-
sults in simulation, and for on-board use, in estimating
the vehicle and roadway states and to compute the TLC
time.

We have considered the following simulation scenario.
Double lane crossing - While the vehicle is proceed-
ing along a straight road with a longitudinal veloc-
ity of 90 Km/h, it moves from the right lane to the
left one with a constant lateral velocity of 0.31m/s
during the time interval [11, 26] sec. Then, it remains
on the left lane until time instant 35 sec. and finally
the vehicle changes again the lane in the time interval
[35, 50] sec.

Numerical results are reported in next Figures 15-18.
First, we have compared the estimates of the lateral po-
sition, lateral velocity and yaw angle against the exact
data provided by Carsim. As it clearly results, the pro-
posed EKF is able to accurately estimate such vehicle
kinematical parameters. In particular, Figure 15 shows
that the proposed procedure allows one to accurately
identify the lane boundaries (with a relative mean error
around 2%) while a larger relative error (around 10%)
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is detected when the car crosses the line. However, this
will not influence the successive TLC computation. The
latter is mainly due to the fact that in such a case the
EKF has to be updated for recovering the new lane po-
sition: this operation leads to a certain degree of loss
of tracking because the EKF has to acquire at least ten
frames of the new lane for a more accurate identifica-
tion. Similar remarks apply for the lateral velocity and
yaw angle estimates (see Figures 16, 17), even if a larger
discrepancy (relative mean error around 5%) w.r.t. the
exact values arises. However, such estimates are still
consistent even for relatively large steer motions.

Line Distance

y[m]

Estimate
— —Exact
n

0 10 20 30 40 50 60
Time [sec.]

Figure 15. Lateral Position estimation

Lateral Velocity

05

y [m/s]

Estimate

— =—Exact
n

10 20 30 40 50
Time [sec.]

Figure 16. Lateral Velocity estimation

Finally, Figure 18 depicts the TLC computation by
means of the predictive approach described in the pre-
vious sections. First, the TLC computation has been
saturated (in software) at five seconds if larger values
result. There, it is assumed that a lane departure warn-
ing is issued if TLC is lower than 1.5 seconds. As it is
evident from the figure, the TLC estimate is sufficiently
accurate. In fact, the relative mean error w.r.t. the exact
curve (dashed line) is approximately around 5%.

Next simulations are instrumental to show the capabil-
ity of the proposed approach to avoid false alarms for
drivers who hug one side of the lane.

For comparisons purposes, we have contrasted the
proposed approach with the recently proposed no-
predictive method described in [9], [10]. By referring

to the scheme depicted in Figure 6, the main differ-
ences of such a strategy w.r.t. the proposed LDWS can
be summarized as follows:

e Lane detection -

- Image preprocessing: each single frame is
first converted to a gray-scale picture, then
the bottom region under the frame horizon,
named Region of Interest (ROI), of the im-
age is selected [28] for the next steps;

- Edge detection: a Sobel filter [32] is applied
to each single ROI;

- Line identification: this task is achieved by
resorting to the Hough Transform [32] that
allows one to map each road line into an
accumulator point of the Hough parameter
space in the (p, ) coordinates;

- Line fitting: alinear model of the road is used

[9].

e Lane Tracking - A Kalman Filter is used in or-
der to numerically identify the accumulator points
(pi, 0:), © = 1,2 of the Hough parameter space
which describe the lines of two adjacent and suc-
cessive frames;

Yaw Angle

O [deg]

—0.8 [ .
Estimate
=11 — = Exact
n n

10 20 30 40 50
Time [sec.]

Figure 17. Yaw Angle estimation

Time to Line Crossing

25+

TLC [sec.]

Computed by (5)

— = Exact
N N I
0 10 20 30 40 50 60

Time [sec.]

Figure 18. TLC computation
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e Lane Departure - The numerical method is as fol-
lows. Let 8; and 6,. the left and right orientation an-
gles of the lane boundaries of a specified frame, see
Figure 19. If the vehicle is traveling in a straight
portion of the road and stays at the center of the
lane we have 0; + 6, = 0, with §; < 0 and 6,. > 0.
If the vehicle drifts to its left, both §; and 6, in-
crease, while if the vehicle drifts to its right, both
0; and 6, decrease. Thus, a simple and efficient
measure for trajectory deviations is given by

B =161+ 6, (35).

If 8 gets sufficiently large, the vehicle is leaving
the center of the lane. In practice, 3 is compared
to a threshold 7', and a lane departure warning is
issued if 3 > T.

Figure 19. Orientation of lane boundaries

Finally, Figure 20 reports the simple lane departure
warning activation scheme of [9], [10] with the thresh-
old T set to T' = 30°. Then, at each time instant the
absolute sum of angles 3 is computed. Hence, if the
numerical value 3(t) (continuous line) overcomes the
threshold 7' (dashed-line) a warning (red circle) is in-
stantaneously activated.

Warning activation
100 . ! , ! .

80 -

70 -
VAR
60 /—\ / \
50 f \
warning ONK \
40

[
. /4 “\ il

ol ‘ ’J y A !7\
\ufjx\ffmy\‘uv Wﬁf | \‘f w ?W ]

f [deg]

o

| J‘LMWA"' f 1}
i M"U\,\,
|

, ,
0 5 10 15 20 25 30 35 40 45 50
Time [s]

0

Figure 20. Departure warning method [9]

In the sequel we shall consider the following critical sit-
uation.

Single lane warning scenario

- —Boundary Left
- - .-Boundary Right|
@ Warning

50 100 150 200 250 300 350 400
Time [sec.]

TLC [sec.]

0 5‘0 1(‘)0 1‘50 2(.)0 2&0 360 3‘50 400
Time [sec.]
Figure 21: Proposed approach: Warning alarms

(Up) TLC computation (Down)

Single lane warning scenario - While the vehicle is
proceeding along a straight road with a longitudinal
velocity of 70 K'm/h, it shows unintentional displace-
ments from the center lane towards the right and/or left
boundaries and viceversa with a varying lateral veloc-
ity y € [-0.5, 0.5] m/s.

This scenario simulates situations when drivers are
sleepy or drowsy driving and they are not capable to
adequately conduct the vehicle.

Figure 21 depicts the sequence of warnings computed
by the proposed LDWS strategy. The dashed and dot-
dashed lines describe the left and right lane boundaries
respectively while the red circles represent the vehicle
positions (distance from the boundary) when the warn-
ing is issued. Moreover, the TLC computation is also
provided in the figure.

Figure 22 shows the warning events signaled by the no-
predictive strategy [9]. In this case, besides the red
circles which represent correct warnings, this strategy
gives rise to some false alarms (green circles). The
main reason for the latter relies upon the fact that the
alarm is automatically activated when the vehicle stays
at specified orientations with respect to the lane bound-
aries without taking care of the vehicle dynamics. In
principle, one could increase the threshold to reduce the
generation of false alarms but this would imply the ac-
tivation of true alarms too late for any safe maneuver.

CONCLUSIONS

In this paper, the development of a TLC-based lane de-
parture warning system has been presented. An on-
board vision system has been used for collecting road
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Single lane warning scenario
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Figure 22: Approach of [9]: Warning alarms (Up)

Warning activation (Down)

70

60

B [deg]

0 50

images and extracting useful features, relevant to iden-
tify the lane strips and compute the position and the
heading of the vehicle with respect to the lane. Beside
a single calibrated camera mounted behind the wind-
shield, also steering angle and angular speed sensors are
used to collect relevant kinematical data to be used in a
model-based data-fusion strategy for the computation of
the TLC and the generation of warnings about possible
imminent lane departures.

Experimental results have shown good accuracy and
robustness, w.r.t. road and weather conditions, in the
estimation of the TLC. It has been also shown that
the proposed LDWS system is able to reduce false
alarms and increase, in comparison with traditional no
model-based strategies, the time margins for warnings
generation.

Future work will include the full development of a
hw/sw demonstrator to be mounted in a commercial car
to verify the effectiveness of the concepts and the qual-
ity of the implemented strategies. Field tests will be
also conducted in order to verify the drivers acceptance
of this sort of equipments in terms of readiness and ac-
curacy in generating lane departure warnings or possi-
ble rejections due to a too high interference into their
normal driving habits.
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ABSTRACT

Several trials of speed limiter devices are underway
in Australia. The authors review these trials and
estimate potential road safety benefits. This review
builds on a paper that was prepared for the 20th ESV.

It was found that the technology is ready for
widespread implementation. Extensive trials of ISA
throughout the world have demonstrated the potential
for significant accident savings as well as other
community benefits.

There is a compelling case for governments to
actively support ISA implementation.

INTRODUCTION

Most motorists do not appreciate the extra risks
involved in travelling just a few km/h over the speed
limit. Most think that the risk of a casualty crash is
doubled if you are travelling at least 25km/h over the
speed limit (Hatfield & Job 2006). Research has
found that that, in urban areas, the risk of a casualty
crash is doubled for each Skm/h over the limit. So
travelling at 70km/h in a 60km/h zone quadruples the
risk of a crash in which someone is hospitalised. As a
result, it is estimated that about 10% of casualties
could be prevented if the large group of motorists
who routinely travel at up to 10km/h over the limit
were encouraged to obey the speed limits. About
20% of casualties could be prevented if all vehicles
complied with the speed limits (Kloeden & others
2002, Tate & Carsten 2008). Savings in fatal crashes
would be larger.

"Minor" speeding therefore makes up a large
proportion of preventable road trauma. It is difficult
for enforcement methods alone to have an effect on
this minor speeding. An added problem is that even
motorists who want to obey the speed limits (to keep
their life, licence or livelihood) have difficulty doing
so in modern cars on city roads.

This is where Intelligent Speed Assistance (ISA -
also known as Intelligent Speed Adaptation) comes
into its own. The system has a simple function,
backed up by clever technology. It knows the
location and speed of the vehicle and, from an on-

board database of speed limits, it can alert the driver
to speeding. The authors have been using ISA
devices in Sydney since mid 2006 (Paine and others
2007).

Some road safety researchers are surprised that
Australia is leading the world with this technology.
An initial reaction is that there could be negative
outcomes, such as driving at the speed limit rather
than to the conditions, but numerous ISA trials
around the word have shown these concerns are
unsubstantiated (Paine and others 2007).

Some car manufacturers have expressed concern that
some types of speed limiters "take control away from
the driver". This is also unsubstantiated, firstly
because ISA systems do have provision for over-ride
by the driver in the event that the set speed is
inappropriate and secondly, the claim is somewhat
hypocritical given that cruise control has been in use
on vehicles for many years and forces the vehicle to
travel at a minimum speed unless there is driver
intervention.

Classification of Speed Limitation Devices

Speed limitation devices assist the driver in not
exceeding a specified or selected speed, which is
generally the posted speed limit for the section of
road being driven along. There are several
classifications of speed limitation devices:

. Top-speed limiting - prevents the vehicle for
exceeding a set speed. Most modern vehicle engine
management systems have a top speed setting but it is
usually well in excess of maximum national speed
limits and could not be regarded as a safety device.

. Speed alarm set by the driver - alerts the
driver if a selected speed is exceeded. Some
production vehicles have this feature (eg Holden
Commodore).

. Speed limiter set by driver - prevents the
vehicles from exceeding the selected speed, except
for temporary over-ride situations (eg "kickdown" of
throttle pedal). A few production vehicle models have
this feature (eg Renault Megane). These are also
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known as "Adjustable Speed Limitation Function"
(ASLF).

. Intelligent speed alarm ("Passive ISA") -
system "knows" the speed limit of the current section
of road and direction of travel and alerts the driver if
that speed is exceeded. Feedback may be an audible
alarm, a visual signal, haptic feedabck such as a
vibrating throttle pedal or a combination of these.

. Intelligent speed limiter ("Active ISA") - the
system "knows" the speed limit of the current section
of road and direction of travel and prevents the
vehicle from being accelerated beyond this speed.
These systems normally have provision for
temporary over-ride.

With the two ISA the speed limit information is
available on three levels: static (location based),
variable (time and location based) or dynamic (able
to be changed in real time through communication
with the road infrastructure - eg roadworks). There
are increased road safety benefits for each level.

In recent years the feasibility and performance of ISA
system have been substantially improved by
developments in the Global Positioning Satellite
systems (GPS) and the digital mapping of speed
limits. Some systems augment the GPS positioning
with dead-reckoning systems that work in tunnels.

Systems that require the driver to manually set the
speed have several limitations:

¢ . they assume that the driver knows the speed
limit or can decide on a "safe" speed - in both
situations the driver can be in serious error.

¢ . the task of setting the speed is tedious and
may be distracting.

i in jurisdictions with many speed limit
changes (e.g., in New South Wales where urban
speed limits can be 40, 50, 60, 70 and 80 km/h,
depending on the road and location) the task of
constantly setting and resetting the speed is
cumbersome and repetitive.

¢ in practice these voluntary systems are
unlikely to be used on a regular basis

The following table sets out estimates of the potential
savings in serious road crashes in Australia through
the widespread implementation of various speed
limitation devices. The estimates of effectiveness for
passive and active ISA are considered to be
conservative and result in lower estimated savings
than those predicted in the UK and Europe (Tate &
Carsten 2008). This is on the assumption that ISA
will be voluntary.

Table 1. Estimates of crash savings in Australia

Device % of all % of % of all
serious relevant serious
crashes crashes crashes
potentially | that are saved
influenced | saved by by
(relevant device device
crashes) (effective-

ness)

Top-speed 1% 100% 1%

limiting (exceeding
120kmh)

Speed 20% 5% (low 1%

alarm/limiter due to the

set by the task of

driver setting the

device)
Passive ISA 20% 25% 5%
Active ISA 20% 50% 10%

Speed Limitation Devices
Top speed limiter
Manual speed alarm
Passive ISA

Active ISA

0% 2.5% 5% 7.5% 10%
% of serious crashes saved

Figure 1. Estimated serious crash savings from speed
limitation devices

Passive and active ISA rank highly in a recent
analysis of a wide range of vehicle safety
technologies to identify priorities for government
support (Figure 2, Paine and others 2008). For
several reasons ISA ranked higher than Electronic
Stability Control (ESC) that has received much
attention in recent years.

One reason for this is a 2007 study of ESC in real-
world Australian crashes by Monash University. This
found that ESC reduced single vehicle car crashes by
27% and single vehicle four-wheel-drive crashes by a
remarkable 68%. However, multi-vehicle crashes
were unaffected and the overall reduction was found
to be about 5% of all crashes (Scully & Newstead,
2007). Savings in serious and fatal crashes could be
expected to be greater but are still somewhat less than
some estimates for ESC savings derived in parts of
Europe and the USA. The Australian results are

Paine, Page 2




INTELLIGENT DAYTIME RUNNING LIGHTS
INTELLIGENT SPEED ADAPTATION (PASSIVE) f
SIDE AIRBAGS WITH HEAD PROTECTION [
INTELLIGENT SPEED ADAPTATION (ACTIVE)
SEAT BELT INTERLOCK/REMINDER f;

ABS WITH ELECTRONIC BRAKE DISTRIBUTION
ELECTRONIC STABILITY CONTROL

BRAKE ASSIST [

WORKLOAD MANAGER

FOLLOWING DISTANCE WARNING

# TRAUMAX3

% READINESSx1

# REGULATIONx1

N INFRASTRUCTUREx1
# GROWTHx2

M cosTsx1

B ACCEPTANCEX1

Figure 2. Provisional ranking for a range of in-vehicle technologies deserving government support (nominal
maximum score 20). The "growth" category refers to potential for increased uptake through government initiatives.

similar to studies in the UK which found that ESC
effectiveness was likely to be highly dependent on
local conditions (Thomas 2007). For example, ESC
was found to be much more effective in icy and wet
conditions - conditions that are comparatively rare in
Australia.

Another advantage of ISA is that it is easily
retrofitted to most vehicles. The average age of
vehicles in Australia is more than ten years. This
means it will take at least ten years for a technology
that is only fitted to new years to penetrate half of the
fleet.

In contrast there is no technical limit to the rate at
which a retrofittable technology like ISA could be
introduced. It could also be targeted at high-risk
groups such as novice drivers, who generally drive
older vehicles and tend to be last to benefit from
technologies such as ESC, that can only be
reasonably fitted to new vehicles. This may be one of
the reasons that the European Transport Safety
Council strongly supports the introduction of ISA
(ETSC 2006).

The point is that ISA deserves no less attention than
ESC when it comes to government road safety
strategies. Furthermore, these strategies should
consider opportunities for retrofitting older vehicles
and not just look at standards for new vehicles.

Daytime running lights (DRLs) are another
technology that ranks highly in the list for
government support and is easily retrofitted. The
"intelligent" component of DRLs refers to light-
sensing technology that automatically switches to

headlights when ambient light levels drop (ie
automatic headlights).

AUSTRALIAN ISA PRODUCTS

There are two ISA products for sale in Australia.
Both products are technically fully-functional. Their
only limitation is the extent of mapping of speed
limits and this coverage is expanding swiftly to
become nationwide.

SpeedAlert passive ISA

In mid-2006 a Sydney company, Smart Car
Technologies, began commercial sales of a GPS-
based speed limit advisory system. SpeedAlert is a
software package that is designed to work with
compatible Personal Digital Assistants (PDAs),
programmable mobile phones and Sat-Nav Systems.
SpeedAlert works with GPS to pinpoint the position
of the car. Using a pre-recorded database of speed
limits, the software is able to recognise the current
speed zone the car is travelling in (including direction
of travel). Using GPS, SpeedAlert is also able to
accurately calculate the speed of the vehicle and so is
able to warn the driver, using audible and/or visual
alerts, if the car exceeds the speed limit at any time.
No connection to the vehicle's speedometer system or
other components is required.

The system is designed to be highly portable and can
be easily transferred between vehicles. Costs range
from US$90 for software and a 12 month update
subscription to about US$500 for a PDA with built-in
GPS receiver and the SpeedAlert software and update
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service. Updates are downloaded over the Internet
and are typically several megabytes.

SpeedAlert displays the current speed limit as large
black numerals inside a red circle (Figure 3). The
current vehicle speed is displayed in smaller
numerals below the speed limit. If the speed limit is
exceeded the numerals turn to red. Depending on user
settings, an audible beep is activated at higher speeds.
The beeps continue until the vehicle speed is
decreased. There are two levels of beeping depending
on the amount by which the speed limit is exceeded.
The driver can choose to mute the beep, but the mute
facility is over-ridden in the vicinity of a school
zones or fixed speed cameras.

In 2008 the SpeedAlert system was integrated into an
Australian portable sat-nav device that sells for about
USS$100. The SpeedAlert component costs less than
USS$10 to "activate" after a trial period but even if the
full $100 cost is used, this is highly cost-effective
safety device that can be used in any vehicle.

The system can be set to operate in SpeedAlert mode
(Figure 3) that only displays the current speed limit
and vehicle speed. This overcomes concerns about
the distraction caused by the display of navigation
maps. When operated in map mode the speed limit is
displayed in the bottom left of the screen (Figure 4).
The visual and audible speed alerts still function
when the map is displayed.

Figure 4. Speed limit displayed on navigation map.

Early in 2009 Smart Car Technologies began beta-
testing a live-update version of SpeedAlert that uses
the mobile phone network:

"SpeedAlert™ LIVE determines the position of your
vehicle on the road by accessing the GPS signal from
your mobile phone. It sends those co-ordinates to our
server through your mobile phone’s GPRS service.
Our server then interrogates a proprietary database of
speed limits and returns to the mobile phone the
speed limit for that section of the road you are on."
(from www.speedalert.com.au)

With cooperation from road authorities this new
system will be able to provide drivers with current
information about variable speed limits on
motorways and temporary speed limits such as
roadworks or accidents (the latter does not apply
anywhere in Australia at present but a live-update
ISA system would make this feasible).

SpeedAlert and the associated speed limit database
has been developed as a commercial product,
independently of government projects. Mapping was
carried out using on-road data collection. Most major
cities in Australia, and their connecting highways, are
now covered and more areas are being added each
month. The SpeedAlert system can be readily
implemented in other countries.

Speedshield passive/active ISA

Melbourne company, Automotion Control Systems
(ACS), has developed an active speed control system
which has been in operation in industrial locations
such as warehouses since 2003. The system is in
widespread use on forklifts and similar vehicles by
several major Australian companies.

The company further developed this system for use in
cars and commercial vehicles. In 2006 ACS was
awarded a contract to conduct ISA demonstration
projects with the Transport Accident Commission of
Victoria and with the Office of Road Safety and Main
Roads WA of Western Australia. In 2008 New South
Wales Roads and Traffic Authority also installed
Speedshield Active ISA in two vehicles for
evaluation purposes. Approximately 100 units were
in operation across Australia at the time of writing.

Speedshield uses a combination of GPS and
gyroscope dead-reckoning to establish vehicle
location and local speed limits. Radio beacons and
wireless communication are used to provide speed
zone database updates to the in-vehicle speed zone
map. The system accommodates temporary speed
control (e.g. roadworks, accidents etc.) by use of
bollards fitted with roadside transceivers (developed
fore the industrial application) and time-based limits
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such as school zones. Figure 5 shows the display
used in the demonstration projects.

Figure 5. Speedshield display

A control module is installed between the accelerator
pedal and the engine and mirrors the driver's throttle
movement until the speed limit is reached, at which
stage the module will hold the throttle signal. An
optional over-ride can be engaged if the driver briefly
pushes the accelerator pedal to the floor.

Speedshield stores the last known position so that ,on
start up, the system is provided with the last known
speed value instantly. This has the benefit of giving
an instantaneous start up and allowing start up in
non-GPS areas, such as underground car parks. Use
of the dead reckoning system also assists in obtaining
a GPS fix more quickly.

Because the  Speedshield system interacts
electronically with the throttle regulation system
there is no decrease in power to the vehicle when
travelling at or below the speed limit. The kickdown
override can be set at variable levels, for driver
preference, however the authors prefer a setting
whereby the pedal has to be depressed almost fully to
the floor to activate, much like the kickdown function
of an automatic transmission. This allows the driver
to easily engage the override when necessary but
prevented inadvertent activation (such as when
driving up steep hills).

A noticeable benefit of the system is reduced fatigue,
particularly for longer trips. This benefit was also
reported by truck and bus drivers when top-speed
limiters were introduced for these vehicles in the
early 1990s (Paine 1996).

AUSTRALIAN ISA PROJECTS

Three Australia States are currently conducting ISA
projects. The following descriptions are based on
advice provided by the State authorities early in
2009.

In addition to the government ISA projects ,
individual companies have also bought into ISA
technologies, and the systems are in use for day-to-
day operations (e.g., heavy vehicles used for transport

haulage). As yet, there have been no public reports
relating to these activities.

Transport Accident Commission of Victoria

In 2002 the TAC commenced the Safecar project that
developed and trialled several ITS technologies,
including ISA with haptic feedback. Positive results
were reported by Regan and others (2006).

TAC has commenced a new ISA demonstration
project, as described below.

In Phase 1, participants were provided with
instruction sheets on how the ISA system works after
the system was successfully installed in their vehicles
but were not provided with verbal briefings. A total
of 34 participants participated in Phase 1 of the
demonstration project

Phase 2 entails stronger expectation setting. The
instruction sheets were modified slightly to
emphasise the limitations of the map database and
participants are also given a verbal briefing by staff at
the TAC post installation to reiterate the device is
still in prototype form and the mapping is not
complete and that anomalies are to be expected.

Phase 3 will entail varying the operational settings of
the ISA system to determine the best fit between road
safety benefits and consumer acceptance.

Participants’ experience from phase one of the
project have mainly been positive. The overall
ranking for the wusability, acceptability and
functionality of the ISA device in its current form
was considered good by over half the participants,
with an even greater proportion believing ISA has
great road safety benefits. A few minor, but
important issues such as the inaccuracies of the
current incomplete map will be addressed in
subsequent phases. In phase 2 of the demonstration
project, participants will receive instruction sheets
with stronger emphasis on the limitations of the
database upfront and a verbal briefing to reiterate the
limited coverage of the database will be provided.
Participants’ response will be monitored to gauge the
success of this approach and any feedback will be fed
into phase 3 of the demonstration project.

Roads and Traffic Authority of New South Wales

In November 2007, the RTA commenced the
development of the New South Wales ISA Trial. By
the end of the project it is expected that around 100
vehicles from private fleets in the Illawarra Region
will be fitted with an ISA device, as well as a speed
data recorder.
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The project will cover three Local Government
Areas:

Wollongong City
Shellharbour City
Kiama Municipality

The total length of the road network in this area is
approximately 2,500 km and boasts a population of
more than 263,000.

The region includes a large workforce that commutes
up to 80 km per day into Wollongong City from the
neighbouring Shellharbour and Kiama areas. The
roads have a wide variety of speed zones including
40 km/h high pedestrian, 40 km/h school zones, 50
km/h and 60 km/h urban areas, 80 km/h winding
rural roads and 100km/h freeways. This Region also
boasts a culturally and socio-economically diverse
population including people employed in the heavy
manufacturing, mining, and rural industries as well as
government administration and tertiary education.

Mapping of all 960 speed zones in the trial area has
been completed and a process for updating changes to
speed zones has been developed through spatial web
server software. Data recorders are in the process of
being installed in all participants’ vehicles. The data
recorders send a snapshot of each vehicle’s location
and speed every ten seconds. Vehicle speed data is
then joined spatially with speed zone information to
build speed limit compliance reports for each vehicle
in the trial. It is planned to log vehicle speeds for up
to three months before ISA devices are installed as a
baseline measure of speed limit compliance.

Supportive ISA systems will be installed in
approximately 40% of trial vehicles with the
remainder receiving an Advisory System. Vehicles
will retain their ISA device for around four months
during which speed limit compliance data will
continue to be captured. Preliminary results of the
trial will be presented at the 2009 Intelligent Speed
Adaptation Conference to be held in Sydney,
Australia on 10 November 2009.

Western Australia

The Office of Road Safety (ORS) and Main Roads
West Australia (MRWA) are conducting a trial of
advisory ISA systems using GPS and other potential
technology in the State of Western Australia (WA).
The objective of the trial is to test user acceptance of
the system with the aim of creating demand within
the general community for ISA as a tool that will
support them in choosing speeds that are at or below
the prevailing speed limit.

Promotion of the ISA trial will highlight the
community benefits of this driver support technology.
The ISA pilot project involves the development and
demonstration of a low cost compact advisory ISA
unit that can be fitted to most modern vehicles and is
marketable to the public. Fifty advisory Speedshield
units have been purchased and installed in various
fleets for an evaluation of driver’s attitudes to and
experiences with the technology. A PDA display unit,
alerts the driver, via a system of audible and visual
signals, if they are exceeding the speed limit
applicable to the road.

The WA ISA trial has required the creation of a
Statewide electronic speed limit map database by
MRWA, as well as development of associated
technologies for remotely updating speed information
on installed ISA units. The partnership that Victoria
and WA have entered into with ACS (Speedshield)
for the demonstration trial has given Main Roads WA
valuable knowledge and experience in providing
speed limit data to external providers of ISA
technology and, when the trial is fully underway, will
allow them to address critical issues such as data
security, reliability and accuracy.

In December 2007 45 key stakeholders across Perth
and regional WA were invited to trial the ISA
devices. Installations of advisory ISA units in the
volunteer vehicles commenced in the first week of
March 2008, with around 35 vehicles fitted to date.
All bar one of the vehicles fitted to date are
metropolitan-based, although a number do regular
country trips. Volunteers are expected to trial the ISA
units for around 6 months, during which their
experiences and feedback on the usefulness and
convenience of the devices will be surveyed.

Exit surveys have been sent to the first 25
participants, with around half returned to date. Initial
feedback has shown that the biggest problem has
been with the PDA display unit itself (sequence of
starting). Some errors in the map database have also
been reported.

A communications plan promoting the benefits of
ISA to both government fleet managers and the
general community will be finalised by mid 2009.

The next phase of the MRWA trial sees the
deployment of transmitter systems to make automatic
in-vehicle updates to the speed limit map (without the
driver needing to take any action) and warning
transmitters for accident scenes, roadworks zones and
level crossing. ISA-equipped vehicles travelling
within a theoretical 5 km radius of these beacons will
automatically receive map updates. It is expected that
the beacons will be in operation by June 2009.
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Wireless Speed Limit updates

One issue with ISA systems is keeping data in the
vehicle up to date as speed limits change. The
MRWA project trials transmitters that are used to
send data updates to ISA equipped vehicles. These
transmitters send selected data to replace any part of
the in-vehicle speed limit dataset that has been
updated. Only the part of the dataset that has changed
is updated, thereby reducing the amount of data that
needs to be transferred. This reduces communications
costs and the time a vehicle has to be within range to
receive updates.

These transmitters may also be configured to provide
temporary updates such as would be required in the
case of accident scenes or road works zones.

Level crossing transmitters

Another innovative development in the MRWA ISA
trial is the deployment of level crossing transmitters.
These transmitters, are used to warn drivers when
there is a train in proximity to the level crossing. The
signal from the transmitters can be used to trigger
passive (audio/visual) alerts and/or active speed
limiting in vehicles.

For the trial, if a train is in proximity, the PDA
displays an icon and sounds and audible alert
notifying the driver that there is a train close by. The
screen switches between the train icon and the current
speed limit. For the MRWA trial the speed limit is
maintained at the current road speed limit, however it
is possible to drop the speed limit to any value when
a train is in proximity (i.e. the speed limit drops from
80 normally to 60 but only when there is a train in
proximity, once the train is gone the speed limit
returns to 80).

For the MRWA trial passive functionality only is to
be deployed, with warning icons — no vehicle speed
control is proposed, however further investigation of
functionality with an active ISA vehicle are proposed.

Once a vehicle enters the transmitters range it is
provided with information on the current conditions
(i.e. whether there is a train approaching or not).

Changes in transmitter message can be triggered a
variety of ways — using fixed transmitters near level
crossings that communicate wirelessly with trains,
using contact switches, or having transmitters
mounted to trains.

CONCLUSIONS

This review of the status of ISA in Australia has
found that the technology is ready for widespread
implementation. The conclusions from our 2007
paper are still applicable:

Extensive trials of ISA throughout the world have
demonstrated the potential for significant accident
savings as well as other community benefits.

There is a compelling case for governments to
actively support ISA implementation through:

a) assistance with the mapping of speed limits and
the maintenance of databases

b) being the first major customers for commercial
1S4 systems

¢) inclusion of ISA in fleet vehicle purchasing
policies and occupational health and safety
guidelines

d) promoting the benefits and functionality of ISA

e) introducing financial incentives such as tax
concessions

f) educating motorists that most fatalities occur at
surprisingly low impact speeds and that just a few
km/h over the speed limit greatly increases the risk
of a serious injury crash.

g) introducing  subsidised ISA  rental/purchase
schemes for novice drivers

Additional points from the latest review are:

1. Mapping of Australian speed limits for
commercial purposes is progressing reasonably
well. However, there is still no national system
that keeps track of changes to speed limits. This
is necessary for keeping the maps up-to-date.

2. Government support is needed for mapping
speed limits. ISA will not take-off until a useful
proportion of a region has been mapped. There is
a chicken-and-egg dilemma here - the
technology will not penetrate the fleet until
mapping is complete but commercial mapping is
unlikely to proceed unless there are ISA products
to use it. Indeed, recent changes to the Euro
NCAP rating system encourage manual speed
limitation devices but the protocol states "The
systems currently available have limitations in
the map coverage and map quality. When these
technical limitations have been resolved, or when
systems are available which use other technical
approaches, Euro NCAP will incorporate ISA
systems into the protocol".

3. The appendix contains proposed functional and
performance requirements for ISA systems,
based on the authors' experience using ISA
systems in Australia. These requirements should
be considered for incorporation in ECE
Regulation 89.

4. Strategies for promoting various ITS
technologies often overlook the existing vehicle
fleet. ISA can be retrofitted to vehicles, thus
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enabling a much swifter fleet penetration than
technologies that can only be fitted to new
vehicles.

5. ISA is absent (or given token treatment) in some
international ITS programs, such as the USA.
ISA also holds great potential for nations that are
becoming motorised such as China because it
does not require any roadside infrastructure and
can be retrofitted to the current fleet.

A conference on ISA was held in Sydney, Australia,
on 1 August 2007 (Faulks and others, 2008).,
coinciding with a meeting of a small group of
governmental road safety representatives involved in
vehicle safety and speeding control activities.
Subsequently, the Australian Intelligent Speed Assist
Initiative (AISAI) was formed, and this group held a
forum in Sydney on 24 June 2008 to discuss
minimum standards and functionality issues for ISA,
preparatory to developing an integrated national
approach.

The 2009 Intelligent Speed Adaptation Conference
will be held in Sydney, Australia on 10 November
2009 and is being organised by the Roads and Traffic
Authority of NSW.
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APPENDIX

Proposed functional and
requirements for ISA systems.

performance

These suggestions are intended for the Euro NCAP
protocol for assessing "speed limitation devices" and
ECE Regulation 89, neither of which currently sets
requirements for ISA.

The recommended tolerance of 2km/h above the
speed limit is based on the demonstrated accuracy of
ISA systems and extensive experience using passive
ISA. A 2km/h tolerance allows drivers to travel at the
speed limit without excessive speed alerts due to
normal variations in vehicle speed. A higher
tolerance would lose the road safety benefits arising
from a reduction in minor speeding.

Definitions

. Intelligent Speed Assistance (ISA) system
means a vehicle technology that is able to determine
the statutory speed limit of the current section of road
and direction of travel and takes action if the vehicle
exceeds that speed limit by a specified amount.

. An Active ISA system prevents the vehicle
from exceeding the speed limit (beyond a specified
amount) through normal operation of the accelerator
control. An unusual, positive action by the driver is
needed to intentionally exceed the speed limit.

. A Passive ISA system provides a warning to
the driver if the speed limit is exceeded by a specified
amount.

. Vimie 18 the statutory speed limit as
determined by an ISA system.

Requirements for ISA systems

X.1 Requirements for all ISA systems

X.1.1 The ISA system must be capable of locating
the vehicle to within a radius of 10m of the true
vehicle position (based on a recognised GIS system)
for at least 99% of the time that the vehicle is
operating on roads with reasonable GPS reception (or
other applicable location technology)

X.1.2 In tunnels and other poor reception areas a
backup location system is preferred.

X.1.3 At speeds above 20km/h the vehicle speed
shall be calculated to within 1km/h of the actual
travelling speed (eg 1% accuracy at 100km/h).

X.1.4 The ISA function shall operate whenever the
vehicle is travelling at more than 20km/h (it may also
operate at lower speeds)

X.1.5 In the event that the system is not functioning
correctly the driver is to be notified and the system is
to completely disengage.

X.1.6 When the vehicle is travelling along roads at
the speed limit the ISA system shall act on a change
of speed limit as close as possible to the change
location but in no case more than 3 seconds after the
change point has been passed.

X.1.7 When there is reasonable GPS reception (or
other location technology is available) the time to
activate ISA functions shall be no more than 60
seconds after the vehicle is started.

X.1.8 The operation of the ISA functions must be
simple, intuitive and cause minimal driver
distraction. The system shall be capable of automatic
operation whenever the vehicle is started. For
important functions audio/voice feedback is preferred
to confirm driver selections so that the driver does
not need to look at the display after making a
selection.

X.2 Requirements for Speed Limit Database

In order to operate correctly, most ISA systems in use
or under development need access to a database of
speed limits for roads that will normally be used by
the wvehicle. The following are provisional
requirements for such databases, pending the
development of appropriate standards for speed limit
databases. Other technologies such as roadside
transmitters and optical recognition system are not
precluded but should provide equivalent system
performance.

X.2.1 The ISA system shall have access to an
acceptable speed limit database or equivalent data
system. This may be stored on the vehicle, accessed
by electronic communication or a combination of
methods.

X.2.2 The speed limit database shall cover at least
80% of the roads in the region in which the ISA
system is marketed and be at least 99% accurate for
the speed limits on these roads (determined on a per
kilometre basis). Partial coverage is acceptable for an
on-board database, provided that users can obtain
replacement/supplementary data for additional areas
to make up the minimum 80% coverage requirement.

X.2.3 Temporal speed limits (eg special speed limits
during school commuting times) shall be recorded in
the speed limit database.

X.2.4 The speed limit database shall be updateable
and the service provider must have a system in place
to track speed limit changes and provide updates to
users at least every three months.
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X.2.5 Other road features/hazards such as tunnels and
railway level crossings may be recorded in the
database. Roadside speed cameras and similar
enforcement devices may also be recorded, where
permitted in the country concerned.

X.2.6 ISA systems shall be tested by travelling on a
test course that is covered by the ISA speed limit
database. It is recommended that the test course
includes non-public sections of road so that the
vehicle can be driven in excess of a nominal speed
limit, set in the ISA speed limit database for this

purpose.

X.3. Requirements for alarms/warnings (applies to
active and passive ISA)

Alarms may be visual, audible or haptic (physical
feedback to driver).

X.3.1 ISA alarms shall activate whenever the vehicle
is travelling 2km/h or more beyond Vi, . No alarm
shall activate when the vehicle is travelling at Vi
or less.

X.3.2 Visual ISA alarms may activate at lkm/h
beyond V. An audible or haptic alarm must not
activate at a lower speed than a visual alarm.

X.3.3 There should be no designed delay to the
activation of any alarm (that is, it should activate as
soon as the designated speed exceedance is detected).
However, an audible or haptic alarm may gradually
increase in intensity provided that it is
audible/detectable in a quiet vehicle from the start
and reaches full intensity within 5 seconds.

X.3.4 After the 5 second period the audio warning
signal shall be clear to the driver and distinguishable
from audio signals used for other purposes. Quieter
systems are acceptable if the ISA system causes the
audio entertainment system of the vehicle to mute
whenever the vehicle is travelling 2km/h or more
beyond Vi for more than 5 seconds.

X.3.5 Volume adjustment and muting of audio
warning signals is acceptable provided that the
system resets to at least half volume when restarted
and there is visual indication to the driver that muting
is in effect.

X.3.6 The audio alarm may vary (eg more frequent or
more intense) if Vy; is exceeded by more than
10km/h (or other increments).

X.3.7 Haptic feedback should not cause driver
discomfort or distraction. Preferred methods are mild
resistance when depressing the accelerator control or
vibration of the accelerator control.

X.3.8 A visual ISA signal must be clearly visible to
driver, without the need for the head to be moved

from the normal driving position. The system should
display Vimie (preferably in black numerals) and
should flash or change colour (preferably to red)
whenever the vehicle is travelling 2km/h or more
beyond Vi (a change at 1km/h beyond Vi is also
acceptable) [this is a good time to set standards for
use of colours in ISA displays]

X.3.9 The visual signal may also display the current
vehicle speed, as determined by the ISA system and
other information relevant to safe driving and
operation of the ISA system, provided that the
speeding warning of clause X.3.8 is the most
prominent part of the display.

X.4 . Requirements for Passive ISA systems

X.4.1 Passive ISA systems shall use a visual signal
(X.3.8) and at least one of the following: audible
alarm (X.3.4) or haptic feedback (X.3.7).

X.4.2 Passive ISA systems may allow the driver to
change the Vj; in the same manner as ASLFs.
Where a driver-selected Vi is being used there
must be a clear visual indication of this to the driver.
For example the display of Vj,; numerals could be a
different colour such as orange. It is preferred that
there is a voice announcement of the selected Vijm;.

X.5 . Requirements for Active ISA systems

Stringent requirements for active ISA are necessary
to ensure that motorists are not placed in risky
situations, such as not being able to accelerate up to
speed to join a motorway. In addition, since it is
possible that a vehicle will exceed the speed limit
without the driver needing to depress the accelerator
pedal (eg speed limit changes or driving down steep
hills) then the warning functions of a passive ISA are
required so that the driver may intervene to slow the
vehicle. Future systems that are able to apply braking
might be exempted from this requirement.

X.5.1 Active ISA shall work through modulation of
engine power (for example, by intercepting the
signal between the accelerator control and the engine
management system).

X.5.2 The active ISA system shall prevent an
increase in engine power through normal operation of
the accelerator control if the vehicle travel speed
exceeds Vimie by 2km/h or more.

X.5.3 A "kickdown" capability shall be available
where the driver may decide to press the accelerator
control with extra force or through a large travel in
order to over-ride the ISA system and allow the
vehicle to exceed Vijmi; .

X.5.4 The "kickdown" function shall deactivate when
the vehicle returns to a speed at or below Vjjy; . See
also clause X.5.7.
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X.5.5 If an active ISA is capable of applying the
brakes or engine braking to reduce vehicle speed then
this must be able to be deselected by the driver.

X.5.6 Active ISA systems shall include a visual
signal (X.3.8) and at least one of the following:
audible alarm (X.3.4) or haptic feedback (X.3.7). See
section X.3 for alarm requirements. Subject to clause
X.5.7, the audible or haptic alarm must operate in
"kickdown" mode (X.5.3) but in this case the
audible/haptic alarm need not activate until 20
seconds after Vi (+2km/h) is exceeded.

X.5.7 In "kickdown" mode, an audible or haptic
alarm need not operate provided that the ISA
operation reactivates after two minutes of exceeding
Vlimit and the driver is given clear warning
(preferably voice announcement) of the pending
activation at least 30 seconds beforehand. Other
methods of discouraging prolonged periods of
exceeding Vimir will be considered.

X.5.8 Active ISA systems may allow the driver to
change the Vj,; in the same manner as ASLFs.
Where a driver-selected Vi is being used there
must be a clear visual indication of this to the driver.
For example the display of Vj,; numerals could be a
different colour such as orange. It is preferred that
there is a voice announcement of the selected Vijm;.

X.5.9 Active ISA shall be capable of working in
conjunction with any cruise control fitted to the
vehicle or shall disable cruise control, where
appropriate. It shall not be possible to over-ride the
ISA system through operation of a cruise control
function.

X.5.10 Active ISA must allow normal use of the
transmission and selection of gears. In particular,
when the clutch is depressed the ISA system must
allow the engine speed to be controlled to match the
gear selection.

X.5.11 Where an active ISA becomes inoperative (eg
loss of GPS signal or system malfunction) it shall
either disengage completely (restoring all normal
control to the driver) or set Vi to the maximum
speed permitted in the country or region of operation.
Driver setting of Vjy; is permitted in these
circumstances, provided that the over-ride functions
of clause X.5.3 are still available.

X.5.12 The driver shall be given a warning if the ISA
system becomes inoperative. A voice announcement
is preferred.
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ABSTRACT

Passive safety systems are reaching a limit in
improving vehicle safety. Fundamental
enhancement of passenger protection can only be
obtained by including predictive, active safety
systems. This field of development is termed
integrated safety. A central step to tap the full
potential of integrated safety is the expansion of
this topic by vehicle-to-vehicle communication.
The paper discusses the embedding of applications
using vehicle-to-vehicle communication into an
enhanced integrated safety concept. The main
objective is to increase vehicle safety by using a
proactive sensor which exceeds the physical limits
of existing sensors and augments the context
information for the driver.

The development process is designed by including
impartial and subjective characteristics and
evaluations. The impartial part consists of, e.g.,
accident research, simulations and trial runs. The
subjective part covers experiments with probands
who have to evaluate the new safety concept with
the upgraded information context for the driver, for
example acceptance tests or human machine
interface development.

In addition to presenting the methodical
development this paper discusses a first
implementation of this method using as example
the vehicle-to-vehicle communication.

Expected results are rules and standards for the
development of new enhanced integrated safety
concepts in the future. The paper highlights the
basic necessity of new methods for developing
safety concepts in the course of technological
change of integrated safety.

INTRODUCTION

Since the development of the first car an increase in
road traffic can be observed. Also, the number of
accidents increased dramatically due to the lack of
standards to improve vehicle safety. This topic
gained importance already in the 1960s. [1]

During the history of vehicle safety, the influence
of electronics expanded continuously in the field of
safety systems.

At first vehicles learned “to feel” - to detect a crash
and to activate airbag systems.

Today vehicle safety departments are developing
cars which can “see”. The sense “seeing” is
essential for the development of foresighted active
safety systems to detect imminent accidents.

In the future vehicles have to learn “to hear and to
speak” using vehicle-to-vehicle communication.
This will be a fundamental milestone for the
integrated safety approach to prevent accidents and
to decrease accident severity.

THE INTEGRATED SAFETY APPROACH

In the future new vehicle safety systems have to be
designed to merge active and passive safety
components. Passive safety systems are starting to
achieve saturation in efficiency to protect
occupants. In contrast, active safety systems
significantly foster the potential to enhance the
efficiency of vehicle safety. A further improvement
for occupant-, pedestrian- and bicyclist protection
at the advanced efficiency level can be achieved by
combining active and passive safety systems.
Figure 1 illustrates this issue.

integrated
safety

today

efficiency

passive
— —»  safety

>

time

Figure 1. Efficiency of the Integrated Safety
Approach

Due to this approach, the objective of vehicle
safety broadens: not only occupants should be
protected as good as possible but also the severity
of accidents should be decreased by the pre-
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conditioning of safety systems (e.g. brake prefill)
or even accidents should be prevented.

The integrated safety approach includes not only
the combination of active and passive safety but
also every system along the timeline of different
driving conditions. Figure 2 shows the timeline of
the integrated safety approach within several
driving conditions.

The integrated safety is segmented into four main
parts: driver condition, active safety, passive safety,
save and rescue. The driver condition part includes
comfort systems acting in a normal driving
condition. Comfort systems help drivers by
exchanging information. The second part of the
timeline is the active safety. These driver assistant
systems are working in critical and instable driving
conditions by warning and supporting drivers. The
passive safety part describes pre-crash and restraint
systems in unavoidable crash situations and crashes
respectively. In the fourth part -save and rescue-
drivers are helped by activating emergency systems
in situations after a crash.

driver condition active safety passive safery save and rescue

e - N I
. K ]

Figure 2. Timeline of the Integrated Safety
Approach

During the alteration of vehicle safety a change of
the components involved as well as a redefinition
of the respective weightings and importance
occurs. Beside classical components like airbag and
seatbelt which belong to the main component
vehicle/system a further important factor comes to
the fore — the driver. Figure 3 presents the four
main components of integrated safety:

- driver

- vehicle/system
- environment

- task.

environment

O
5
driver o o) vehicle
task
@ to perform @ to affect
@ to stress @ to interact
@ toperceive Sugnil\;en—fi/elgflficnlg—lnlerface

Figure 3. The Four Main Components of the
Integrated Safety Approach

Figure 3 shows that the main components driver
and vehicle/system are sharing the task of vehicle
guidance. So far it has been assumed that the driver
has to solve a task for which he uses the vehicle as
a tool. Due to the improvement in the area of
integrated safety, the vehicle also learns to feel, to
see, to hear and to speak. Thus the environment can
be perceived by the new “sense organs” of
vehicles. Tasks (Table 1) can now be performed by
vehicles to support drivers in normal, critical,
instable driving conditions, crashes and after crash
situations, respectively. The task sharing between
vehicle and driver depends on the driving
conditions  which  vehicles must assume.
Approaching a crash situation, the vehicle takes
over more responsibility. During a normal driving
situation the vehicle supports drivers in navigation
tasks (e.g. providing information about routes). The
vehicle performs guidance tasks in critical driving
situations by using a driver assistant system (e.g.
adaptive cruise control system). Additionally driver
assistant systems can support drivers by assuming
stabilization tasks in an instable driving condition
(e.g. electronic stability control system). The
vehicle takes full control during a crash situation by
protecting occupants (e.g. airbag deployment).

Also the type of task changes along the timeline
(Figure 2). First of all, vehicles support drivers in
navigation tasks. In critical driving conditions
vehicles can undertake tasks of vehicle guidance
and vehicle stabilization. Thereby, task sharing
must not let the driver off the hook of vehicle
guidance [2]. The driver is simply supported during
his tasks by a system.

Table 1 shows the tasks of vehicle guidance.
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Table 1.
Tasks of vehicle guidance [3][4]

primary task navigation task

length scale: n x 100 km
time scale: minutes to
hours

vehicle guidance

task

length scale: 0.2 to 200 m

time scale: 1 to 10 seconds

vehicle

stabilization task

length scale: 1 to 10 meter

time scale: 1to 50 ms
secondary environmental and traffic-related
task tasks within the primary task

e. g. to indicate, to honk, to wipe,
light on/off, etc.

tertiary task  tasks to satisfy comfort-,
entertainment- and information
requirements
e. g. to use radio, air-conditioning
system, etc.

A further main point, that has to be discussed is the
perception of the environment. The two main
components driver and vehicle/system share this
task with each other. Future researches have to
survey which task plays an important role in
environmental perception. What can be perceived
better by humans and what by sensors?

Drivers perceive the environment by sense organs
(e.0. eye, ear). Vehicles have to use sensors for the
perception task. Thereby, it can be distinguished
between inertial sensors and foresighted surround
sensors. The integrated safety approach attributes
great importance to foresighted sensors like
autarkic onboard-sensors or cooperative systems
which communicate with other traffic participants
or infrastructure. The main objective is to increase
vehicle safety by using a proactive sensor which
exceeds the physical limits of existing sensors. For
example, a “view around a corner” can be achieved
by using vehicle-to-vehicle communication.

This requires further research in the field of
vehicle-to-vehicle  communication. Can  the
environment be perceived by vehicle-to-vehicle
communication in the accuracy which is required to
perform tasks of guidance? Can vehicle-to-vehicle
communication exceed physical limits (e.g.
coverage, aperture angle, occlusion) of existing
sensors?

VEHICLE-TO-VEHICLE
COMMUNICATION FOR INTEGRATED
SAFETY

The chapter “integrated safety approach” identified
the communication channel as an important
mandatory sensor for integrated safety to tap the
full potential of safety efficiency.

In this chapter a concept is developed to
incorporate vehicle-to-vehicle communication into
integrated safety. Development methods are
demonstrated which are indispensable due to the
enhancement of the main component driver.
Furthermore, this method is applied for a first draft
of vehicle-to-vehicle communication in vehicle
safety.

So far, an impartial path for developing safety
systems is used exclusively in the classical passive
vehicle safety. For example crash tests are
conducted; scenarios are simulated on computers;
etc.

Thanks to the enhancement of vehicle safety due to
systems of active safety, driver assistance systems
and driver conditioning systems the driver moves
into the focus of development. From now on it is
not enough to develop systems using impartial
criteria, but subjective components and features of
the future customer have to be considered during
the development task.

-

objective

accident analysis
expert interviews
simulations

real test runs

processes in : ’
efficiency analysis

several
development
stages subjective

1. step: proband survey without input

2. step: proband survey with visualized use cases
3. step: driving simulator study

4. step: real test runs with probands

Figure 4. Processes for Developing Vehicle-to-
Vehicle Communication Concepts

Figure 4 illustrates the impartial and subjective
methods which have to be considered in the
development process of new systems of integrated
vehicle safety. The impartial methods are currently
established.

In the following, subjective methods have to be
considered in detail.

The human factor has to be involved early in the
development process because it has a relevant
effect on future use and sales figures respectively.
The first step consists of a proband survey without
input. It analyzes contents which users accept and
need. This can be studied by questionnaires,
individual interview or by focus groups.
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In the second step a proband survey with visualized
use cases, simple mock-ups or videos as use cases
are shown to potential users. Thereupon interviews
can be done.

In the third step systems are demonstrated to users
by simulated scenarios. Probands are able to
contribute on the improvement of the human
machine interface. They get haptic, optic and
acoustic feedback by the system according to
interface design.

The final step contains real test runs with probands.
Probands are brought in situations where systems
should work. Thus impartial system redundancy
can be tested against subjective sensation.
Furthermore, the human machine interface can be
improved in a real environment.

Thus the future user is involved in the continuous
development process of integrated safety systems
using these four subjective methods.

Initially some impartial methods are applied for a
first draft for embedding vehicle-to-vehicle
communication in the enhanced integrated safety
approach.

Looking at the accident statistics most accidents
happen at intersections (Figure 5).

accidentin  22,7%
longitudinal traffic

passing
accident
10,8%

accident
caused by 2,8%
stationary traffic

32.2%

crossing accident

36%
189%
others 89% turning accident

driving accident

Figure 5. Accident Statistic Based on Accident
Types [6]

However, some accident types provoke a fatal
impact on accident severity but do not happen
frequently (e.g. accidents caused by wrong way
drivers on highways). Considering this fact
accident severity has to be included into accident
analysis.

Derived from this analysis, a potpourri of functions
and applications is defined which influences the
vehicle-to-vehicle communication concept:

intersection assistent

left turn assistent

pedestrian-/bicyclist protection

wrong way driver warning

warning against disregarding of red lights.

abrwbnE

Considering the evaluated expert interviews the
contents of the message packet for vehicle-to-
vehicle communication can be extracted. These
points partly enlarge the existing Car2Car
Communication Consortium message set [5]:

- vehicle weigth

- vehicle dimensions

- position

- velocity

- acceleration

- vehicle type (car, truck, motorcycle, etc.)
- driver condition/- type
- track condition

- time stamp

- yawrate

- steering wheel

- braking activation

- number of occupants.

Further analysis will be done focusing on the
application intersection assistant. The involvement
of driver command is a central fact which has to be
considered in the development process (e.g. turning
request, stopping request).

A general statement about driver behaviours cannot
be given because drivers differ extremely in several
operation  characteristics.  There exists a
conservative driver which blinks and brakes at an
early stage. However some drivers execute these
actions late and drive very dynamically.

Also in this case the comprehension of the human
factor plays an important role.
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ABSTRACT

Policy makers require evidence of the costs and
benefits of a safety measure to inform their views
in policy decisions. These analyses are often
required in a short period of time with limited
research budgets. Increasingly, the measures
considered are advanced control systems intended
to help drivers to avoid a collision. It is inherently
difficult to accurately assess the casualty effects of
such systems and this, combined with resource
constraints, often results in a wide range of
conflicting predictions based on different
assumptions, simplifications and analytical
techniques. Substantial variation in the presentation
of results can make it difficult for researchers to
directly compare different studies. In turn, this
makes it difficult for policy makers to be confident
of the right approach. As a result, studies of very
different levels of reliability are often given equal
weight in policy debates, risking the possibility of
less than optimal implementation of new safety
features.

This paper describes the development of a
methodology intended to allow a preliminary
assessment of the potential benefits of advanced
safety systems to be undertaken in a consistent and
objective manner. An initial methodology was
developed, based on literature and expert opinion,
and then tested and refined by applying it to an
assessment of existing studies of advanced braking
systems for motorcycles.

The research was, therefore, limited to a relatively

narrow scope. However, the potential for the

method to be expanded in future was explored to

assess the possibility of providing a generic

methodology to provide guidance for policy makers

and researchers alike regarding the:

e Scientific confidence required from a new
study or implied by existing analyses;

e  Suitability of different analysis techniques for
the measure being assessed; and

e Consistent presentation of results to aid
subsequent comparison of different studies.

INTRODUCTION

The need for evidence-based policy decisions has
developed during recent years. There are a number
of techniques that are available to determine the
impact of different policy options or proposed
legislative changes. The extent of the evidence
provided for regulatory change is often directly
related to the proposal under consideration.

This paper discusses the issues surrounding the
generation of evidence for regulatory change. A
number of examples of recent benefit studies are
used to highlight the issues. Smith ez al (2008)
developed a methodology for assessing the benefits
of active safety systems for Powered-two wheelers
(PTWs). Information from this study which was
funded by the UK Department for Tranpsort is used
as a starting point to stimulate and inform further
debate and the future improvement of the research
and policy making community’s efforts to improve
the evidence on which decisions are based.

IDENTIFICATION OF THE PROBLEM

Historically, safety improvements have been
developed quite slowly. For example, the European
Frontal Impact Directive came into force in the
mid-nineties but was supported by research and
development going back to the 1970s/80s. The
rapid development of new active safety systems
coupled with the fact that safety has become a
strong selling point for manufacturers and
consumers means that governments are often under
pressure to regulate much more quickly. For
example, the very first collision mitigation braking
systems (CMBS) came on the market only a few
years ago and currently are only available as
options on a small number of high end passenger
cars and one or two truck models, but it is proposed
that they are mandatory on all new heavy vehicles
by 2013. This means that impact assessments for
the regulations must be completed at a time when
little, if any, accident data for vehicles equipped
with such systems exists. This situation is further
complicated when assessing the benefits of primary
safety (accident avoidance) technologies. Unlike
secondary safety (severity reduction) measures,
success means that there is no accident and
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therefore no accident data with which to compare
the outcome before and after implementing the
measure. These factors combine to result in
considerable variation in the quality/depth of the
analyses produced.

However, each level of analysis has its place with
respect to the change in legislation being proposed.
For example, well supported proposals, such as the
introduction of Electronic Stability Control (ESC)
for Heavy Goods Vehicles (HGVs), may require
only minimal evidence to be successful. However,
more controversial proposals such as those for
Brake Assistance Systems (BAS), Daytime
Running Lights (DRL) and Advanced Emergency
Braking Systems (AEBS) have been supported with
a wide variety of studies of differing scientific
quality/depth. The scientific quality of benefit
assessments is influenced by a number of factors,
such as the availability of data upon which to base
the assessment and suitable information about the
effect of the proposal.

Many benefit assessments consider the potential
effect of each safety measure on its own. However,
in many cases, a number of different measures
could influence the same groups of casualties. One
example of this is the proposal of the European
Commission to mandate Automated Emergency
Braking Systems (AEBS). The systems have an
automated braking function, the benefits of which
can be predicted using existing accident data.
However, it is anticipated that the production
systems will include functions such as Adaptive
Cruise Control, Forward Collision Warning and
pre-impact adaptive restraint systems, which will
not be mandatory. These types of system are
already fitted to some vehicles and will be fitted to
more vehicles than AEBS. Therefore the fleet
penetration of such systems will be ahead of AEBS,
thus reducing the benefits of the AEBS function
itself; a factor not accounted for in the benefits
study undertaken. There are also potential effects
on completely separate systems such as anti-
whiplash seats, because AEBS will influence the
frequency/severity of rear impacts.

DEVELOPMENT OF A METHODOLOGY

Smith et al (2008) developed a generic

methodology to evaluate the casualty benefits of

advanced safety systems for PTWs. The research
was funded by the UK Department for Transport
and the objectives of the methodology were to:

e Identify the most suitable and cost effective
method of providing evidence of a safety
benefit for a range of motorcycle safety
systems.

e Include provision to estimate the potential for
accident avoidance or injury mitigation using

accident statistics or in-depth accident data by
identifying causation factors and then
assessing the likely impact of advanced safety
systems for relevant accidents.

In addition to achieving these two objectives, it
should also be possible to use the methodology
developed to appraise critically research that has
already been completed. Although these objectives
are specific to assessing advanced safety systems
for PTWs, the principles of the methodology can be
applied to all safety measures across all types of
vehicle. The following section describes the
methodology developed by Smith ez al (2008). The
methodology consists of three main steps and an
overview is shown in Figure 1.

Burden of
Proof
Required?

& -
i N

Step 1 Step 2
Preliminary Filter Target
Population

(vt v o

Step 3
Define
Effectiveness

Figure 1. Overview of methodology.

The methodology starts by identifying the burden

of proof that the evidence must satisfy, for example:

e Policy makers are sometimes confronted with a
large number of proposals for a huge range of
potential new safety measures. In this type of
situation it is considered useful to have an
initial filter to help identify which measures
warrant further investigation. It is not
necessary to have rigorous proof of the exact
effects, merely a broad indication of the
potential. This sort of requirement is
considered to represent a very low burden of
proof.

e By contrast, if a major new safety regulation is
planned, that is likely to have a high cost,
carries a risk of adverse effects on other policy
areas (e.g. GHG emissions) and/or is likely to
encounter significant opposition, then very
rigorous supporting analysis that accurately
and incontrovertibly demonstrates the effects
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might be required. This would be considered to
require a very high burden of proof.

Step 1 — preliminary filter

Step 1 of the methodology is the definition of a
preliminary filter that can be applied to accident
data. The primary objective of this step is to define
groups of accidents, against which an initial
evaluation of the potential benefit of a safety
measure can be assessed. Additionally, a secondary
objective is to allow the most frequent or most
severe groups of accidents to be identified in order
to inform the development of new safety systems.

Step 1 can be used for quick stand-alone
comparisons for a range of potential safety
measures. It could also be used to quickly assess
how relevant proposals from one country are to the
vehicle and accident population in another country,
or as a quick reference to assess the maximum
potential benefit of a new safety system. For
example, such a filter was developed as part of a
review of heavy vehicle safety priorities (Smith ez
al, 2007). During a subsequent policy debate about
the possible extension of the scope of UNECE R66
to double deck buses and minibuses, this filter was
used, in a matter of minutes, to identify that in the
UK large bus/coach occupant casualties (i.e.
including those in single deck vehicles already
included in R66) in rollover accidents were the
157™ most important casualty group involving
heavy vehicles (out of a total 244 groups) with an
annual casualty valuation of £1.8m. Thus,
extending the scope of R66 to double deck vehicles
was considered unlikely to be cost effective in the
UK unless the measure could be implemented very
cheaply. A similarly quick analysis found that
extension to minibuses had much greater potential.

In order to carry out step one, a definition of the
system specification is required. This should set out
the functional requirements of the system under
consideration, allowing the casualty groups that
could be affected to be identified. When setting up
a preliminary filter, there are three main
considerations:

What is an appropriate data set? - It is
recommended that the data set is a national sample,
or is known to be representative of the national
sample (evidence of how the data set represents the
national population should be presented). The data
should cover a period of at least one year, ideally
an average of a number of years and be as up to
date as possible.

How should accidents be grouped in the filter?
- The grouping of accidents can be influenced by
the vehicle type to which the safety system is to be

fitted, as well as the type(s) of system under

consideration. The following aspects should be

considered and any limitations of the grouping
should be noted.

e The grouping should allow comparison of
accident types and be independent from the
detailed functionality of the safety systems.

e The grouping should be appropriate to the
systems being reviewed. It should allow
differentiation between different systems
where possible (e.g. a braking system could
influence a small proportion of a large number
of groups, whereas a cornering stability control
system might influence only one or two
groups).

e The groups should be mutually exclusive to
avoid double counting where multiple groups
are affected by a system.

e  All casualties within the accidents should be
included if possible, i.e. casualties in the
vehicle to which the system is to be fitted,
casualties in the opponent vehicle (1% impact)
and any other casualties in the accident
(including pedestrians).

How will the groups be compared? - The
accident groups can be compared using a number
of different measures that reflect the frequency
and/or severity of the casualties (e.g. number of
casualties, number of fatalities, monetary valuation
associated with the prevention of casualties etc.).

The output from this step is an estimate of the
maximum potential benefit of the system. The
estimate will be the sum of the casualty groups that
can potentially be affected. Although a relatively
crude assessment, the preliminary filter will
identify if there are 10s or 1,000s of casualties that
could be addressed by the system.

Additionally, the preliminary filter will produce
groups of casualties. This enables a reference tool
for policy makers and researchers to identify where
resources should be targeted. For example, in 2005
there were no fatally injured riders of PTWs with
engine capacity less than 50cc in collision with a
minibus, and only three seriously injured. In
comparison, there were 101 fatally and 818
seriously injured PTW riders where a PTW with
engine capacity more than 500cc was the only
vehicle involved.

Step 2 - target population

Step 2 of the methodology is intended to identify
more accurately the accidents that could be affected
by the system under consideration (defined as the
target population). The target population is specific
to the safety system and should be as accurate as
possible including causation factors where required.
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The term “target population” can be used in a

variety of ways, for example:

e The number of casualties that could be
prevented by a system that is 100% effective in
each of the accident situations it is intended to
influence e.g. works in all weather conditions,
at all speeds and accounts for driver
behaviours etc.; or

e  Casualties within a group of accidents that
could potentially be influenced by the measure
e.g. head-on collisions, rear-end shunts etc.

This measure is one that is often used differently in
different studies. For example, the number of
detailed data fields (e.g. impact location, speed,
driver behaviour factors etc.) that are used to
identify it can vary considerably between studies,
often leading to misunderstandings and difficulties
for policy makers comparing the results of different
studies. There is, therefore, a need for a more
common understanding of what is meant by the
term. For the purpose of this methodology, the
target population is defined as the number of
casualties that could be prevented by a system that
is 100% effective in each of the accident situations
it is intended to influence. For example, for a
forward collision warning system it would be all
casualties where the impact location was the front
of the vehicle, the vehicle was moving forward
prior to impact and the driver/rider was considered
to have been inattentive. This number can also be
expressed as a percentage of all accidents.

To carry out step 2 of the methodology a detailed
specification of the system and appropriate accident
data are required. There are five aspects to be
considered in this step:

In what situations is the system intended to
be of influence? - In order to define the target
population it is necessary to understand how the
system operates and the situations where it is
intended to be of influence. There should be a
written description included in the write-up of the
analysis.

What are the relevant types of accident and
vehicle for the system being assessed? - The
definition of each accident type and relevant
vehicles should follow these guidelines:

e The accident types that could be influenced by
the safety system should be identified in as
detailed manner as possible for the data source
being used. The definition should include
criteria that will allow the accidents relevant to
the specific system to be identified. For
example, head-on collisions can have a number
of different causative factors (inattention of
one or more of the drivers involved,
impairment of the rider/driver etc.). It is

recommended that the accident type is defined
by the impact configuration (where appropriate)
as well as at least one causation factor such as
rider/driver behaviour (where appropriate).
There may be multiple types of accident that
could be influenced.

e It is often appropriate to define the target
population in relation to the vehicle type to
which the system is to be fitted (e.g. HGV,
passenger car, PTW etc.). The composition of
the vehicle fleet can be very different when
comparing different countries. Sometimes it
may be appropriate to define the target
population for a sub-set of one vehicle type.
For example, when considering ABS for PTWs,
the target population can be separated by
engine capacity, PTW less than 50cc and PTW
greater than 50cc because small urban mopeds
are involved in different types of accidents to
larger, more powerful motorcycles.

What information is available to estimate the
target population? - The target population can be
estimated based on different sources:

e Accident data will allow the most flexibility in
defining the target population (within the
constraints of the data sample being used).
This is the preferred method for defining target
population.

e  Existing scientific literature and benefit studies
can also be used but the definition of the target
population is likely to vary between different
studies and if no studies are available for the
required country, the answer could be
misleading, particularly where patterns of use
vary considerably between different countries,
as is the case for PTW accidents.

How can these relevant accidents be
identified in the accident data? -

e Does a national data sample have a sufficient
level of detail? Is causation data and pre-
impact information available to identify the
relevant accidents in the national data sample?

e If it is not possible to identify the relevant
accidents using a national data sample, is there
an in-depth study available that has appropriate
detail and represents the national sample
appropriately (at the level of detail required)?
If so, the use of a more detailed accident
database should be considered. However, it is
necessary to identify the limitations of such an
approach. One of the most important
limitations will be related to the
representativeness of the data sample. Any
assumptions must be reported, for example if
the representativeness is not known at the level
of detail required (e.g. rider behaviour factors)
but is known at a high level (types of casualties
and vehicles involved), it can be reasonably
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assumed that the rider behaviour data is also
representative. However, such assumptions
must be stated clearly in the report of the
analysis.

e  What factors could influence the target
population? The target population can be
defined in a number of ways. This could lead
to the inclusion or exclusion of accidents
where certain factors were involved. For
example, should impaired drivers (e.g.
intoxicated through alcohol or drugs) be
included in the target population? In general,
accidents should only be excluded from the
target population on the basis of this type of
factor if it is clear that there is no chance that
the measure under consideration will affect
them. This will help to allow consistency in
study approaches using different data sets, for
example, in different countries. However, in
some circumstances it will be appropriate to
restrict the target population in this way and
wherever this occurs the restriction should be
stated and the calculation of effectiveness that
will be applied in step 3 should be modified
accordingly.

e Are there any limitations with the criteria that
have been used to define the target population?
Some data recorded in databases have inherent
limitations. For example, the information
required may frequently be unknown, or some
may rely on subjective assessments.

Have the correct accidents been identified? -
It may be possible that the criteria used to select a
specific group of accidents could unintentionally
return some non-relevant accidents. The analysis
should be accompanied with some indication of
confidence in the query that has been used. If the
data source has written descriptions of the
accidents then these could be used. However if
there are no written descriptions then an alternative
method should be considered, for example cross-
referencing to another database that does have
written descriptions.

The output from Step 2 is the target population for
the specific system that is being assessed. The
target population is a group of accidents that are
relevant to the system under consideration. This is
the maximum potential benefit for the system, i.e.
if it were 100% effective; target population is equal
to the expected benefit. In reality, most systems are
not 100% effective at preventing the
collisions/casualties for which they are designed
and thus, step 3 is required to more accurately
quantify the expected benefits.

Where possible, the target population should be
expressed for each casualty severity as a proportion
of all casualties of that severity. However, in some

cases it is not possible to identify all casualties of a
particular severity. For example, official statistics
for the EU-27 provide the number of fatalities and
the number of all accidents but not the number of
serious and slight casualties. Therefore, the target
population should also be shown as a proportion of
all accidents (of all severities) within the sample.
This will assist direct comparisons across different
countries. However, when using the target
population as a proportion of all accidents, care
should be taken when translating results from one
country to the accident numbers from another
country because of variations in the definitions
used for the casualty severities. A table showing
how that data should be presented is shown in the
example below. Figures that may not be readily
available in all countries/regions are identified by
an asterisk.

Table 1.
Example presentation of target population data

Population (%

Fatal Serious Slight Total

Target
Population
(number of
casualties)

123 467 1252 1842

Total number
of GB
casualties (by
severity)

3512 24571%*

Total number

of GB - - - 197856

accidents

Target

population (%
of GB 3.50% 1.90%* 0.48%* 0.65%*

casualties by
severity)

Target

of all GB 0.06%  0.24%  0.63%  0.93%

accidents)

Step 3 - effectiveness

Step 3 of the methodology is intended to refine the
benefit estimate that was defined in Step 2, that is,
to translate the analysis from the maximum
possible benefit (target population) to a realistic
likely benefit. The main objective of this step is to
determine how effective the system will be for
preventing the casualties/accidents that make up the
target population. There are a number of different
methods for determining/identifying the
effectiveness of the system and this step is intended
to help identify the most appropriate method for the
quality of estimate/burden of proof required. It is
possible to define the effectiveness of the system
under consideration without defining the target
population in Step 2. The inputs into Step 3 of the
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methodology can depend on the approach taken,
but can include:
e  Accident data;
Literature;
System specification;
Quality requirements;
Test/trial results.

In order to determine the effectiveness of the
system in the most appropriate manner, the
following aspects require consideration:

What burden of proof is required? - The
burden of proof required should be classified on a
scale from very low to very high. Step 3 is typically
only required when the burden of proof is medium
or higher, for example, proposals for voluntary or
mandatory fitment. Figure 2 summarises how to
determine the most appropriate method. Additional
guidelines are provided below:

What is most appropriate assessment method
for the information available? - The selection of
the method to be used will be based on the burden
of proof required, the availability of the system
being assessed, constraints on cost and time and the
availability of accident data and literature. The
main types of method that can be used for
determining/estimating the effectiveness of the
system are:

e Predictive studies examine accidents where
vehicles were not equipped with the specific
feature under consideration and make
calculations and/or judgements to assess
whether the accident would have been avoided
or mitigated if the safety feature had been
present. There are a number of different
methods that can be used when carrying out a
predictive study. The most appropriate method
will again be influenced by the burden of proof
required and budgetary/time constraints:

e A parameter based predictive study is the most
straightforward, and it is likely to be
appropriate for a medium burden of proof.
This type of study is an extension of the target
population exercise described in Step 2 and
involves interrogating an accident database to
identify in more detail the casualties where a
system is likely to be effective. If a forward
collision warning system was assessed, the
target population might be all front to rear
shunt collisions where the vehicle to which the
system is to be fitted approached from the rear.
The effectiveness calculation might further
restrict the target population to exclude
accidents where the driver of the vehicle of
interest was impaired, accidents on a bend, or
those that occurred in severe weather
conditions where the system was known not to
function well. The quality of this type of

analysis will depend upon the detail, accuracy
and representativeness of the data source used,
the available definitions of system functional
performance and any assumptions made to
overcome limitations in the data.

Case by case analysis involves the detailed
review, reconstruction and prediction of effects
in a range of individual accidents. The
predictions can be made in a number of ways:

o An assessment of the effectiveness of
the safety system can be made for
each accident case identified based on
the information available and
engineering judgments. Again the
quality of this assessment can be
influenced by the source of data. If
the cases have been reconstructed
based on the sequence of events, the
evidence left at the scene (e.g. tyre
marks) and mathematical calculations
(e.g. police accident reconstruction)
there is more information available
than what may be available from a
limited number of database fields.
The method can be made less
subjective by providing guidelines
that define when the system is
expected to be effective. Weighting of
the assessment with estimates of the
probability of effectiveness (e.g.
definitely, probably or maybe) can
also reduce the subjectivity of the
assessment. This method is likely to
be appropriate for a high burden of
proof (e.g. proposal for mandatory
regulation of a moderately costly
system).

o Mathematical modelling can be used
on a case by case basis and is less
subjective than the method

described above. This method
involves creating a computer
model of an accident and
simulating the outcome with the
fitting of the safety system. Such
an approach has the advantage of
being fully objective but is more
complex and time consuming and,
because it is firmly rule based,
can miss some more subtle
factors that influence outcomes.
This method is likely to be
appropriate when a high burden
of proof is required.

A limitation of both techniques above is

that it is difficult to rigorously include

driver behaviour factors associated with
the new system in the assessment of its
effectiveness. Particularly for primary
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Rqunred Medium - parameter based
analysis

High - case by case subjective
analysis or mathematical modelling

RetrOSP_ect_ive Very High - accident analysis plus
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Subject to ]

budgetary and
time constraints

A

Has burden of
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met?

Retrospective Y
. . es No
and Predictive
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' anaIysn”Lbaacked — | Appropriate Benefit
up by benefit estimate at
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Figure 2. Identification of appropriate method for determining effectiveness.
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safety systems, this means that it can be easy
for critics to argue that the results are not valid
because the system would induce a behavioural
change that would reduce or eliminate the
predicted benefits. Where the highest burden
of proof is required this limitation can be
overcome through the use of physical trials
involving ordinary drivers as subjects. These
can take the form of simulator trials, track
trials or field operational trials. This method
can allow for human factors issues to be
combined with the accident data assessment,
however the reliability of the data is dependent
on the assumptions made and the experimental
methods used.

e Retrospective studies treat the feature under
investigation as a risk factor and use statistical
methods to compare the relative risk of
accidents in real world accident data where
vehicles can be identified that both do and do
not have the safety feature fitted. Where such
an approach is possible, it has the most
potential for providing a rigorous and
defendable outcome because it seeks to
objectively measure the actual effect on real
vehicles in service with real drivers, thus
accounting for many of the factors that can
confound predictive studies. The size of the
sample will have a strong affect on whether
statistically significant conclusions can be
drawn and the analytical design, particularly
the control of confounding factors (e.g.
systematic biases such as age of driver etc.),
will strongly affect the quality of the results.

Is the system on the market? - Whether the
system is on the market, or available for trials will

influence the type of analysis that can be completed.

e No - If the system is not on the market, or at
least not in significant numbers, then the
estimation of effectiveness is restricted to a
predictive study.

e  Yes — If the system is on the market then either
a retrospective study, a predictive study, or
both can be carried out depending on the
burden of proof required, analytical design
factors and budgetary constraints for
completing the analysis.

What sources of information are available for
determining the effectiveness? -
e Literature, which could include the findings
from a range of studies that have already been
carried out which could have determined the

effectiveness of the system under consideration.

The findings from other studies should be
reviewed critically and any assumptions made
should be identified in order to determine if the
effectiveness quoted is appropriate for the

target population. The use of multiple sources
is recommended, identifying where there is
agreement or differences between studies. It
may be necessary to define a range of
effectiveness if there is no consensus in the
literature and the logic used to define the range
should be reported. Where sufficient detail
exists a formal meta-analysis can be
undertaken. This essentially involves
calculating a statistical weighted mean of the
effects identified by the previous studies.
However, this can require substantial time and
effort and requires the data in the literature to
be well reported in considerable detail.

e Specific research studies can be used as a
substitute for accident data and can include
field operational trials or questionnaire surveys
to compare the accident involvement of
equipped and unequipped vehicles and
estimate the relative change in risk for
equipped vehicles.

e Accident data can be used to allow either
predictive or retrospective studies. The data
sources used will be influenced by the burden
of proof required, the type of analysis and also
the function that the system is intended to
achieve. For example a parameter based
predictive analysis for assessing the benefits of
improved helmets is likely to require a
different source of data to a case-by-case
predictive analysis of an advanced braking
system. Retrospective analyses have different
requirements again, and are typically based on
national accident data.

e Vehicle equipment data can be used to
identify whether the specific vehicles recorded
in the accident data are fitted with a specific
safety system. This type of information is an
essential pre-requisite of retrospective analyses.

e Exposure data, or the use of an induced
exposure technique, is required to allow the
probability of an accident occurring to be
determined when carrying out a retrospective
analysis.

The output from Step 3 is an estimate of system
effectiveness that is relevant to the target
population that was defined in Step 2. This can then
be applied to the target population to estimate the
casualty benefits for the safety system.

The estimated benefits should be clearly expressed
as a percentage of the target population (so it can
be seen how effective the system is at addressing
the intended group of accidents) and as a
percentage of all accidents. In particular, the latter
measure is important for comparison with other
studies and for context for the predicted casualty
benefit.
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The estimated casualty benefits can be combined
with vehicle registration data, casualty valuation
information and details of the costs of the system to
produce a full cost benefit analysis. Defining
procedures or guidelines for the generation of cost
benefit analyses was beyond the scope of this
project. However, it is possible to define a
preliminary assessment on the basis of the
calculation of a break-even cost for the system.
This is calculated by multiplying the number of
casualties by their casualty prevention value and
dividing by the number of new registrations
expected each year. This represents the maximum
cost that can be associated with fitting the system
to a single vehicle that could still produce a benefit-
to-cost ratio to equal one. If the actual costs of the
system are likely to be substantially below this
break-even cost then it is likely that the system
would prove to have a positive benefit to cost ratio
(greater than one) if a full analysis was undertaken.
If the cost is substantially greater it is likely to have
a negative ratio (less than one). Where the actual
costs are relatively close to the break-even cost, the
simplifications inherent in this method mean that
the outcome remains uncertain.

APPLICATION OF THE METHODOLOGY

Smith ez al (2008) applied the proposed
methodology to assess the potential benefits of
advanced braking systems for PTWs. The
methodology was applied for three systems:

e  Anti-lock braking systems (ABS);

e  Combined braking systems (CBS); and

e  Brake assist systems (BAS).

This paper describes the information collated for
the assessment of ABS as an example of how the
methodology can be applied. The assessment of the
potential benefits of ABS was restricted (by
available budget) to the use of existing information
only, i.e. mainly literature supplemented by limited
analysis of existing accident data.

Step 1 — preliminary filter

The preliminary filter is intended to be used to
identify casualty groups that could potentially be
affected by the technology under consideration.
However, ABS can influence a broad range of
casualty groups to varying extents. It is, therefore,
only possible to generate a coarse estimate of the
target population for braking systems using this
tool. However, analysis by the type of PTW
involved could provide an insight into where to
target the technology. Additionally, it is possible to
logically assess the types of accident where
advanced braking systems are more likely to have
an influence, for example accidents at junctions
where the PTW is travelling ahead and single

vehicle accidents involving loss of control on a
bend, and then quantify the number of casualties
occurring in these “more likely” accident types.
Such an assessment will be imperfect because not
all of these casualties will be influenced by the
technology and there will also be other casualty
groups that have been excluded but may be
influenced. However, it could give a closer
indication than considering “all” accidents only.

A preliminary filter was developed based on a three
year sample of national road accident data
(STATS19). The PTW casualties were grouped by
the type of PTW being ridden (i.e. <50cc, 50-125cc,
125-500cc and >500cc) and the number of vehicles
involved in the accident (single vehicle vs multi-
vehicle). Further categorisation is based on criteria
such as: where the accident occurred (at a junction
or not), whether there was loss of control, the first
point of impact on the motorcycle and what
manoeuvre the PTW was making. Table 2 shows
an example of the data that can be obtained by
using the preliminary filter.

Ideally the target population for all three braking
systems would be any accident where the vehicle
braked. Unfortunately, this cannot be identified
from the available data. Therefore, the only
rigorously acceptable target population is all
casualties. The preliminary filter has been used to
compare the relative size of the different casualty
groups. It can be seen that the greatest benefits
would appear to lie with larger motorcycles, simply
because of their greater involvement.

Table 2.
Examples of casualty groups where ABS is more
likely to have an influence

Junction Single vehicle loss
accidents - PTW  of control on bend
going ahead

% of all % of all
PTW PTW

Casualties accidents Casualties accidents

by by

severity* severity™*
Fatal 108 18.5% 46 7.9%
Serious 1238 20.7% 296 4.9%
Slight 3218 18.6% 320 1.8%
KSI 1347 20.5% 342 5.2%
Total 4565 19.5% 662 2.8%

*Note: percentage values are not a direct output
from the preliminary filter but are calculated using
only the data generated by the preliminary filter.
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A more subjective approach can be used to try to
get a more realistic target population. An upper
estimate was based on excluding accidents where
the PTW was waiting or turning (where it is logical
to assume braking might be less relevant). A lower
estimate was derived from considering only
accidents with loss of control on a bend and
junction accidents (where logically, braking is
likely to occur frequently). The estimated target
population using this approach is:

e 154 to 572 PTW fatalities;

e 1534 to 5624 serious PTW casualties; and

e 3538 to 15323 slight PTW casualties.

Step 2 — target population

If a new full-scale analysis of GB accidents was
being carried out, then the target population would
be identified as defined previously. Data from a
detailed in-depth study which is representative of
the national statistics (STATS19 data) would be
used to identify the proportion of PTWs that braked
prior to impact and this proportion would be
applied to the casualty numbers recorded in
STATSI9 to obtain a sound estimate of the target
population nationally. However, the scope of the
research was restricted to analysis based on
existing accident data and literature. So, although a
definition for the target population is provided in
the previous section, based on the methodology
defined in this report, the analyses reported in
existing literature may have structured their
findings differently. Table 3 summarises the
literature and data relating to target populations for
ABS that was identified.

Step 3 - effectiveness
If a new analysis of the potential benefit of ABS

was to be undertaken in accordance with the
methodology defined earlier, to meet a high burden

of proof then the programme of work could involve:

e Detailed definition of the performance
characteristics of the system;

e Predictive analyses, based on case by case
review and reconstruction of on-the-spot
and/or fatal cases to assess the influence of
each system with extrapolation of results to the
national statistics (STATS 19) for an estimate
of national benefits.

e Human factor experiments on the test track to
assess rider response to the system and identify
any behavioural risks;

e Identification of makes and model of PTW
fitted with ABS (which is possible based on
manufacturers literature but is labour
intensive);

e Retrospective statistical analysis of the relative
accident involvement of PTWs with and
without the system.

However, the scope of this research was limited to
a review of existing literature. Table 4 summarises
the findings from this review with respect to the

effectiveness of ABS.

Table 3.

Summary of target populations for ABS as
defined in the literature

Target Population Source

All cases in which it can be Gwehenberger

conclusively proven that braking et al (2006)

took place in the pre-crash phase Allianz centre

(45% of all accidents) of technology

All in-depth data collected from Kebschull and

Hurt (1981) and MAIDS (2004) Zellner (2007)

studies, i.e. a sample substitute for =~ Dynamic

all motorcycle accidents Research for
IMMA

All motorcycle accidents McCarthy and
Chinn (1998 &
1999) TRL

All motorcycle accidents involving  Baum et al

downfall* prior to first impact (2007)
University of
Cologne

Collisions between motorcycles and  Sporner and

cars that involved braking (65% of = Kramlich

all accidents) (2000) cited in
Vavryn and
Winklebauer,
2005 and
Gwehenberger
et al, 2006

All accidents in sample Teoh (2008)
Insurance
Institute for
Highway Safety
USA.

All accidents in sample where at McCarthy et al

least one wheel has locked priorto  (2008) PISa

impact or loss of control (34% of
all fatal PTW accidents)

* downfall accidents are when the rider becomes
detached from the PTW before the first impact.

To allow a detailed assessment of the benefit of
fitting ABS, the effectiveness of the system for
each accident severity is required. The literature
review did not identify the effectiveness for PTW
fatalities that could be applied to the target
population. Therefore, the effectiveness of ABS
used to identify the proportion of fatal casualties
that can be prevented, was based upon the
information found from a review of the PISa Fatal
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Accident Database. The development and analysis
of the database was reported in McCarthy e al
(2008). However, the target population used was
not consistent with the other research identified and
therefore the data was re-analysed. From this
additional review of fatal accidents, an
effectiveness of between 8.8% and 35.7% was
estimated, with a best estimate of effectiveness of
18%.

For serious casualties, the effectiveness used is
based upon the estimates outlined in Gwehenberger
et al (2006) and McCarthy and Chinn (1999).
Although Gwehenberger et al (2006) include
accidents of all severities, the sample is most
representative in relation to serious casualties and
states an effectiveness range of between 8% and
17%. McCarthy and Chinn (1999) state an
effectiveness of 3% for fatal and serious casualties,
however the estimate is likely to be dominated by
the effectiveness for serious casualties because the
sample included only a relatively small number of
fatalities. Therefore 3% was selected as an
approximate lower boundary for the effectiveness
for serious casualties

There was no research that specifically identified
the effectiveness of ABS for slight casualties.
However, Sporner (2000, cited in Gwehenberger et
al, 2006) stated that ABS is effective in 10% of
PTW accidents of all severity levels. In comparison,
Kebschull and Zellner carried out a comprehensive
study resulting in an overall effectiveness of
between 1% and 3%. However, there were
limitations associated with both studies as

described below.

Sporner et al (2000), cited in Vavryn and
Winklebauer (2006), undertook a study of 610 in-
depth accident reports. Vavryn and Winklebauer
(2006) stated that Sporner et al’s findings were that
on average:

“Approximately 55% of the motorcycle accidents
could be avoided or at least positively influenced
by ABS”.

Multiple papers by Sporner et al (2000, 2002 and
2004) are cited by Gwehenberger et al (2006).
Gwehenberger et al (2006) stated that Sporner et
al’s findings were that:

“approx. 10% of motorbike accidents involving
bodily injuries can be avoided or at least positively
influenced through ABS”.

There appears to be some discrepancy between
these two interpretations of an estimate of
effectiveness from a single source. The only
immediately apparent difference in the citations is
the effectiveness estimate and the fact that
Gwehenberger et al reference their effectiveness as
a proportion of PTW accidents involving bodily

injury whereas Vavryn and Winklebauer’s citation
does not mention injury severity so could refer to a
specific severity level. However, it has not been
possible to locate an English language version of
the original paper to clarify the exact findings. The
estimate of 10% is most likely to be applicable to
the target population that has been defined for this
study for the following reasons:

e The effectiveness of 55% was written as
though it may be the effectiveness for a
different target population.

e  Sporner was one of the authors of the
Gwehenberger et al (2006) paper and
would be expected to ensure that his
previous research was cited correctly.

Kebschull and Zellner (2007) found a relatively
low effectiveness compared with other studies. A
large percentage of the 900 European accidents
investigated contained accidents which involved
either no braking or braking with no loss of control,
which was assumed in their investigation to be sub-
limit braking. A large proportion of the accidents
that involved over braking also involved an
emergency steering action. In general, PTW ABS
does not allow the PTW to maintain stability while
braking heavily in a curve/swerve. This was
reflected in the ABS model used in this study,
which was not capable of maintaining stability in a
swerve when braking was severe enough to activate
the ABS. This was a predictive study that used
computer simulation to predict how the outcome of
real accidents involving PTWs without ABS would
have been changed if the vehicle had been fitted
with ABS. This approach would result in evidence
that has a high burden of proof according to the
methodology defined earlier in this paper. However,
the assumption that ABS would have no influence
in any accident where braking occurred without
loss of control contradicts several other studies
which suggests that ABS gives the rider more
confidence and in turn, results in higher maximum
achievable deceleration. Therefore, the method
used in the analysis may tend to under-estimate the
benefits.

Because of the limitations with both studies, it was
not clear which effectiveness was most appropriate
and therefore a weighted average from these two
studies has been used for the best estimate. Based
on the mid range value from Kebschell and Zellner
of 2% and a quality rating of 3 for each study, the
best estimate is 6%. This was generated by
multiplying the effectiveness by the score (2%x3
and 10%x3), summing (6+30) and dividing by the
sum of the effectiveness scores (36/6). The extreme
values from the two studies have been used to
generate the overall range of effectiveness.

Using the 6% value for all accidents and the best
estimates of 18% for fatalities and 10% for serious
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Effectiveness of ABS as identified from the literature

Table 4.

Effectiveness

85% of all downfall accidents
with downfall before initial
impact

Approximately 10% of
motorbike accidents involving
injury can be avoided or
positively influenced

Avoids 8%-17% of serious
motorbike accidents

Net injury benefit 1%-3% of
all casualties

Analysis of Austrian statistics
showed that the benefit was
comparable to the 55% stated
by Sporner et al (2000)

Increase in braking
performance observed of
novice and experienced test
riders from 5.7ms™ to 7.7ms”
for novice riders and 6.6ms™ to
7.8ms™ for experienced riders

ABS reduces risk of riders
being thrown from the bike.
May lead to a reduction in
forward collision and off-road
crashes.

3% reduction in fatal and
serious casualties

The effectiveness of ABS is
currently under investigation as
part of the PISa project.
However, the report contains a
ranking of various safety
systems including ABS, CBS
and BAS. Each system was
given a score based on the
potential influence on the
accident outcome, however
was not expressed as a
percentage of the target
population. ABS was given a
score of 2.39

Source

Baum et al (2007) based on a
retrospective study.

Sporner et al (2000,2002,2004) cited
in Gwehenberger (2006) describe the
dangers of braking with conventional
braking systems and the avoidance
potential through ABS in several
studies based on the GDV accident
database (insurance claims).

Gwehenberger et al (2006). Results of
analysis of 200 serious accidents by
Allianz Center of Technology.
Extrapolated to Germany would result
in around 100 deaths and more than
1,000 serious injuries avoided a year

Kebschull and Zellner (2007)
conducted a series of computer
simulations based on data collected in
the MAIDS (2004) and Hurt (1981)
studies. Several configurations of ABS
were simulated.

Vavryn and Winkelbauer (2005)

Vavryn and Winkelbauer (2005)

Bayly et al (2006)

McCarthy and Chinn (1999)

McCarthy et al (2008), review of GB
OTS/COST327 cases for PISa project

Region
Germany

Germany

Germany

USA and
Europe

Austria
and
Germany

Austria

Australia

UK

UK and
Europe

Study type
Retrospective

Predictive

Predictive
case by case;
subjective

Predictive
case by case;
computer
modelling

Predictive

Human
factors study

N/A

Retrospective

Predictive
case by case;
subjective

Sample size

200
accidents

1800
accidents

47 novice
riders and
134
experienced
riders

N/A

60
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casualties, a best estimate effectiveness of 4.2%
was calculated for slight casualties. The upper and
lower effectiveness values are calculated using the
same method. Table 5 shows the estimated benefit
of fitting ABS. The target population and
effectiveness are shown in the table to allow
readers to understand how the benefits have been
derived. A best estimate of the effectiveness is
shown in the table, accompanied by minimum and
maximum effectiveness values.

Table S.
Estimated benefit of fitting ABS to all PTW

Target
Severit population Effectiveness  Estimated
Y (AlPTW (%) benefit
casualties)
18 105
Fatal 585 (9-36) (52-209)
. 10%* 599
Serious 5991 (3-17) (180-1018)
. 4 692
Slight 17293 (0-7) (0-1159)
Total 23870 6 1432

(1-10) (239-2387)

* This is the mid-point of the range (rounded to
nearest integer) and not a best estimate

DISCUSSION

An increase in the number of safety measures and
the rate at which they are coming to market can put
an increased burden on the regulatory process.
Impact assessments are, therefore, often required
before there is sufficient voluntary market
penetration to effectively measure the impact on
the number and severity of road casualties using a
retrospective statistical approach. Literature exists
that describes the different types of research
methods available (Elvik and Vaa, 2004) or to
provide guidelines for assessing benefits (Burgette
et al, 2008). However, within budgets and
timescales available, it is often not possible to
follow such guidance. TRL have seen an increase
in requests for the assessment of the benefits
associated with safety measures, based on existing
literature, rather than new research. These are often
required in short timeframes and on low budgets,
thus limiting the depth of analysis that can be
undertaken. This type of study has frequently
identified widely varying and conflicting results
amongst the existing literature meaning that if
scientific rigour is applied, only wide ranges of
potential benefits can be produced, which do little
to resolve policy debate about the merits of
proposals. It also allows stakeholders to select

different values from within the quoted range,
based upon broad assumptions that may or may not
be accurate.

The project to develop a methodology to assess the
benefits of advanced safety systems for PTWs
provided an opportunity to begin to highlight these
previous experiences and to consider the wider
issues within a more formalised framework for
undertaking benefit analyses. Although the
application of the methodology was limited to
reviewing existing literature and accident data, the
methodology itself was developed to include all
benefit assessment methods, to assist in identifying
the limitations of existing estimates, and also to
help identify knowledge gaps.

The methodology provides a framework, in which
each method has its place, from a quick look at the
casualty groups that can be affected, to full
statistical retrospective analyses. It is intended that
the methodology will allow policy makers to
understand the limitations of the benefit estimates
with which they are presented, and also what
actions are required to develop the estimates to
meet a higher burden of proof, if that is what they
deem to be necessary.

The application of the methodology to the
estimation of the potential benefits of fitting ABS
to PTWs highlighted many of these issues. An
estimate was possible but produced a large range of
potential benefits because the quality of the
estimate was severely limited by the ability to
extract appropriate information from the existing
literature. Some of the issues identified during the
application of the methodology were:

e  Variation in the presentation of the data within
the studies. It was not always possible to relate
the target population or effectiveness to an
overall number of accidents/casualties so that
they could be applied to the UK accident data.

e Not all assumptions were clearly stated and
widely differing assumptions were clearly used
in different studies.

e  Conflicting results from low effectiveness/high
cost to high effectiveness/low cost

e Insufficient detail on context and exposure. For
example, papers where an effectiveness was
stated for all casualties, but no data was
presented about the severity distribution of all
casualties so that different severity
distributions in different countries could not be
accounted for.

Many of the studies that were identified by Smith
et al (2008) had used appropriate methods to assess
benefits. However, there was insufficient
information available to directly apply the findings
to an alternative source of accident data, i.e. it was
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not possible to trace the benefit estimate back to the
original source data. Following the methodology
described in this paper should lead to a consistent
style in which benefit assessments are reported,
which in turn will allow wider application of the
results in different countries or under different
regulatory options.

The methodology that has been developed is
appropriate to meet the objectives of the specific
research project for which it was intended.
However, it could be considered just a starting
point for a wider debate about how the scientific
community and policy makers could work together
to improve the quality, consistency and
understanding of casualty benefit assessment.
Ideally this would enable more effective
implementation of the safety improvements that
today’s rapid development of advanced active
safety systems make possible.

Future developments could include:

e Extending the methodology to include
assessment based on regional representation,
analytical quality and sample size;

e More detailed guidance on specific analytical
techniques (e.g. highlighting known
confounding factors that should be accounted
for in retrospective statistical studies or the
strengths and weaknesses of different ways of
accounting for exposure)

e Development of new, improved data sources
specifically designed to overcome limitations
of existing data with respect to active safety
systems

e How to encourage widespread use of a
common methodology

e  Methods to ensure that the use of a common
approach does not compromise the flexibility
needed to assess a wide variety of different
systems

¢ A methodology for assessing costs.

CONCLUSIONS

e There are a range of methods that can be used
to estimate the benefits of safety measures.
None are perfect and each has strengths and
weaknesses. However, to the reader, the
limitations and assumptions are not always
transparent. This can mean conflicting results,
extended policy debate and slower
implementation of technology.

e A generic methodology has been developed for
a specific type of analysis that will assist both
researchers and policy makers to identify the
most appropriate methods to use and the
limitations of each method without unduly
limiting the range of analysis that could be
undertaken.

e  This methodology has the potential to be
expanded to the full range of casualty benefit
analyses, which if successfully implemented in
a wide range of research projects, could
substantially improve the overall quality and
cost effectiveness of the research and
regulatory processes of implementing new
technologies.
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ABSTRACT

The object of this study is to evaluate the effect of
Antilock Braking System (ABS) as a preventive
safety device by statistical analysis of integrated road
traffic accident database.

The road traffic accident data including driver and
road environment condition and the registered
vehicle data including safety device were integrated.
The risk of being struck from behind while stopping
is not influenced by the driver characteristic of the
struck  vehicle. So the number of those
vehicles/drivers is able to be considered a
quasi-induced exposure, and the relative accident
rates for some combinations of 7 factors listed later
were calculated. Data of 253,035 cars, which were
involved in a traffic accident from the year 2002 to
2007, manufactured from the year 1993 to 2000 and
driven by a sober, private purpose and seat-belted
driver, were analyzed by 7 factors; sex and age of
driver, types of collisions, day/night, road surface
condition, with/without a passenger and with/without
ABS. ABS is expected to reduce the accident rate,
especially for some collision types which could be
prevented by keeping wheels unlocked.

The results shows; 1) the accident reduction effect of
ABS on wet road surface was greater than on dry
road surface, and 2) ABS reduced the relative
accident rates of a rear-end collision by 1-38% and
an single vehicle collision by 10-33%.

There are several discussions about the validity of the
quasi-induced exposure method. But the effect of
ABS was confirmed by considering the interactive
effect with other factors such as age of driver or
with/without a passenger.  Further studies are
required for precise discussion. The developed
integrated database and the proposed method are also

useful to evaluate other preventive safety devices.

INTRODUCTION

There are a lot of reports about the effect of Antilock
Brake System (ABS) (Cumming 2007, Evans 1998,
Farmer 1997 and 2001 and VTI 2007). And not
only positive effects but also negative effects were
reported.

The effect of ABS in real traffic is influenced by
several factors, such as driver characteristics, road
surface condition, and road traffic environment.
Driver characteristics are related to age and sex,
safety attitude, trip purpose and others. Therefore it
is required to analyze these factors simultaneously or
to control the effect of these factors for discussion
the effect of ABS.

Institute for Traffic Accident Research and Data
Analysis (ITARDA) constructed a database by
integrating road traffic accident data and vehicle
safety device data in the year 2007.

Information about age and sex of accident driver, trip
purpose and other driver characteristics are included
in road traffic accident data, and information about
equipment of ABS is included in vehicles safety
So the effect of ABS in real traffic

could be studied using this integrated database.

device data.

METHOD

There are a lot of factors that influence the risk of
traffic accident. Therefore it is necessary to control
an effect of other factors to discuss an effect of ABS.
Following factors are controlled in this study;
Influence of alcohol, seat belt use, trip purpose,
vehicle type and other safety devices.

Influence alcohol: The accident rate is increased
under influence of alcohol (Compton 2002).
Therefore “sober” was selected.

Seat belt use: “Belted driver” are analyzed, because
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the characteristics of accident caused by an unbelted
driver are different from that of belted drivers, and
most of drivers are belted nowadays.

Trip purpose: Driver behavior related with accident
rate differs in trip purpose. The number of accident
drivers on business purpose is smaller than that of
private (not business) (Nishida, 2006), and “private”
was selected.

Vehicle type: Accident characteristics and a field of
view from a driver seat differ in vehicle type. “Car
excluding mini-car” was selected because of its
popularization.

Other safety device: Cars equipped with brake assist
system for ABS, full-time and part-time 4WD, a
limited slip differential (LSD), traction control

system (T'SC) and electronic brake force distribution
(EBD) were excluded. Because they should be
exclude to discuss the effect of ABS exclusively. (See
Table 1)

Table 1.
The number of cars involved in traffic accidents
from the year 2002 to 2007 by safety devices (%)

Equipped total

with ] without| unclear| others (100%)
ABS 25.8 1.7 439] 28.6
Brake assist system for ABS 0.7 191 65.0] 324
High-mounted stop lamp 19.7 0.0] 48.8] 315
Full-time 4WD 9.5] 55.1 5.6] 29.8
Part-time 4WD 25| 645 2.7 303
LSD 1.3] 14.0] 53.6] 31.1
TSC 0.7] 27.6] 36.8] 349
Headway warning 0.0] 36.8] 34.3] 28.9]4,627,280
Traction control system 0.0 3.4 67.7] 289
Stability control system 0.0] 36.7| 34.3] 289
EBD 0.7] 33.6] 36.3] 294
Auto headway control system 0.0l 37.1] 34.0] 289
Lane deviation warinig 0.0] 36.8] 34.3] 289
Night vision 0.0] 37.3] 33.8] 289
Rear view monitor 0.0 1.8] 69.4] 28.8
Blind-corner monitor 0.0] 36.3] 34.8] 28.8
Tyre pressure warning 0.1} 37.3] 33.8] 289

others: vehicles manufauctured before the device register system.

Following factors are analyzed;

Sex and age of driver, day/night, road surface
condition and existence of passenger.

Sex of driver: male/female

Age of driver: 18-24 yrs/ 25-44 yrs/ 45-64 yrs/ 65
years and older/all age

Day and night: day/night
Road surface condition: dry/wet*(wet, icy, snowy

and unpaved) /all

Passenger: without a passenger/with one passenger
Cases with more than one passenger were excluded,
because the effect of multiple passengers was not the

same as single passenger (Engstrom 2008 and
ITARDA 2009).

The period of analysis was from 2002 to 2006.
According to a trial, the number of accidents before

2002 was small for statistical analysis.
The vehicle registered year was from 1993 to 2000.

According to a trial, the number of accident vehicles
without ABS after 2001 was small for statistical
analysis.

Evaluation index

The relative accident rates were calculated using
equation 1 or 2. Rear-end collision with a stopping
as the 2nd party (See Table 2) was selected as the
control accident. The effect of ABS is discussed with
Odds-ratio (Equation 3). And 95% significant

limits were calculated using Equation 4 and 5.

Aac

Rac= —— (D).
Nac
Anc

Rnc= —— 2).
Nnc
Rac

E = ——— 3).
Rnc

Rac: relative Case accident rate of a vehicle with
ABS

Rnc: relative Case accident rate of a vehicle without
ABS

Aac: the number of Case accidents in which a vehicle
with ABS was involved during the period

Anc: the number of Case accidents in which a
vehicle without ABS was involved during the
period

Nac: the number of Control accidents in which a
vehicle with ABS was involved during the
period

Nnc: the number of Control accidents in which a
vehicle without ABS was involved during the
period

Case accident
d: accident occurred on a dry surface road

w: accident occurred on a wet/icy/snowy road
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p: accident caused by a driver with a passenger.

z: accident caused by a driver without a passenger

E: odds ratio for the effect of ABS in Case accident

95% confidence limits
E - dE (lower) and E + dE (upper) ).

1 1 1 1

dE=1.96 *E * + + +
Aac Nac Anc Nnc

5).

Collision type The effect of ABS is thought
to be not the same for all types of collision. Some
types of collision are thought to be sensitive to ABS,
and others are not. Following major types of
collision were selected for this study.

Rear-end/1P: Rear-end collision with a stopping as
the first party.

Angle/1P: Angle collision with a vehicle coming
from left or right approach/side as the first party
Single-veh: Single-vehicle collision such as collision
with object, run-off-the-road, rollover and others

(See Table 2)

Table 2.
Collision types and Abbreviations for the study

collision type

level of culpable

Vehicle - Pedestrian 12p (D ':?_
. 1P n} o
Head-on collision P >l ]
Rear-end collision with a moving 1P
vehicle (rear-end A) 2P “} ‘}

Rear-end collision with a stopping |_1P
vehicle (rear-end B) 2P [1p Dzt or ])

Angle collision with a vehicle coming | 1P
from left or right approach 2P

collision with an oncoming vehicle 1P %
while turning right 2P 4
collision with a vehicle coming from | 1P [
left or right approach while turning P | =¥ E

multiple-vehicle

. . 1P
other multiple-vehicle P
gel oo . p—"F
~] 5] collision with object, run-off-the-road, P D/
E/E; § rollover and others

-

Level of culpable: 1P is a driver/person having caused the most
culpable failure or the least injured among parties concerned when
their culpable failure are at the same level.

2P is a driver/person having caused the lower culpable failure.
Abbreviations are bold and underlined follwed by level of culpable(1P/2P).

RESULTS
Relative Accident Rates of Wet Road Surface

ABS can reduce stopping distance by preventing
vehicle wheels from locked during hard braking.

So the effect of ABS in real traffic depends on how
often are vehicles involved in such situation where
hard braking is required.

Male driver The number of accident and the
relative accident rates by collision type, with/without
ABS and with/without a passenger for male drivers
are shown in Table 3.  Odds-ratios are also
presented in Table 3 to discuss the effect of ABS and
passenger.

Due to the data size, there are only a few cases that
show a significant effect;

Day, rear-end/1P, without a passenger (21%

reduction)

Night, rear-end/1P, without a passenger (38%)

Night, single-veh/1P, without a passenger (33%)

Night, rear-end/1P, with a passenger (55%)

Night, all types/1P, without a passenger (24%)
There are more cases at night than in daytime. The
reason might be that more hard braking are required
at night because of poor visual environment.

The effect of passenger is greater than that of ABS.
Because most of human accident causes are thought
to be visual cognition errors.

A passenger may assist a driver mostly in collecting
On the other hand, ABS
reducing a stopping distance may help a driver

visual information.
mostly in operating a vehicle. Therefore it is
reasonable that the effect of passenger is greater than
that of ABS.

The effect of passenger was discussed later.

Female driver Table 4 shows the result of
female driver similar way to Table 3.
There are some groups that show a significant effect
statistically, but the data size was small.
ABS was developed to reduce a stopping distance by
preventing the lockup of vehicle wheels during hard
braking, and the effect of ABS is thought to be higher
on wet road surface where wheels may be locked
easily. The results shown in Table 3 and 4 were

consistent with this assumption.
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Table 3.

Relative accident rates by collision type,
with/without ABS and with/without a passenger
(all age, male drivers and wet* road surface)

~ Day ~
without a passenger . with a passenger
collision type | with ABS |without ABS | with ABS [without ABS
Number of accidents
Rear-end/1P 2914 241 386 28
Angle/1P 2418 178 439 26
Case: Single-veh/1P 271 20 130 4
Pedestrian 592 35 77 7
All types/1P 9019 693 1546 91
Control: Rear-end/2P 2151 140 1159 59
Relative accident rates Raz Rnz Rap Rnp
Rear-end/1P 1.35 1.72 0.33 0.47
Angle/1P 1.12 1.27 0.38 0.44
Single-vel/1P| 0.13 0.14 0.11 0.07
Pedestrian 0.28 0.25 0.07 0.12
All types/1P 4.19 4.95 1.33 1.54
Odds-ratio effect of ABS
without a passenger with passenger
Raz/Rnz |(95% C.1.) | Rap/Rnp | (95% C.I)
Rear-end/1P 0.79 10.62-0.96 0.70 0.38-1.03
Angle/1P 0.88 10.68 - 1.09 0.86 0.45-1.27
Single-vel/1P| 0.90 0.46-1.34 1.65 0.00 - 3.36
Pedestrian 1.10 ]0.68-1.52 0.56 0.10-1.02
All types/1P. 0.85  10.69 -1.01 0.86 0.57-1.16
effect of a passenger
with ABS without ABS
Rap/Raz |(95% C.1.) | Rnp/Rnz | (95% C.1.)
Rear-end/1P 025 0.21-0.28 0.28 0.14-0.41
Angle/1P 0.34 0.30-0.38 0.35 0.17-0.52
Single-vel/1P| 0.87  0.68 - 1.06 0.47 0.00 - 1.00
Pedestrian 024 [0.18-0.30 047 0.06 - 0.89
All types/1P. 0.32  10.29-0.35 0.31 0.19-0.43

~ night-time ~

Tab

le 4.

Relative accident rates by collision type,
with/without ABS and with/without a passenger
(all age female drivers and wet* road surface)

without a passenger . with a passenger
collision type | with ABS |without ABS | with ABS |without ABS
Number of accidents
Rear-end/1P 1821 164 198 20
Angle/1P 1226 66 230 11
Case: Single-vel/1P 292 24 105 4
Pedestrian 765 48 100 2
All types/1P 6110 448 1019 63
Control: Rear-end/2P 1389 77 679 31
Relative accident rates Raz Rnz Rap Rnp
Rear-end/1P 1.31 2.13 0.29 0.65
Angle/1P 0.88 0.86 0.34 0.35
Single-veh/1P|  0.21 0.31 0.15 0.13
Pedestrian 0.55 0.62 0.15 0.06
All types/1P 4.40 5.82 1.50 2.03
Odds-ratio effect of ABS
without a passenger with passenger
Raz/Rnz |(95% C.1.) | Rap/Rnp | (95% C.1)
Rear-end/1P 0.62 10.44-0.79 0.45 0.19-0.72
Angle/1P 1.03  ]0.68-1.38 0.95 0.28-1.63
Single-vel/1P| 0.67 ]0.35-0.99 1.20 0.00 - 2.47
Pedestrian 0.88 0.56 - 1.21 2.28 0.00-5.58
All types/1P 0.76 _ 10.57 -0.94 0.74 0.41 - 1.06
effect of a passenger
with ABS without ABS
Rap/Raz |(95% C.1.) | Rnp/Rnz | (95% C.1.)
Rear-end/1P 0.22 ]0.18-0.26 0.30 0.11-0.49
Angle/1P 038 [0.32-045 0.41 0.10-0.73
Single-vel/1P| 0.74  ]0.56 - 0.91 0.41 0.00 - 0.88
Pedestrian 0.27 ]0.21-0.33 0.10 0.00 - 0.26
All types/1P. 0.34 10.30-0.38 0.35 0.18-0.52

wet* : not dry (wet, icy, snowy etc.), 95% C.L.: 95% confidence limits
Number in bold : significantly effective

~ Day ~
without a passenger with a passenger
collision type | with ABS |without ABS | with ABS [without ABS
Number of accidents
Rear-end/1P 1315 86 185 10
Angle/1P 1520 75 263 16
Case: Single-veh/1P 119 1 37 4
Pedestrian 354 13 43 0
All types/1P 4673 251 766 47
Control: Rear-end/2P 1493 75 554 23
Relative accident rates Raz Rnz Rap Rnp
Rear-end/1P 0.88 1.15 0.33 0.43
Angle/1P 1.02 1.00 0.47 0.70
Single-veh/1P|  0.08 0.01 0.07 0.17
Pedestrian 0.24 0.17 0.08 0.00
All types/1P 3.13 3.35 1.38 2.04
Odds-ratio effect of ABS
without a passenger with passenger
Raz/Rnz |(95% C.1.) | Rap/Rnp [(95% C.1.)
Rear-end/1P 0.77 10.52-1.01 0.77 0.18-1.35
Angle/1P 1.02  ]0.68 - 1.35 0.68 0.24-1.13
Single-vel/1P| 598 P.00 - 17.83 0.38 0.00 - 0.81
Pedestrian 1.37 ]0.55-2.19 - -
All types/1P 0.94 10.69 - 1.18 0.68 0.33-1.02
effect of a passenger
with ABS without ABS
Rap/Raz [(95% C.1.) | Rnp/Rnz | (95% C.1.)
Rear-end/1P 0.38 10.31-045 0.38 0.07 - 0.68
Angle/1P 047 10.39-0.54 0.70 0.20-1.19
Single-veh/1P| 0.84 ]0.51 - 1.15 13.04 10.00 - 42.27
Pedestrian 0.33 0.22-043 - -
All types/1P. 044 10.38-0.49 0.61 0.27 - 0.95
~ Night ~
without a passenger with a passenger
collision type | with ABS |without ABS | with ABS [without ABS
Number of accidents
Rear-end/1P 634 40 78 5
Angle/1P 525 25 103 6
Case: Single-veh/1P 92 16 32 1
Pedestrian 310 17 43 2
All types/1P 2253 132 404 21
Control: Rear-end/2P 627 38 301 15
Relative accident rates Raz Rnz Rap Rnp
Rear-end/1P 1.01 1.05 0.26 0.33
Angle/1P 0.84 0.66 0.34 0.40
Single-veh/1P|  0.15 0.42 0.11 0.07
Pedestrian 0.49 0.45 0.14 0.13
All types/1P 3.59 347 1.34 1.40
Odds-ratio effect of ABS
without a passenger with passenger
Raz/Rnz |(95% C.1.) | Rap/Rnp | (95% C.1.)
Rear-end/1P 0.96 10.52-1.40 0.78 0.00 - 1.59
Angle/1P 1.27 10.61 -1.93 0.86 0.02 - 1.69
Single-veh/1P| 0.35 ]0.13-0.57 1.59 0.00 - 4.87
Pedestrian 1.11 0.46 - 1.75 1.07 0.00 - 2.69
All types/1P 1.03 _ 10.65 - 1.42 0.96 0.31-1.61
effect of a passenger
with ABS without ABS
Rap/Raz |(95% C.1.) | Rnp/Rnz | (95% C.1.)
Rear-end/1P 0.26 ]0.19-0.33 0.32 0.00 - 0.67
Angle/1P 041 ]0.31-0.51 0.61 0.00 - 1.26
Single-veh/1P| 0.72  ]0.42-1.03 0.16 0.00 - 0.49
Pedestrian 0.29 ]0.19-0.39 0.30 0.00 - 0.77
All types/1P 0.37 _10.31-044 0.40 0.10-0.71

wet* : not dry (wet, icy, snowy etc.), 95% C.L.: 95% confidence limits
Number in bold : significantly effective

Nishida 4



Table 5.

Relative accident rates by collision type,
with/without ABS and with/without a passenger
(all age male drivers and all road surfaces)

Table 6.

Relative accident rates by collision type,
with/without ABS and with/without a passenger
(all age female drivers and all road surfaces)

~ Day ~ ~ Day ~
without a passenger . with a passenger without a passenger with a passenger
collision type | with ABS |without ABS | with ABS [without ABS collision type | with ABS |without ABS | with ABS [without ABS
Number of accidents Number of accidents
Rear-end/1P 22308 1509 2506 163 Rear-end/1P 9710 464 1329 56
Angle/1P 19083 1146 2966 171 Angle/1P 11531 499 1833 80
Case: Single-veh/1P 975 81 465 28 Case: Single-veh/1P 521 25 174 16
Pedestrian 4784 257 597 29 Pedestrian 2975 108 390 11
All types/1P 70195 4424 10325 596 All types/1P 35486 1564 5550 238
Control: Rear-end/2P 14823 879 7599 373 Control: Rear-end/2P 9599 378 3723 146
Relative accident rates Raz Rnz Rap Rnp Relative accident rates Raz Rnz Rap Rnp
Rear-end/1P 1.50 1.72 0.33 0.44 Rear-end/1P 1.01 1.23 0.36 0.38
Angle/1P 1.29 1.30 0.39 0.46 Angle/1P 1.20 1.32 0.49 0.55
Single-veh/1P|  0.07 0.09 0.06 0.08 Single-veh/1P|  0.05 0.07 0.05 0.11
Pedestrian 0.32 0.29 0.08 0.08 Pedestrian 0.31 0.29 0.10 0.08
All types/1P 4.74 5.03 1.36 1.60 All types/1P 3.70 4.14 1.49 1.63
Odds-ratio effect of ABS Odds-ratio effect of ABS
without a passenger with passenger without a passenger with passenger
Raz/Rnz |(95% C.1.) | Rap/Rnp [ (95% C.1.) Raz/Rnz |(95% C.1.) | Rap/Rnp [(95% C.1.)
Rear-end/1P 0.88 0.80-0.95 0.75 0.61-0.90 Rear-end/1P 0.82 ]0.71-0.94 0.93 0.64-1.22
Angle/1P 0.99 10.90 - 1.08 0.85 0.69 - 1.01 Angle/1P 091 10.79 - 1.03 0.90 0.65 - 1.15
Single-vel/1P| 0.71  ]0.54 - 0.88 0.82 049-1.14 Single-vel/1P| 0.82 ]0.48-1.16 0.43 0.20 - 0.66
Pedestrian 1.10 ]0.95-1.26 1.01 0.62 - 1.40 Pedestrian 1.08 ]0.85-1.32 1.39 0.53-2.25
All types/1P 0.94 10.87 -1.01 0.85 0.74 - 0.96 All types/1P 0.89  10.79 - 1.00 091 0.72-1.11
effect of a passenger effect of a passenger
with ABS without ABS with ABS without ABS
Rap/Raz [(95% C.1.) | Rnp/Rnz | (95% C.1.) Rap/Raz [(95% C.1.) | Rnp/Rnz | (95% C.1.)
Rear-end/1P 0.22 0.21-0.23 0.25 0.20-0.31 Rear-end/1P 0.35 ]0.33-0.38 0.31 0.21-0.42
Angle/1P 0.30 [0.29-0.32 0.35 0.28-0.42 Angle/1P 041 ]0.38-0.44 0.42 0.29 - 0.54
Single-veh/1P| 0.93 0.82 - 1.04 0.81 0.45-1.18 Single-veh/1P| 0.86 ]0.71 - 1.01 1.66 0.57-2.74
Pedestrian 0.24 |0.22-0.27 0.27 0.16 - 0.37 Pedestrian 0.34 ]0.30-0.38 0.26 0.09 - 0.43
All types/1P. 0.29 10.28 - 0.30 0.32 0.27 - 0.36 All types/1P. 040 10.38-0.42 0.39 0.30-0.49
~ Night ~ ~ Night ~
without a passenger . with a passenger without a passenger with a passenger
collision type | with ABS |without ABS | with ABS [without ABS collision type | with ABS |without ABS | with ABS [without ABS
Number of accidents Number of accidents
Rear-end/1P 10188 700 1061 75 Rear-end/1P 2914 241 386 28
Angle/1P 6438 379 1105 73 Angle/1P 2418 178 439 26
Case: Single-veh/1P 975 80 346 29 Case: Single-veh/1P 271 20 130 4
Pedestrian 3144 176 390 22 Pedestrian 592 35 77 7
All types/1P 31851 2049 4823 314 All types/1P 9019 693 1546 91
Control: Rear-end/2P 6884 424 3350 191 Control: Rear-end/2P 2151 140 1159 59
Relative accident rates Raz Rnz Rap Rnp Relative accident rates Raz Rnz Rap Rnp
Rear-end/1P 1.48 1.65 0.32 0.39 Rear-end/1P 1.35 1.72 0.33 0.47
Angle/1P 0.94 0.89 0.33 0.38 Angle/1P 1.12 1.27 0.38 0.44
Single-veh/1P| 0.14 0.19 0.10 0.15 Single-veh/1P|  0.13 0.14 0.11 0.07
Pedestrian 0.46 0.42 0.12 0.12 Pedestrian 0.28 0.25 0.07 0.12
All types/1P 4.63 4.83 1.44 1.64 All types/1P 4.19 4.95 1.33 1.54
Odds-ratio effect of ABS Odds-ratio effect of ABS
without a passenger with passenger without a passenger with passenger
Raz/Rnz |(95% C.1) | Rap/Rnp | (95% C.I) Raz/Rnz |(95% C.1.) | Rap/Rnp | (95% C.1.)
Rear-end/1P 0.90 ]0.78 - 1.01 0.81 0.58 - 1.03 Rear-end/1P 0.79 10.62 -0.96 0.70 0.38 - 1.03
Angle/1P 1.05 10.90-1.20 0.86 0.62-1.10 Angle/1P 0.88  10.68 - 1.09 0.86 0.45-1.27
Single-veh/1P| 0.75 ]0.56 - 0.94 0.68 0.40 - 0.96 Single-veh/1P| 0.90 ]0.46 - 1.34 1.65 0.00 - 3.36
Pedestrian 1.10 ]0.90 - 1.30 1.01 0.55-1.47 Pedestrian 1.10 ]0.68 - 1.52 0.56 0.10- 1.02
All types/1P 0.96__ 10.85 - 1.06 0.88 0.71 - 1.04 All types/1P 0.85 10.69 - 1.01 0.86 0.57-1.16
effect of a passenger effect of a passenger
with ABS without ABS with ABS without ABS
Rap/Raz |(95% C.1.) | Rnp/Rnz | (95% C.1.) Rap/Raz |(95% C.1.) | Rnp/Rnz | (95% C.1.)
Rear-end/1P 0.21 ]0.20-0.23 0.24 0.17-0.31 Rear-end/1P 0.25 ]0.21-0.28 0.28 0.14-041
Angle/1P 0.35 ]0.33-0.38 0.43 0.30-0.56 Angle/1P 0.34 ]0.30-0.38 0.35 0.17-0.52
Single-veh/1P|  0.73  10.63 - 0.82 0.80 0.44-1.17 Single-veh/1P| 0.87 ]0.68 - 1.06 0.47 0.00 - 1.00
Pedestrian 0.25 ]0.23-0.28 0.28 0.15-0.41 Pedestrian 0.24 ]0.18-0.30 0.47 0.06 - 0.89
All types/1P 0.31 _10.30-0.33 0.34 0.27-041 All types/1P 0.32  10.29 - 0.35 0.31 0.19-043

wet* : not dry (wet, icy, snowy etc.), 95% C.I.: 95% confidence limits
Number in bold : significantly effective

wet* : not dry (wet, icy, snowy etc.), 95% C.L.: 95% confidence limits
Number in bold : significantly effective
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Table 7.

Relative accident rate by age group, with/without
ABS and road surface condition

(Rear-end/1P, male, without a passenger)

Table 8.

Relative accident rate by age group, with/without
ABS and road surface condition

(Rear-end/1P, female, without a passenger)

~ Day ~ ~ Day ~
wet* road surface dry road surface wet* road surface dry road surface
age | with ABS|without ABS | with ABS |without ABS age | with ABS |without ABS | with ABS |without ABS
Number of accidents Number of accidents
18-24yrs| 586 61 3231 298 18-24yrs| 183 15 990 77
25-44yrs| 1129 80 7323 401 25-44yrs| 637 35 3980 135
Case 45-64yrs| 824 66 5957 365 Case 45-64yrs| 447 32 3015 140
65yrs- 375 34 2883 203 65yrs- 48 4 410 26
All age | 2914 241 19394 1268 All age 1315 86 8395 378
18-24yrs| 215 21 1027 72 18-24yrs| 93 7 486 37
Control ~ 25-44yrs| 895 46 5242 272 Control ~ 25-44yrs| 735 35 4038 109
(Rear-  45-64yrs| 807 55 4916 284 (Rear-  45-64yrs| 612 32 3252 144
end/2P) 65yrs- 234 18 1485 111 end/2P) 65yrs- 53 1 330 13
All age [ 2151 140 12672 739 All age 1493 75 8106 303
Relative accident rates Relative accident rates|
Raw Rnw Rad Rnd Raw Rnw Rad Rnd
18-24yrs| 2.73 2.90 3.15 4.14 18-24yrs| 1.97 2.14 2.04 2.08
25-44yrs|  1.26 1.74 1.40 1.47 25-44yrs|  0.87 1.00 0.99 1.24
45-64yrs|  1.02 1.20 1.21 1.29 45-64yrs|  0.73 1.00 0.93 0.97
65yrs- 1.60 1.89 1.94 1.83 65yrs- 0.91 4.00 1.24 2.00
All age 1.35 1.72 1.53 1.72 All age [ 0.88 1.15 1.04 1.25
<Odds-ratio> effect of ABS <Odds-ratio> effect of ABS
wet* road surface dry road surface wet* road surface dry road surface
Raw/Rnw|(95% C.I.) | Rad/Rnd |(95% C.I.) Raw/Rnw|(95% C.I.) | Rad/Rnd |(95% C.I.)
18-24yrs| 0.94 10.45-1.43 0.76 10.56 - 0.96 18-24yrs| 0.92 ]0.06 - 1.77 098 0.58-1.38
25-44yrs| 0.73  10.45-1.00 095 10.80-1.10 25-44yrs|] 0.87 10.45-1.28 0.80 ]0.59-1.00
45-64yrs|  0.85 (0.54-1.17 094 10.79 - 1.09 45-64yrs|]  0.73  10.36-1.10 095 0.73-1.18
65yrs- 0.85 10.34-1.35 1.06 10.81-1.32 65yrs- 0.23 [0.28-0.73 0.62 0.20-1.04
Allage| 0.79 [0.62-0.96 0.89 ]0.81-0.98 Allage| 0.77 {0.52-1.01 0.83 _ 10.70 - 0.96
~ Night ~ ~ Night ~
wet* road surface dry road surface wet* road surface dry road surface
age | with ABS [without ABS ] with ABS |without ABS age | with ABS |without ABS | with ABS |without ABS
Number of accidents Number of accidents
18-24yrs] 500 50 2171 159 18-24yrs| 150 14 579 52
25-44yrs| 805 62 3754 217 25-44yrs| 309 10 1289 51
Case 45-64yrs| 415 39 1923 121 Case 45-64yrs| 159 15 892 36
65yrs- 100 13 518 38 65yrs- 16 1 83 2
All age 1821 164 8367 536 All age 634 40 2843 141
18-24yrs|] 215 13 827 62 18-24yrs| 71 6 259 22
Control ~ 25-44yrs| 726 33 2834 167 Control ~ 25-44yrs| 328 18 1286 61
(Rear-  45-64yrs| 395 28 1595 99 (Rear-  45-64yrs| 214 14 832 41
e“d/zp) 65yrs— 53 3 239 19 end/2p) 65)’1‘8— 14 0 56 1
All age 1389 77 5495 347 All age 627 38 2433 125
Relative accident rates| Relative accident rates|
Raw Rnw Rad Rnd Raw Rnw Rad Rnd
18-24yrs| 2.33 3.85 2.63 2.56 18-24yrs| 2.11 2.33 2.24 2.36
25-44yrs|  1.11 1.88 1.32 1.30 25-44yrs|  0.94 0.56 1.00 0.84
45-64yrs| 1.05 1.39 1.21 1.22 45-64yrs|  0.74 1.07 1.07 0.88
65yrs- 1.89 4.33 2.17 2.00 65yrs- 1.14 #DIV/0! 1.48 2.00
All age 1.31 2.13 1.52 1.54 All age 1.01 1.05 1.17 1.13
<Odds-ratio> effect of ABS <Odds-ratio> effect of ABS
wet* road surface dry road surface wet* road surface dry road surface
Raw/Rnw|(95% C.I.) | Rad/Rnd |(95% C.1.) Raw/Rnw|[(95% C.1.) | Rad/Rnd |(95% C.1.)
18-24yrs]  0.60 [0.22-0.99 1.02 0.71-1.34 18-24yrs| 0.91 0.00 - 1.81 095 0.45-1.44
25-44yrs]  0.59 [0.33-0.85 1.02 0.81-1.23 25-44yrs|f 170 [0.36-3.03 1.20 0.74 - 1.65
45-64yrs] 0.75 10.37-1.13 099 [0.72-1.26 45-64yrs| 0.69 ]0.17-1.22 122 0.66-1.78
65yrs- 044 }0.13 - 1.00 1.08 10.46-1.70 65yrs- - - 0.74  }1.06-2.54
Allage| 0.62 ]0.44-0.79 099 10.85-1.12 Allage| 096 10.52-1.40 1.04 10.78 -1.29

95% C.1. : 95% confidence limits

Numbers in bold : sig

nificantly effective

95% C.1. : 95% confidence limits
Numbers in bold : significantly effective
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Table 9.

Relative accident rate by age group, with/without
ABS and road surface condition
(Single-vehicle/1P, male, without a passenger)

Table 10.
Relative accident rate by age group, with/without
ABS and road surface condition

(Angle/1P, male, without a passenger)

wet* road surface dry road surface wet* road surface dry road surface
age | with ABS |without ABS | with ABS |without ABS age | with ABS |without ABS | with ABS |without ABS
Number of accidents Number of accidents
18-24yrs| 59 6 124 17 18-24yrs| 273 31 1663 154
25-44yrs| 112 4 180 14 25-44yrs| 776 50 5044 240
Case 45-64yrs| 69 6 187 19 Case 45-64yrs| 841 58 6198 342
65yrs- 37 4 207 11 65yrs- 528 39 3760 231
All age 277 20 698 61 All age 2418 178 16665 968
18-24yrs| 215 21 1027 72 18-24yrs| 215 21 1027 72
Control ~ 25-44yrs| 895 46 5242 272 Control ~ 25-44yrs| 895 46 5242 272
(Rear-  45-64yrs| 807 55 4916 284 (Rear-  45-64yrs| 807 55 4916 284
end/2P) 65yrs- 234 18 1485 111 end/2P) 65yrs- 234 18 1485 111
All age 2151 140 12672 739 All age 2151 140 12672 739
Relative accident rates Relative accident rates|
Raw Rnw Rad Rnd Raw Rnw Rad Rnd
18-24yrs| 0.27 0.29 0.12 0.24 18-24yrs| 1.27 1.48 1.62 2.14
25-44yrs|  0.13 0.09 0.03 0.05 25-44yrs|  0.87 1.09 0.96 0.88
45-64yrs|  0.09 0.11 0.04 0.07 45-64yrs|  1.04 1.05 1.26 1.20
65yrs- 0.16 0.22 0.14 0.10 65yrs- 2.26 2.17 2.53 2.08
All age 0.13 0.14 0.06 0.08 All age 1.12 1.27 1.32 1.31
<Odds-ratio> effect of ABS <Odds-ratio> effect of ABS
wet* road surface dry road surface wet* road surface dry road surface
Raw/Rnw |(95% C.1.) | Rad/Rnd |(95% C.1.) Raw/Rnw |(95% C.1.) | Rad/Rnd |(95% C.1.)
18-24yrs| 0.96 [0.05-1.87 0.51 ]0.22-0.80 18-24yrsy 0.86 [0.36-1.36 0.76 |0.54-0.98
25-44yrs| 1.44  }0.06 - 2.94 0.67 10.30 - 1.04 25-44yrsf 0.80 [0.47-1.13 1.09 10.90-1.28
45-64yrs| 0.78 10.10-1.47 0.57 10.29-0.85 45-64yrs] 099 ]0.61-1.37 1.05 10.88-1.22
65yrs- 0.71  }0.10 - 1.52 141 0.51-2.30 65yrs- 1.04 10.44-1.64 122 10.93-1.50
All age 090 10.46-1.34 0.67 10.49 - 0.85 Allage| 0.88 10.68 - 1.09 1.00_ 10.91-1.10
~ Night ~ ~ Night ~
wet* road surface dry road surface wet* road surface dry road surface
age | with ABS [without ABS ] with ABS |without ABS age | with ABS |without ABS | with ABS |without ABS
Number of accidents Number of accidents
18-24yrs| 73 5 219 18 18-24yrs| 250 21 1070 89
25-44yrs| 143 11 306 22 25-44yrs| 483 24 2135 115
Case 45-64yrs| 54 7 127 15 Case 45-64yrs| 391 18 1510 81
65yrs- 22 1 31 1 65yrs- 102 3 497 28
All age 292 24 683 56 All age 1226 66 5212 313
18-24yrs|] 215 13 827 62 18-24yrs| 215 13 827 62
Control ~ 25-44yrs| 726 33 2834 167 Control ~ 25-44yrs| 726 33 2834 167
(Rear-  45-64yrs| 395 28 1595 99 (Rear-  45-64yrs| 395 28 1595 99
end/zp) 65yrs— 53 3 239 19 end/2p) 65yl‘S— 53 3 239 19
All age 1389 77 5495 347 All age 1389 77 5495 347
Relative accident rates| Relative accident rates|
Raw Rnw Rad Rnd Raw Rnw Rad Rnd
18-24yrs| 0.34 0.38 0.26 0.29 18-24yrs| 1.16 1.62 1.29 1.44
25-44yrs|  0.20 0.33 0.11 0.13 25-44yrs|  0.67 0.73 0.75 0.69
45-64yrs] 0.14 0.25 0.08 0.15 45-64yrs|  0.99 0.64 0.95 0.82
65yrs- 042 0.33 0.13 0.05 65yrs- 1.92 1.00 2.08 1.47
All age 0.21 0.31 0.12 0.16 All age 0.88 0.86 0.95 0.90
<Odds-ratio> effect of ABS <Odds-ratio> effect of ABS
wet* road surface dry road surface wet* road surface dry road surface
Raw/Rnw|(95% C.1.) | Rad/Rnd |(95% C.1.) Raw/Rnw |(95% C.I.) | Rad/Rnd |(95% C.1.)
18-24yrs] 0.88  }0.06 - 1.82 091 041 -1.41 18-24yrsy 0.72 [0.20-1.23 0.90 0.60 - 1.20
25-44yrsy 059 [0.17-1.01 0.82 0.44-1.20 25-44yrs| 091 0.42-1.41 1.09 10.83-1.36
45-64yrs]  0.55 10.07-1.03 0.53 10.22-0.83 45-64yrs| 1.54  ]0.60 - 2.48 1.16 ]0.81-1.51
65yrs- 125 }[1.64-4.13 246 }2.58-7.51 65yrs- 1.92  }1.22-5.07 1.41 0.56 - 2.26
All age 0.67__10.35-1.00 0.77__10.54 - 1.00 All age 1.03 _ 10.68 - 1.38 1.05_10.89-1.22

95% C.1. : 95% confidence limits
Numbers in bold : significantly effective

95% C.1. : 95% confidence limits
Numbers in bold : significantly effective
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Table 11.
Relative accident rates by age group, with/without
ABS and with/without a passenger
(Rear-end/1P, male, wet* road surface)

Table 12.
Relative accident rates by age group, with/without
ABS and with/without a passenger
(Rear-end/1P, male, dry road surface)

~ Day ~ ~ Day ~
with out passenger with a passenger with out passenger with a passenger
age | with ABS|without ABS | with ABS |without ABS age | with ABS |without ABS | with ABS |without ABS
Number of accidents Number of accidents
18-24yrs| 586 61 92 14 18-24yrs| 3231 298 497 36
25-44yrs| 1129 80 122 3 25-44yrs| 7323 401 623 36
Case 45-64yrs| 824 66 102 9 Case 45-64yrs| 5957 365 563 32
65yrs- 375 34 70 2 65yrs- 2883 203 437 31
All age | 2914 241 386 28 All age | 19394 1268 2120 135
18-24yrs| 215 21 123 12 18-24yrs| 1027 72 663 50
Control ~ 25-44yrs| 895 46 416 19 Control ~ 25-44yrs| 5242 272 2294 98
(Rear-  45-64yrs| 807 55 443 23 (Rear-  45-64yrs| 4916 284 2430 108
end/2P) 65yrs- 234 18 177 5 end/2P) 65yrs- 1485 111 1053 58
All age [ 2151 140 1159 59 All age | 12672 739 6440 314
Relative accident rates Relative accident rates|
Ran Rnn Rap Rnp Raw Rnw Rad Rnd
18-24yrs| 2.73 2.90 0.75 1.17 18-24yrs|  3.15 4.14 0.75 0.72
25-44yrs|  1.26 1.74 0.29 0.16 25-44yrs|  1.40 1.47 0.27 0.37
45-64yrs| 1.02 1.20 0.23 0.39 45-64yrs| 1.21 1.29 0.23 0.30
65yrs- 1.60 1.89 0.40 0.40 65yrs- 1.94 1.83 042 0.53
All age 1.35 1.72 0.33 0.47 All age 1.53 1.72 0.33 0.43
<Odds-ratio> effect of ABS <Odds-ratio> effect of ABS
with out passenger with a passenger with out passenger with a passenger
Ran/Rnn | (95% C.1.) | Rap/Rnp |(95% C.1) Ran/Rnn |(95% C.I.) | Rap/Rnp |(95% C.I.)
18-24yrs| 094 [0.45-1.43 0.64 ]0.12-1.16 18-24yrs| 0.76  10.56 - 0.96 1.04 10.58 - 1.50
25-44yrs|  0.73 10.45-1.00 1.86  }0.44 -4.15 25-44yrs] 095 ]0.80-1.10 0.74 10.45-1.03
45-64yrs|  0.85 0.54-1.17 0.59 10.12-1.06 45-64yrs| 094 10.79-1.09 0.78 10.47-1.10
65yrs- 0.85 ]0.34-1.35 099 }0.66 - 2.63 65yrs- 1.06 10.81-1.32 0.78 10.43-1.13
Allage| 0.79 [0.62-0.96 0.70 ]0.38 -1.03 Allage| 0.89 [0.81-0.98 0.77 _10.61-0.92
~ Night ~ ~ Night ~
with out passenger with a passenger with out passenger with a passenger
age | with ABS [without ABS ] with ABS |without ABS age | with ABS |without ABS | with ABS |without ABS
Number of accidents Number of accidents
18-24yrs] 500 50 89 11 18-24yrs| 2171 159 376 22
25-44yrs|] 805 62 66 1 25-44yrs| 3754 217 299 19
Case 45-64yrs| 415 39 28 5 Case 45-64yrs| 1923 121 130 3
65yrs- 100 13 15 3 65yrs- 518 38 58 11
All age 1821 164 198 20 All age 8367 536 863 55
18-24yrs|] 215 13 173 9 18-24yrs| 827 62 654 54
Control ~ 25-44yrs| 726 33 313 9 Control ~ 25-44yrs| 2834 167 1246 57
(Rear-  45-64yrs| 395 28 162 10 (Rear-  45-64yrs| 1595 99 606 41
e“d/zp) 65yrs— 53 3 31 3 end/2p) 65)’1‘8— 239 19 165 8
All age 1389 77 679 31 All age | 5495 347 2671 160
Relative accident rates| Relative accident rates|
Raw Rnw Rad Rnd Raw Rnw Rad Rnd
18-24yrs| 2.33 3.85 0.51 1.22 18-24yrs| 2.63 2.56 0.57 0.41
25-44yrs|  1.11 1.88 0.21 0.11 25-44yrs| 1.32 1.30 0.24 0.33
45-64yrs| 1.05 1.39 0.17 0.50 45-64yrs| 1.21 1.22 0.21 0.07
65yrs- 1.89 4.33 0.48 1.00 65yrs- 2.17 2.00 0.35 1.38
All age 1.31 2.13 0.29 0.65 All age 1.52 1.54 0.32 0.34
<Odds-ratio> effect of ABS <Odds-ratio> effect of ABS
with out passenger with a passenger with out passenger with a passenger
Ran/Rnn |(95% C.1.) | Rap/Rnp |(95% C.1.) Ran/Rnn |(95% C.1.) | Rap/Rnp |(95% C.1.)
18-24yrs]  0.60 [0.22-0.99 042 ]0.03-0.81 18-24yrs| 1.02 [0.71-1.34 141 10.69-2.13
25-44yrs]  0.59 [0.33-0.85 1.90 }2.06-5.85 25-44yrs|] 1.02 [0.81-1.23 0.72 (0.34-1.10
45-64yrs]  0.75 [0.37-1.13 035 }0.05-0.74 45-64yrs| 099 ]0.72-1.26 293 }0.55-6.41
65yrs- 044 }0.13 - 1.00 048 }10.35-1.31 65yrs- 1.08 10.46-1.70 0.26 |0.01-0.50
Allage| 0.62 10.44-0.79 045 10.19-0.72 Allage| 099 10.85-1.12 094 10.64-1.24

95% C.1. : 95% confidence limits
Numbers in bold : significantly effective

95% C.1. : 95% confidence limits
Numbers in bold : significantly effective
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Relative Accident Rates of All Road Surface

The effect of ABS on wet* surface was confirmed.
But wheels might be locked on not only wet surface
but also dry surface, because a driver may make a
hard braking on dry surface.
Table 5 and 6 show the results of all road surface
condition similar way to Table 3 and 4. The groups
that show significant effects are as follows;
Male
Day, rear-end/1P, with|without a passenger (12%,
25% reduction)
Day, single-vehicle/1P, without a passenger (29%)
Day, all types of collision, with a passenger (15%)
Night, single-vehicle, with|without a passenger
(25%, 32%)
Female
Day, rear-end/1P, without a passenger (18%)
Day, single-vehicle, with a passenger (57%)
Night, rear-end/1P, without a passenger (21%)
Due to the small data size, the effect of ABS was not
But ABS may
reduce the risk of rear-end/1P and single-vehicle/1P

shown for some potential groups.

on all surface conditions even if there are differences
between reduction levels.

The differences between the reduction levels might
be explained with the road use and driving
characteristics.

Relative Accident Rates by Road Surface
Condition and Driver Age

The road use and driving characteristics are related to
sex and age of driver.
Table 7 and 8 show the numbers of accidents and the
relative accident rates by age group, road surface
condition and with/without ABS. Odds-ratios are
also presented in these tables to discuss the effect of
ABS by road surface condition.
The data size of female drivers on wet* surface is so
small that female drivers on wet* were not discussed
even if there is a significant effect statistically.
The significant effects are shown in following
groups;
Day,

Male, 18-24yrs, dry (24% reduction)

Male, all age, dry|wet* (21%, 11%)

Female, all age. dry (17%)

Night
Male, 18-24yrs|25-44yrs, wet* (40%, 41%)

These results of younger drivers are consistent with

an assumption that the effect of ABS is great for

drivers those who might make a hard braking

frequently.

Relative Accident Rates by collision type and
driver age

The effect of ABS was confirmed for rear-end/1P and
single-vehicle/1P for all age group. For further
discussion about type of collision, the number of
accidents and the relative accident rates by age group,
road surface condition and with/without ABS for
single-vehicle and angle collision were calculated.
Female drivers were not analyzed because of small
data size. Odds-ratios are also calculated.
Single-vehicle Table 9 shows the result of

single-vehicle collision. The significant effects are
shown in following groups;

Day, 18-24yrs|44-64yrs, dry (49%, 43% reduction)

Night, 45-64yrs, dry (47%)
The difference between the effects of ABS is thought
to reflect the road use and driving characteristics for

each age group.

Angle collision Table 10 shows the result of
angle collision. There is a significant effect for one
group. However it is better to conclude that there is
no effect of ABS for angle-collision as shown in

Table 3, 4, 5 and 6 considering odds-ratios of others.

Relative Accident Rates by With/without a
Passenger and driver age

The significant effects of passenger were shown in
Table 3, 4, 5 and 6. And Table 11 and 12 were
shown for further discussion about the effect of ABS
considering the existence of a passenger.
The significant effects of ABS were shown in
following groups;
Wet*
Day, 18-24[25-44|45-64|65yrs- , without a passenger
(6%, 27%, 15%, 15% and 21% reduction)
Night, 18-24|25-44yrs, without a passenger (40%,
41%)
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Dry
Day, 18-24yrs, without a passenger (24%)
Day, all age, with|without a passenger (11%, 23%)

Table 13.
The effect of ABS by road surface condition, sex
of driver and day/night
(Rear-end/1P, all age, without a passenger)

wet* road surface dry road surface
Raw/Rnw|(95% C.I.) | Rad/Rnd|(95% C.I.)

Male day 0.79 0.62-096 [ 0.89 [0.81-0.98
night | 0.62 [044-079 | 0.99 [0.85-1.12
Female |92Y 0.77 los2-101 | 0.83 [0.70-0.96
night | 096 los2-140 | 1.04 [0.78-1.29

Table 14.
The effect of ABS by road surface condition,
collision type and day/night
(All age, male, without a passenger)

wet* road surface dry road surface
Raw/Rnw|(95% C.1) | Rad/Rnd|(95% C.1.)
Rear- day 0.79 ]0.62-096 | 0.89 ]0.81-0.98
end/1P  |night 0.62 ]0.44-0.79 0.99 ]0.85-1.12
Single-  |day 0.90 [0.46-1.34 | 0.67 ]0.49-0.85
veh/IP  [night | 0.67 [0.35-1.00] 0.77 [0.54-1.00
da 0.88 0.68 - 1.09 1.00 ]091-1.10
Angle/1P nigyht 103 foes-138| 1.05 |089-122

Table 15.
The effect of ABS by with/without a passenger,
road surface condition, and day/night
(Rear-end/1P, all age, male)

with out passenger | with a passenger
Raz/Rnz|(95% C.I) | Rap/Rnp|(95% C.1.)
Wet * day 0.79 ]0.62-0.96 0.70 ]0.38-1.03
night 0.62 ]0.44-0.79 0.45 ]0.19-0.72
Dr day 0.89 ]0.81-0.98 0.77 ]0.61-0.92
Y night [ 099 [085-1.12 | 0.94 |0.64-1.24
DISCUSSION
Age and sex

There are several ideas about the relation between the
effect of ABS, age and frequency of hard braking.

A young driver may make a reckless driving easily so
that he may experience much hard braking.

An old driver might reduce his cognition ability
especially visual, so he may make much cognition
errors and hard braking.

But there is no remarkable relation between the effect
of ABS and age (See Table 7 and 8).

It is necessary to study about road use and driving
characteristics of younger and older drivers for
further discussion.

Sex, day/night and road surface condition

The data of odds-ratios for all age of Table 7 and 8
are arranged (See Table 13). There are some groups
without significant effects. However it is clear that
the effect of ABS is greater on wet* surface than dry
surface without regard to sex and day/night.

For male drivers, the effect of ABS is the greatest on
wet* surface at night. But for female drivers, there
is not such a tendency. A female driver may change
her driving behavior according to road traffic

condition or may make it a rule not drive at night.
Collision type
The data of odds-ratios for all age of Table 7, 9 and

10 are arranged (See Table 14).

groups without significant effects.

There are some

At night the effect of ABS is greater on wet* surface
(33%) than dry surface (23%) for single-vehicle/1P,
but there is not a significant difference between wet*
and dry surface for angle collision/1P.

Rear-end/1P and single-vehicle/1P can be reduced by
improving braking performance but angle collision
can not be improved as much as rea-end/1P or
single-vehicle/1P.

Because the main cause of angle collision or
vehicle-pedestrian collision is cognition-error or
inadequate driving behavior and an improvement of
braking performance rarely reduce the risk of these

collisions.

Passenger

The data of odds-ratios for all age of Table 11 and 12
are arranged (See Table 15). There is an effect of
ABS without regard to existence of passenger or road
surface condition, and the reduction effect is greater
for with a passenger (wet*-day 30%, wet*-night 55%,
dry-day 23%, dry-night 6% reduction) than without a
passenger (21% ,38%, 11%, 1%).

On wet* surface the effect at night (without a
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passenger 38%, with a passenger 55%) is greater
than in daytime (21%, 30%), but on dry surface the
effect at night-time (without a passenger 1%, with a
passenger 6%) is smaller than in daytime (11%,
23%).

Control data: Quasi-induced exposure

In this study the odds-ratios of day and night, male
and female and wet* and dry were not compared
with directly. Because these factors are related to
road use and driving characteristics, which influence
the rate of accident, including rear-end collision.

The results show that there is an effect of ABS to
reduce rear-end collisions. So the number of
rear-end/2P is expected to be decreasing according to
increase of cars with ABS. Therefore conditions of
these factors were controlled to give the same
influence to each group in this study.

The author made several calculations using the
number of vehicle-pedestrian collision or angle
collision instead of rear-end/2P. But the results
were not reasonable, because the number of these
collisions does not satisfy the condition of control
data; the control data should be not influenced by
driving characteristics of concerned drivers.

Improving the effect of ABS

The effect of ABS with a passenger is greater than
that without a passenger.

This result shows the mechanism of supporting a
driver that ABS is helping a driver in operation and a
And the
effect of ABS may be improved with other safety

passenger is helping him in cognition.

device that assists a driver in cognition.

Accident experience

Accident influence
characteristics.
about the relation between the effect of ABS and
accident experience (Cummings 2007), but another
integrated database of ITARDA (Nishida 2008) may

be useful for discussion of this topic.

experience might driving

There is not useful information

CONCLUSIONS

Using the integrated database, the effect of ABS was
analyzed considering following factors; road surface
condition, sex and age of driver, collision type,
day/night and existence of passenger.

The results show;

1) ABS has a reduction effect of rear-end collision
(1-38% reduction) and single-vehicle collision
(10-33%),

2) the level of reduction differs in sex and age of
driver, day/night and road surface condition,

3) the effect of ABS with a passenger is greater
than that without a passenger,

4) the effect of ABS is not clear for some driver
groups, but this result is explained by
considering road use and driving characteristics
of these groups.

The information are useful to improve the effect of

ABS not only the viewpoint of from education but

also engineering.
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ABSTRACT

In one of the Advanced Crash Avoidance
Technology (ACAT) projects, a computational
simulation approach has been used to assess the
potential benefit of three advanced Driver
Assistance Technologies in a lane departure
scenario. The main advantage of a computational
simulation  approach to driver assistance
technologies evaluation is that a wide range of
conditions can be explored at a comparatively low
cost. Also, though multiple data sources related to
traffic safety are available, few approaches make
systematic and integrated use of them. Using them
to validate simulation components provides a way
of integrating data from various sources into a
reusable format.

When using simulation, the properties of each
simulated component need validation. The
objective of this paper is to describe data
requirements for component validation, as well as
how data which meet the requirements has been
identified and extracted. The basic approach of the
project is to look at each simulated component and
determine which of its properties influence scenario
outcome. Data sources which provide input on
those properties are identified, and data from them
is extracted and prepared for use in the simulation.
To achieve a high level of detail and accuracy for
all components, data from multiple sources are
used including crash databases, field operational
tests, testing on test-tracks and driving simulator
experiments.

The research conducted in this project shows that
sufficient data can be obtained to validate the
properties of the simulation components. There are
limitations in available data for some sources
which raises questions of representativity, but these
can in principle be overcome by extended data
collection. The research also shows that while
extensive effort may have to go into validation the
first time a simulation is developed, similar
subsequent projects will require much less

validation effort since the simulation components
can be reused.

INTRODUCTION

This paper describes part of the research performed
in one of the projects funded by NHTSA under the
Advanced Crash Avoidance Technologies (ACAT)
program [1], performed by a team of researchers
from Volvo Cars, Ford and UMTRI (referred to as
the VFU-team). The underlying purpose of the
ACAT program has been to address gaps in current
knowledge about the performance and likely
effectiveness of new and emerging active safety
technologies in reducing crash numbers.

The VFU-team has focused its work on three
advanced driver assistance technologies, developed
by Volvo Cars, which address crashes initiated
through lane departures. These crashes include road
departure crashes, head-on collisions, sideswipes,
and other crash modes. The technologies are Driver
Alert Control (DAC), Lane Departure Warning
(LDW), and Emergency Lane Assist (ELA). Driver
Alert Control is designed to estimate the
impairment level of a driver and inform the driver
of his/her impaired state, where impairment is
assessed through quality of lane keeping over time.
The driver is informed of his/her state so as to
support a decision to continue to drive. Lane
Departure Warning is aimed at warning the drivers
if they are inadvertently drifting out of their lanes.
Under such a scenario, LDW supports the driver by
generating a warning. LDW will not take any
automatic action to prevent a possible lane
departure. Responsibility for the safe operation of
the vehicle remains with the driver. Emergency
Lane Assist relies on the detection of the vehicle
position with respect to the road lane markings as
well as detection of vehicles (both oncoming and
those being overtaken) in the adjacent lanes. If a
lane drift or lane change maneuver is commenced
and this implies a risk for collision with an
oncoming or overtaking vehicle, ELA applies a

Ljung Aust 1



torque to the steering wheel in order to prevent
collision and return the vehicle to its original lane.

All of these driver assistance technologies aim at
detecting degraded driving and to provide suitable
information, warning, or intervention. Together
they form a logical chain of warnings and
interventions. DAC is expected to influence the
exposure of drivers to episodes of drowsy driving
and hence operates in the earliest phase. LDW and
ELA are relevant to the evolution of vehicle
kinematics during a conflict, and operate in the
early and late conflict stages.

<—— crash avoidable —— crash unavoidable ——»

| Non-conflict  Conflict |Imminentcrash Crash  Post-crash

{ Tt

DAC LDW ELA

Figure 1. NHTSA crash phase timing.

THE VFU-TEAM APPROACH -
COMPUTATIONAL SIMULATION

As described by NHTSA, an ACAT project should
meet two goals. The first is to develop a formalized
Safety Impact Methodology (SIM) tool to evaluate
the ability of advanced crash avoidance
technologies in full vehicle systems to solve
specific motor vehicle safety problems. The second
objective of the program is to demonstrate how the
results of objective tests can be used by the SIM to
establish the safety impact of a real driver
assistance technology.

The VFU-team has chosen to address the first goal
by developing a SIM tool which at the core uses a
detailed mechanism-based (continuous-time
simulation) approach to represent the potential
influence of driver assistance technologies. The
basic SIM procedure starts by exploring real-world
crash mechanisms using both statistical and in-
depth analysis of recorded crash events in order to
understand  contributory  factors and event
sequences, including the role of tiredness,
distraction and judgment in actual crashes
involving lane/road departure. This information is
then used to develop a comprehensive set of
Driving Scenarios (DS) which precede the crashes.
The DS are then further parameterized in all
aspects necessary to represent them in software via
a computational model. This means that all
components needed to evaluate the influence of a
driver assistance technology in the DS (vehicle,
driver, road environment and technology) are
represented through computational sub-models
interacting in a virtual environment rather than
physical objects interacting in the real world.
Following the definition and parameterization of
the full DS set, multiple cases are sampled and run
in a Monte-Carlo simulation. The computational

model time-steps from the starting point of each DS
until the DS has run for a pre-defined time interval
(for example 10 or 20 seconds).

The DS precede the crashes but they are not pre-
crash scenarios in the sense that a crash inevitably
follows from DS development. Rather, crashes may
or may not result from any given DS as it develops
over time (this applies both to real driving and
simulations). The DS are thus “coarse-grain” in the
sense that they cover a broad range of situations
which include the ones that lead to crashes but also
a number of situations where no crash occurs. In
other words, rather than looking at single case
accident reconstruction, the aim is to generate an
ensemble of crash/no-crash situations, and then
study whether the crash avoidance technology
under evaluation changes the overall proportions of
crash/non-crash outcome for this ensemble.
Running the simulation for all DS’s therefore
results in two distributions of virtual conflicts and
crashes, one with the technology and one without.
These distributions are then mapped to real-world
crash types and frequencies using some form of
crash metric, as illustrated in Figure 2:

O
o T with "> without
\ 00T N
fodiomm| J
,
D

crash metric

Figure 2. Driving Scenario resolution for Monte
Carlo simulation with and without the specific
safety technology being evaluated.

DATA REQUIREMENTS AND SOURCES IN
A COMPUTATIONAL SIMULATION
APPROACH

It can be argued that all approaches to evaluation of
a driver assistance technology have the same
representation issues which must be addressed.
Basically, the characteristics of the four
components necessary for evaluation (driver,
vehicle, technology and evaluation environment)
should be either identical or at least sufficiently
similar to their counterparts in real world crash
characteristics, otherwise evaluation results could
be called into question.

Each of the components necessary for evaluation
must be correctly represented in two aspects. One
is the structural aspect. Taking the vehicle as an
example, for the evaluation to be valid, one must
first identify the characteristics of vehicles typically
involved in the targeted crash type, and then find a
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way to represent those characteristics in the actual
evaluation. For physical measurements, this usually
means bringing vehicles with those characteristics
to the test track or out in the field. For
computational simulation, it means implementing
virtual vehicles with those characteristics in the
simulation, with the general ability to interact with
the other sub models.

The second aspect of representation is more
functional or dynamic in character. Each
component needs a definition of (1) its initial state
at the beginning of the evaluation and (2) how it
should respond to change. Again using the vehicle
as an example, one must provide clear values for
the vehicle’s initial state in all test configurations
(its initial speed, initial lane position, etc). One
must also provide clear definitions of how it should
react to, for example, a steering input from the
driver (suspension settings, tire properties, etc).

In these representation issues, a computational
simulation approach faces a somewhat different
challenge compared to evaluations based on
physical measurements. Due to the possibility of
running tens of thousands simulations with
different component configurations,
representativeness is less of a problem in a
simulation  approach. =~ While in  physical
measurements one usually must select just a few
configurations to represent the crash problem due
to limitations in resources and time, in a simulation
approach one can run most (or even all) possible
configurations. On the other hand, since driver,
vehicle, environment and technology
characteristics all are represented as sub-models in
a virtual environment rather than through their
physical counterparts, extensive work has to go into
making these models and the environment act as
they would have in real life in all relevant aspects.

The main challenge for a simulation approach
therefore is one of wvalidity rather than
representativeness, and its outcome will depend on
how well each sub-model represents its real life
counterpart in the simulation of relevant aspects.
This has consequences for how results from
objective testing can be used in the SIM tool.
Basically, to ensure that each sub-model represents
its real life counterpart, all three sub-model aspects
(functional structure, initial state and response to
change) must be validated against real world data
in some way. A substantial part of the VFU team’s
work has therefore been devoted to retrieving and
processing the structure and performance data
needed for such sub-model development and
validation.

To achieve a high level of detail and accuracy for
all components, data from multiple sources must be
used. Though crash data from sources such as GES
is a natural starting point for such work, and forms

an essential part of defining the crash
circumstances which the technologies under
evaluation are meant to address, crash data in itself
contains limited or no detail on a number of the
pre-crash conditions or parameters which must be
defined in order to perform reliable simulations.

To overcome some of the limitations of crash data,
the methodology developed in this project has been
to let crash data supply “one leg of the tripod”,
while the second and third leg is in naturalistic
driving data and objective testing. Objective testing
here refers both to testing of vehicle and
technology performance (“technical testing”) as
well as to testing of human-technology interactions
(“human factors testing”).

This means that in relation to the second objective
of the ACAT program (demonstrate how results of
objective tests can be used by to establish the safety
impact of a real driver assistance technology), the
role of objective testing is driven towards
calibration and validation of computational sub-
models and their interaction in the simulation. Data
sources used in this project include:

* Design information and algorithms associated
with the driver assistance technologies

* Basic scientific knowledge about vehicle
dynamics and driving dynamics

» Statistically valid crash databases and detailed
investigations of crash causation (GES, CDS,
etc.)

» Databases of naturalistic driving (obtained
from previous Field Operational Tests)

¢ Databases of roadway characteristics

¢ Objective tests in the form of detailed
technical tests of the vehicle and the driver
assistance technologies, typically on a test
track

* Objective tests designed to capture typical
ranges of human performance where the
driver is in the loop, typically on a test track
or in a driving simulator.

In the following, the properties of each tripod leg
will be described. The description will focus on
how each tripod leg has been used to contribute to
the development and validation of the
computational sub-models.

THE FIRST LEG OF THE TRIPOD -
DEFINING SUB-MODELS USING CRASH
DATA

Data used directly to develop the sub-models used
in the simulation include the National Automotive
Sampling System General Estimates System
(NASS GES) and NASS Crashworthiness Data
System (CDS), crash data from the State of
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Michigan, and roadway geometric information
from the Highway Performance Monitoring System
(HPMS). While HPMS is not strictly a crash data
source, it is discussed here because its use is
entwined with crash data.

Using Statistical Crash Data

The NASS GES is a nationally-representative
sample of police-reported crashes, compiled by the
National Center for Statistics and Analysis in the
NHTSA. GES is a probability sample of motor
vehicle crashes that occurred in the United States.
The GES file covers crashes of all severities and all
vehicle types. Police accident reports (PARs) are
sampled from approximately 400 police
jurisdictions within 60 primary sampling units and
sent to a contractor for coding. The GES data
includes a description of the crash environment,
each vehicle and driver involved in a crash, and
each person involved in a crash. GES data are
coded entirely from police reports, without any
supplemental investigation. Consequently, the data
in GES is limited to what is available on a PAR.
GES typically includes records for about 100,000
motor vehicles involved in 60,000 crashes.

In relation to sub-model development and
validation, the crash data in the GES file is
primarily useful to at a high level characterize the
DS relevant to the technologies. This formed a very
important part of the work in the project, because
even if the crash data itself does not contain all
details needed to run simulations, it provides a
delimitation of the crash problem and thus the
framework within which further parameters and
details are necessary to work out.

The GES data include a set of variables that
captures the sequence from just prior to the
initiation of the “crash envelope” to the collision or
other harm-inducing event. The crash envelope is
defined as extending from the point in which the
driver recognizes an impending danger or the
vehicle was in an imminent path of collision with
another vehicle, animal, or non-motorist to the
point at which the driver either has successfully
avoided the collision or the collision has occurred.
Data elements record the vehicle maneuver
immediately prior to the critical envelope (in the
pre-crash maneuver variable), the event or
condition that made the situation critical (critical
event), the corrective action taken by the driver,
and the stability of the vehicle after the maneuver.
There is also an accident type variable that captures
the relative position and movement of the vehicles
leading to the first harmful event [2]. All of these
variables appear in the GES and CDS data sets [3].

The approach to capturing crash events in GES
(and CDS as well) is well-suited to a project
focusing on evaluation of driver assistance
technologies. Many other crash data systems focus

on the first harmful event, or provide a sequence of
events in the crash, which record the series of
harmful events. But in crash avoidance research,
information about the vehicle state prior to the
initiation of the crash sequence and any harmful
event is more interesting. The driver assistance
technologies evaluated in this project all monitor
vehicle position within the lane in normal driving,
prior to any crash or conflict. Vehicle movement
prior to the critical event (P_CRASH1) and critical
event for this vehicle's first impact (P_CRASH2),
in the GES file are therefore of primary interest in
identifying the relevant crash types [4].

The identification of target crash types was
accomplished primarily by the two variables,
Vehicle movement prior to critical event
(P_CRASHI1) and critical event for this vehicle's
first impact (P_CRASH2). However, a number of
other variables were included to refine the
identification of crashes that might be influenced
by DAC, LDW or ELA. These variables record the
number of vehicles in the crash, whether the
vehicle was involved in the first harmful event in
the crash, the travel speed of the vehicle, and
whether the driver was under the influence of
alcohol or drugs.

Based on the general crash characteristics identified
as relevant to the DAC, LDW or ELA technologies,
four dynamically-distinct crash types were
identified as relevant to the technologies.

e  Single-vehicle road departure
e  Prior lane-keeping, lane departure
e Changing lanes, lane departure

e Other lane or road departure, prior
lane-keeping or changing lanes

Furthermore, a number of vehicle, environmental
and driver factors were examined in relation to the
target crash types. The purpose was to identify
factors associated with the crash types which could
be used to specify the structural and functional
aspects of the sub-models. For example, in relation
to the environment, types of roadway, roadway
alignment, weather, road surface conditions and
light conditions were studied. In relation to the
driver model, Driver fatigue was investigated.

It was found that road type and road curvature are
stable and can be assumed to be reliably reported.
Weather, road surface conditions, and light
conditions are less stable but can still be considered
sufficiently reliable in the crash data. Driver fatigue
however is both very difficult to identify and
transient. However, there is no feasible alternative
source of information other than the crash data.
While many cases of fatigue may be missed, it is
assumed that the cases that are identified are true
cases of fatigue.
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In the end, a total of 36 crash scenarios were
identified, accounting for 96.6 percent of target
crashes. Of these, the top 25 crash scenarios
(accounting for 90.5% of the target crash scenarios)
were targeted for simulation using the Safety
Impact Methodology (see Table 1).

Table 1.

Top 25 Crash Scenarios for Targeted Crash
Types, From GES 2002-2006

Road type Roadway  Weather & Light Driver Percent Rank
alignment road surface condition fatigued
2 or more lanes, Straight | Notadverse, | Daylight No 19.7 1
divided dry
2 or more lanes, Straight | Notadverse, | Daylight No 9.9 2
undivided dry
2 or more lanes, Straight | Notadverse, Not No 9.1 3
divided dry daylight
2-lane, 2-way Straight | Notadverse, | Daylight No 8.6 4
undivided dry
2-lane, 2-way Curve Not adverse, | Daylight No 5.8 5
undivided dry
2-lane, 2-way Straight | Notadverse, Not No 5.2 6
undivided dry daylight
2-lane, 2-way Curve Not adverse, Not No 4.1 7
undivided dry daylight
2 or more lanes, Straight | Notadverse, Not No 3.1 8
undivided dry daylight
2 or more lanes, Straight | Adverse, not | Daylight No 25 9
divided dry
2 or more lanes, Curve Not adverse, | Daylight No 2.4 10
divided dry
2-lane, 2-way Straight | Notadverse, | Daylight Yes 1.9 11
undivided dry
2 or more lanes, Straight | Adverse, not Not No 1.9 12
divided dry daylight
2 or more lanes, Straight | Notadverse, Not Yes 1.8 13
divided dry daylight
2-lane, 2-way Curve Adverse, not | Daylight No 1.8 14
undivided dry
2 or more lanes, Straight | Notadverse, | Daylight Yes 17 15
divided dry
2 or more lanes, Curve Not adverse, Not No 16 16
divided dry daylight
2-lane, 2-way Straight | Adverse, not | Daylight No 1.4 17
undivided dry
2 or more lanes, Straight | Notadverse, | Daylight No 1.2 18
divided not dry
2 or more lanes, Straight | Adverse, Not | Daylight No 1.2 19
undivided dry
2-lane, 2-way Straight | Notadverse, Not Yes 1.2 20
undivided dry daylight
2-lane, 2-way Straight | Adverse, not Not No 1 21
undivided dry daylight
2-lane, 2-way Curve Adverse, not Not No 1 22
undivided dry daylight
2 or more lanes, Curve Not adverse, | Daylight No 1 23
undivided dry
2-lane, 2-way Straight | Notadverse, | Daylight No 0.8 24
undivided notdry
2-lane, 2-way Curve Not adverse, | Daylight No 0.7 25
undivided not dry

Using In-depth Crash Data

The NASS CDS file was also used in the high level
characterisation of the DS to identify relevant crash
types. CDS is a data system complementary to the
GES file. The CDS investigations go beyond the
PARs to include on-site investigation and
documentation of the scene, as well as
measurements of all crash damage on the vehicles,
extensive documentation of crash injuries using
hospital and other records, and estimates of the
change in velocity (delta v) for each vehicle in the

crash, where possible. Case materials for individual
CDS crashes are available on the internet [5].

Since CDS uses the same set of variables and
definitions as GES, the CDS cases can be used as a
sample of the types of events that would be
selected in GES. CDS cases that met the selection
algorithms developed for GES were reviewed to
see if these crashes had the characteristics relevant
for the technologies. Because the original case
materials for the GES cases are not available for
review, the ability to review more in-depth cases in
CDS also provided valuable insight into how
crashes are classified. The review confirmed that
the algorithms developed for GES identified the
appropriate crashes.

Using Highway Performance Monitoring Data

Detailed roadway geometric data are needed to
make a correct sub-model regarding the
characteristics of the roadway where lane/road
departure crashes occur, such as lane widths, lane
markings, radius of curvature, shoulder width, and
shoulder type. This information is not available in
the GES data, which only distinguishes curved
from straight roads, the number of travel lanes, and
a few other details. The more detailed information
is however available in roadway inventory files,
such as the Highway Performance Monitoring
System (HPMS) data on the road system. Highway
Performance Monitoring System (HPMS) Data
represents the national highway system and
includes data on the extent, condition, performance,
use and operating characteristics of the Nation’s
highways [6].

However, because GES crashes are not geolocated
(i.e., located using a standard geographic reference
system such as longitude and latitude), it is not
possible to link the GES crashes directly to a
roadway inventory file. Accordingly, it is necessary
to obtain descriptions of the roadway geometry for
the target crash types from some other source. The
Michigan Crash files was able to provide a link to
such data, because all crashes in Michigan are
geolocated (located by latitude and longitude) and
those locations can be linked to roadway inventory
data, specifically Highway Performance
Monitoring System (HPMS) Data.

The Michigan crash data captures information on
crashes entered by police officers on the Michigan
crash report, and includes data on all reportable
crashes involving a motor vehicle. Reportable
crashes involve a motor vehicle in transport on a
roadway resulting in a fatality, injury, or property
damage of $1,000 or more. This standard is
reasonably comparable with reporting standards in
most other states and thus with crashes in the GES
file. Many of the variables in the Michigan crash
file that describe the crash environment, such as
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weather, road condition, number of lanes, speed
limit, and travel speed, are compatible with similar
variables in GES, even though it was necessary to
develop comparable selection criteria for other
variables.

The Michigan crash file was analyzed to identify a
set of crashes which matched as close as possible to
the target crash types identified in the GES file. In
addition, selected standard characteristics of the
Michigan road system were compared with national
distributions. The purpose of these comparisons
was to demonstrate that the Michigan roadway
system is reasonably comparable with the national
road system. A method was then developed to
match the crash scenarios on the sampled segments
in Michigan to national estimates from GES. This
made it possible to identify detailed crash scenarios
relevant to the DAC/LDW/ELA technologies in the
Michigan data which are comparable to those in the
GES crash data. Since all police-reported crashes in
Michigan are geolocated, the identified crashes and
their crash sites could be linked to the HPMS
roadway files and the detailed roadway information
they contain, thus providing a very detailed
geometric description of the roadway at those crash
locations. This description could then be used to
calibrate and validate the roadway sub-model in the

simulation.

THE SECOND LEG OF THE TRIPOD -
DEFINING SUB-MODELS USING
NATURALISTIC DATA

It is clear that all the parameters needed for a
reasonably comprehensive representation of the DS
needed for the SIM simulation are not available
directly from GES crash data. For example,
information about vehicle kinematics such as
specific speeds, yaw rates, lane positions, etc, just
prior to a road departure is not captured in crash
databases. However, this information is needed in
order to develop proper sub-models which can
simulate the potential benefits of the driver
assistance technologies as envisioned in the Safety
Impact Methodology (SIM). Hence these must be
derived from other sources, specifically from
naturalistic driving data.

Naturalistic data from UMTRI’s RDCW (Road
Departure Crash Warning) Field Operational Test
(FOT) was found to be sufficiently comprehensive
in terms of the data for the purposes of populating
the relevant elements of the scenarios. The RDCW
FOT collected data from 78 drivers distributed
evenly by gender and within three age groups. The
total distance traveled was 83,000 miles, covering
almost 2,500 hours and over 11,000 separate trips
spanning a 10-month window that included
summer, fall, and winter weather. The drivers used
11 specially instrumented passenger sedans
equipped with the RDCW safety technologies

being evaluated and UMTRI’s data acquisition
system. The RDCW safety technologies targeted
crashes involving vehicles that drift off the road
edge or into occupied adjacent lanes, as well as
those involving vehicles traveling too quickly into
turns for the driver to maintain control. A detailed
report on the FOT results, including technology
effectiveness, driver responses, and other findings
was submitted to the US DOT at the conclusion of
the FOT [7].

It is clear that the distributions for parameters such
as vehicle speeds and lane positions need only
encompass the universe of the relevant crashes of
interest (i.e., those crashes relevant to the driver
assistance technology that is being simulated), and
not the entire universe of driving behaviour.
Therefore, the data mining from naturalistic
databases was done using the high level DS
characterisation obtained from crash data as the
input variables (see Table 1 above).

A key element of data mining from naturalistic data
is to ensure that the parameter distributions exclude
driving for which the dominant crash type is non-
technology-relevant. For example, in high traffic
situations, the probability of a rear-end crash
occurring because of multi-vehicle interactions
(two or more) is higher than crashes due to single
vehicle road departures, so high traffic situations
should be excluded from the mining process.

The RDCW database includes a traffic density
parameter that can be used to filter out high traffic
situations. Additional resolution of traffic densities
can be determined by looking at various other
vehicle parameters such as the combination of
repetitive braking and acceleration, inappropriate
following distances and vehicle speeds not
commensurate with roadway types (e.g. too slow
for freeway driving).

Figure 3 shows the distributions of some of the key
parameters for Crash Scenario 1 as identified from
GES in Table 1 above. This scenario consists
mainly of driving on limited access roads that are
two or more lanes with divided medians (e.g.
freeways & interstates), no adverse weather
conditions, straight and dry roads, with the crashes
occurring during daylight hours when the driver
was not fatigued.
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Figure 3. Distributions of vehicle parameters
for Crash Scenario 1 in Table 1 above.

THE THIRD LEG OF THE TRIPOD -
DEFINING THE SUB-MODELS USING
OBJECTIVE TESTING

While GES crash data and naturalistic driving data
are very valuable data sources, some characteristics
of the sub-models can only be obtained through
appropriate objective testing.

This in particular concerns the functional or
dynamic aspects of the driver assistance
technologies and the driver, and is driven by sub-
model implementation issues. For the driver
assistance technologies, there are two main ways of
implementing them in the simulation. One can
either use the actual technology software, or create
a sub-model which replicates the technology’s
behaviour without being identical to the technology
itself. Regardless of choice in this regard, because
the virtual world in which the technology will run
will not represent the full complexity of the real
world, the performance of the technology in that
virtual world needs to be calibrated against real
world technology performance.

If this is not done, there is a risk that the
technologies will over-perform during evaluation,
since they would operate under the somewhat
idealised  conditions  which exist in the
computational simulation, and the driver model
would not capture the behaviour of real drivers. For
example, if the lane markings which a LDW
technology depends on for lane tracking always are
perfectly visible in the virtual world, the LDW sub-
model will always have perfect lane tracking in the
simulation. However, lane markings in the real

world sometimes are faded or missing entirely, and
LDW availability is therefore less than 100 percent
in the real world, depending on lane marking
quality. The LDW sub-model used in the
simulation must therefore be calibrated to match
the performance of a LDW running on real roads.

The same is true for the driver sub-model. In this
case, the option of implementing the actual driver
software is not available. Driver behaviour
therefore has to be represented by a sub-model
which imitates relevant aspects of driver behaviour
in the relevant DS, such as inputs to brake pedal
and steering wheel, without therefore claiming to
represent the actual structure of human emotional,
cognitive and/or motor processing. Calibrating the
driver sub-model’s performance in terms of action
and reactions to the performance of real drivers is
therefore very important for the validity of
evaluation results.

Of course, the same principle applies also to the
vehicle sub-model. However, in relation to the
driver assistance technologies evaluated in this
ACAT project, the performance of the vehicle sub-
model is a smaller issue. Since none of the
technologies are intended for scenarios associated
with dynamic instability (i.e. the vehicle somehow
starts to skid or lose traction), the influence of
vehicle dynamics on technology performance will
be limited. For example, the intervention provided
by ELA (steering the vehicle back into the original
lane if there is a risk of collision with a vehicle in
an adjacent lane) involves only low lateral
accelerations and speeds in order to avoid the risk
of dynamic instability.

Regardless of whether the testing is performed in a
driving simulator, on a test track or on public roads,
the objective tests can be said to come in two
forms. One is in the form of detailed technical tests
of the vehicle and its driver assistance technologies
(technical testing). The other is objective tests
designed to capture typical ranges of human
performance where the driver is in the loop (HMI
testing). The technical tests are used to calibrate
and validate performance of the simulation relative
to the driver assistance technologies, while the
HMI tests are used in a similar way to calibrate the
simulation for the driver performance. Note that in
the HMI tests, there is a great deal of variability in
performance, so the driver sub-model developed in
the project attempts to capture a range of driving
behaviors rather than just specific values in single
recorded events.

Physical tests were conducted on the track at Volvo
in Sweden as well as on the field, and in Ford’s
VIRtual Test Track EXperiment (VIRTTEX), a
hydraulically — powered,  6-degrees-of-freedom
moving base driving simulator [8-11]. The main
goal of that testing was to retrieve relevant data for
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calibrating the technology and driver sub-models
performance in the simulation to real world
technology and driver performance. The main
focus of the track and the field testing was to
validate the physical performance envelope of
LDW and ELA. Also, some track testing with naive
subjects took place at Volvo, as part of the
evaluation of DAC. In the driving simulator, the
emphasis was on human factors tests with naive
subjects (e.g. distracted and drowsy driver tests
with LDW) though again some controlled technical
tests were included.

Technical Testing for the Technology Sub-
Models

To calibrate the technology sub-models against real
world performance, data from objective testing
should cover true positive performance, false
positive performance and availability. Testing the
true positive performance of a driver assistance
technology means establishing the extent to which
it correctly detects and acts in the situation it was
developed to address. For example, true positive
performance for LDW can be measured as how
often a LDW technology produces a lane departure
warning when a lane departure in fact is occurring.

Testing the false positive performance of a driver
assistance technology means establishing the extent
to which it “cries wolf”, i.e. the technology
informs, warns or intervenes in situations which are
not of the targeted type. Or put another way, false
positives occur when the technology generates
alerts that would not be seen as helpful by the
driver. For example, false positive performance for
LDW can be measured as how often LDW
produces a lane departure warning even though no
lane departure is about to occur.

Testing for availability means establishing for the
extent to which a technology is able to function as
intended under various road conditions.
Technology availability can be defined as the
percentage of time during a test drive that the
technology is active and operable relative to the
total drive time. Availability needs to be evaluated
on a variety of roads under various environmental
conditions. For example, testing availability for
LDW could be to drive one or more vehicles
equipped with LDW in the field under a range of
weather conditions on different road types, while
recording for which portions of the drives the LDW
has sufficiently robust lane tracking to be able to
detect a lane departure.

All these three areas must be covered, since they all
affect the performance of the driver assistance
technology, and thus the technology sub-model
when integrated into the simulation. Availability
can be used to determine for which DS one can
expect the technology to be available. True positive
performance indicates how the technology can be

expected to perform within those DS it is available
in. Finally, the number of false positives is a key
indicator of the degree to which a driver may come
to trust and rely on the technology, and therefore
important for the tuning of how often, how fast and
how much the driver sub-model should respond to
an alert from the technology.

HMI-Testing for the Driver Sub-Model

In relation to development and validation of the
driver sub model, data on several driver
performance aspects is needed. These aspects can
be split into two main categories: driver
performance in the conflict driving phase, and
driver performance in the non-conflict driving
phase. These two categories have slightly different
focus in the types of HMI testing needed to
calibrate and validate the performance of the driver
sub-model.

Driver Performance in the Non-Conflict
Driving Phase - Driver Alert Control (DAC) is
intended to elicit a response from the driver to take
a rest break soon or let another driver take over,
based on the technology-inferred “driver state” as
determined by a broad set of sensor data. Basically,
the DAC acts as a monitor for the driver in that it is
analyzing vehicle state data and evaluating how
well the car is being “controlled” by the driver. A
warning signal is issued to the driver based on
predicted future vehicle states.

The key point here is that the DAC provides a
warning to the driver in the non-conflict driving
phase. The effects of DAC are therefore best
represented in the simulation by estimates of the
probability of driver compliance with the
recommendation to take a rest break. Driver
compliance deals with the effect of a warning,
which may result in a variety of driver actions. At
best, the driver will take some form of action to
avoid a potential conflict driving phase in the
future, for example, taking a break from driving or
switch drivers if that is possible. At worst, a
fatigued driver could ignore the DAC warning
altogether. Depending on the level of driver
compliance, the alert may reduce the frequency of
drowsy driving scenarios, thus reducing crash risk.

While testing the true and false positive
performance of the DAC technology still forms an
integral part of the technical testing, the biggest
challenge in objective testing for DAC is to find
ways of establishing determinants for compliance
and rates of compliance with DAC warnings. This
challenge is not easily met. There are many factors
which may influence compliance with DAC
warnings, including the driver’s perceived urgency
in reaching a certain destination, the physical
possibilities of actually taking a rest break or
switching driver (finding a suitable place to stop at
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reasonably close), whether the driver thinks the
assessment made by DAC is correct, etc.

A full evaluation of all these factors were
determined to be outside the scope of the current
project both in terms of time and resources.
However, some limited testing was carried out to
determine drivers’ responses to DAC warnings. A
test track HMI clinic with drowsy drivers was
performed. In this clinic all but one of the drivers
received a DAC warning during the drive. When
asked to give feedback on how they perceived this
warning (questionnaire study) a large majority of
the drivers felt the feedback from DAC was useful.
They also reported that the DAC feedback
influenced how they drove and that it made them
more awake. Some of the drivers were surprised by
the feedback from DAC. The drivers did not
perceive the feedback as annoying or frightening.

So far, the testing results therefore seem to indicate
that drivers who receive a DAC warning will be
motivated to stop and do something about their
drowsiness. If this is the case, then drivers will take
action before the driving situation enters a conflict
phase. This means that the DAC technology
basically can be treated as a filter in the SIM-tool;
by having the technology in the vehicle the number
of drivers experiencing an unintended lane
departure due to drowsiness will be reduced to a
substantial degree.

Driver performance in the conflict driving
phase - In relation to basic driver performance in a
conflict driving phase, the driver sub-model needs
to capture and be calibrated for two main aspects of
driver behaviour. One is typical driver reaction
times for the type of conflict evaluated. For this
project, this means that objective testing must be
carried out to determine how long it takes before a
driver begins a steering correction when
discovering or being warned of a lane departure.
The other main aspect is the intensity and speed of
the driver response, i.e. how fast a driver steers
back into the lane when -correcting for an
unintended lane departure. This also has to be
determined through objective testing in order to
provide driver sub-model development and
validation data.

For evaluation purposes, the driver sub-model also
must be able to represent a range of driver
behaviours rather than a single average behaviour.
For example, in this project it was found that crash
data commonly cites driver fatigue as a
contributing factor underlying unintended lane
departures. For a correct evaluation, the influence
of that factor should be possible to represent in the
driver sub-model along with the typical behaviour
of alert, non-drowsy drivers. Put slightly
differently, it must be possible to tune one or more
parameters which influence the driver sub-model’s

control over the vehicle in a manner which can be
made consistent with both the driving performance
displayed by drowsy drivers, as well as alert and
non-drowsy drivers.

To exemplify, in this project, one way in which the
influence of fatigue was captured in the driver sub-
model was by including variable time delays in
lane-keeping control process. For example, to
represent visual distraction (the driver closing his
eyes in a micro sleep), one can introduce a delay in
the driver sub-model’s processing of visual
information. More specifically, if the driver sub-
model in a non-distracted state responds to new
information on lane boundaries as soon as it is
given, then in a drowsy state, a time delay is
introduced before new information on lane
boundaries is processed, even though the main
simulation process keeps on running. This means
that the driver sub-model in its drowsy state will
begin a steering correction calculation later than it
would in its non-drowsy state.

To calibrate and validate the time delay settings in
the driver sub-model, as well as the corresponding
behaviour of alert drivers, testing of drivers'
responses to imminent lane departure events with
and without driver assistance technologies
activated were needed. A number of driving
simulator studies were carried out, focusing on both
alert and drowsy driver's reactions to, and
acceptance of, different HMI solutions in lane
departure situations. Participants drove under a
variety of simulated conditions including night and
daytime driving on interstate roads, narrower city
roads and country roads. In order to increase the
number of situations that activated LDW, artificial
"yaw deviations" were introduced, sometimes in
combination with secondary tasks that increased
the likelihood of driver distraction [12].

From the log files of these studies, data could be
extracted to determine a typical range of alert and
drowsy driver reaction times and response types
(e.g., steering/braking input to the vehicle,
maximum lateral exceedence, etc) to a lane
departure event. Since the log files from VIRTTEX
include both the no warning condition as well as
drivers getting a warning, typical responses could
be established both for drivers with and without the
technology available.

A further aspect of driver sub-model calibration
and validation for this project concerns driver
response to an ELA intervention. The basic
question is whether drivers will interfere with the
intervention in a way which counteracts what the
technology is designed to do. Interference may be
more or less deliberate, for example, if drivers
perceive the steering input from ELA to be some
sort of vehicle malfunction rather than a driver
assistance intervention, drivers may fight the
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steering torque applied by ELA. If this is the case,
then ELA will not be able to successfully intervene
in all situations it could handle if drivers did not
interfere.

Some limited testing for this type of driver
interference was carried out on a test track. The
results indicate that drivers’ acceptance of the ELA
intervention is good. There was a high approval
rate among test drivers for the intervention
provided, and no indications of driver interference
with the intervention. More testing needs to be
carried out to gain a fuller understanding of driver
responses to this type of intervention, but for this
project, it was decided to assume that driver
interference is of limited import for the evaluation
of ELA.

DISCUSSION

It has not been an explicit goal of this project to
provide a universal analysis tool for estimating
safety benefits for all vehicle safety technologies,
or even all active safety technologies. The goals of
the study are already ambitious, so the VFU-team’s
approach has been to focus on specific technologies
and to develop an approach that seems appropriate
for those. For a different technology a slightly
different approach might be preferred. The current
technologies operate in the non-conflict phase or
early in the conflict phase and involve a relatively
high degree of technology interaction with the
driver. If for another technology (e.g. frontal crash
mitigation by automatic braking) there is little
interaction (technology performance is largely
unaffected by driver actions) then fewer DS may
need to be explored.

The research goals have also not explicitly included
effects of vehicle type, driver age and skill. For the
vehicle a single target vehicle type (mid-sized
sedan class) was adopted and assumed to be
“representative” in some sense. Also, though driver
behaviour has been derived from a range of test
subjects (including a wide age range and both male
and female drivers) the population has not been
resolved further in this study.

The computational simulation approach as
described above is quite complex, and certainly
contains more elements than simply “test and
evaluate”. This is because the crash environment —
incorporating interaction between driver, vehicle,
driver assistance technology and environment — is
itself complex. The best approach to such complex
problems seem to be by pooling and integrating
available data sources rather than fixing on a single
data source.

While extensive effort may have to go into sub-
model validation the first time a computational
simulation approach is developed, it has the
advantage of being highly reusable; if a new

technology addressing a particular crash type needs
evaluation, only a few sub-models, or parameters
of the sub-models, need to be updated, the rest can
be largely reused.

Apart from reusability, this modularity will also
allow for a great deal of future enhancement and
refinement, as research in any of the sub-model
areas can be applied to that sub-model without
having to change the overall structure of the SIM.
Future research and findings can thus easily be
integrated into the basic version of the SIM.

CONCLUSIONS

When developing a computational simulation
approach, the relevant properties of each simulated
component need validation, and the major
challenge is not so much achieving representativity
as validity. The experiences from the current
project show that in order to achieve a high level of
detail and accuracy in the development and
validation for all simulated components, data from
multiple sources must be used. These sources
include crash databases, naturalistic driving data
from field operational tests, objective testing on
test-tracks and driving simulator experiments.

The research also shows that sufficient data can be
obtained to validate the properties of the simulation
components. There are limitations in available data
for some sources which may raise questions of
representativity, such as for some of the objective
testing of driver compliance with alerts and
warnings issued by the driver assistance
technologies. In principle though, these can be
overcome by extended data collection.

Though multiple data sources related to traffic
safety are available, few approaches make
systematic and integrated use of them. Using them
to validate simulation components provides a way
of integrating data from various sources into a
reusable format.

While extensive effort may have to go into sub-
model validation the first time a simulation is
developed, subsequent projects will require much
less validation effort since the simulation
components can be reused.
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ABSTRACT

NHTSA published the report “Pre-Crash Scenario
Typology for Crash Avoidance Research”, DOT HS
810 767, in April 2007. This paper reviews the data
presented in this DOT report and will examine the
data for patterns which may be useful in prioritizing
safety technology strategies from a frequency,
economic cost and functional years lost perspective.
Furthermore, techniques are developed and presented
which offer weighing methodologies which could be
useful in ranking anticipated benefits of various
advanced safety technologies currently coming to
market. The paper concludes with calculated rankings
of the six advanced safety technologies, discusses
the ranking results relative to a similar calculated
ranking of ESC and offers some observations
regarding ESC behavior and potential unexpected
safety benefits of ESC.

INTRODUCTION

The DOT Report HS 810 767 “Pre-Crash Scenario
Typology for Crash Avoidance Research” defined a
new 37 pre-crash scenario typology for crash
avoidance research based upon the 2004 General
Estimates System (GES) crash database. This report
also defined and provided information regarding
frequency of occurrence, economic cost and
functional years lost for each of the 37 pre-crash
scenarios.

Crash Categories

The 37 pre-crash scenarios as defined by this DOT
report were examined and a pattern emerged which
indicted that similar scenarios could be grouped into
broader common categories. These broader
categories encompass similar situation, vehicle and
driver dynamics. The benefit of combining similar
scenarios is that a more global perspective can
emerge regarding the kinds of crashes that occur and
the associated frequency, economic cost and

functional years lost. Ultimately the 37 scenarios
were combined into 15 crash categories.

The 37 pre-crash scenarios as presented by the DOT
Report HS 810 767 “Pre-Crash Scenario Typology
for Crash Avoidance Research” are listed below. The
numbering of the scenarios is reproduced as in the
“Executive Summary” of the DOT report (the
scenario numbering varies throughout the DOT
report).

Table 1.
37 Pre-Crash Scenarios

. Vehicle Failure

. Control Loss With Prior Vehicle Action

. Control Loss Without Prior Vehicle Action

. Running Red Light

. Running Stop Sign

Road Edge Departure With Prior Vehicle Maneuver

. Road Edge Departure Without Prior Vehicle Maneuver

. Road Edge Departure While Backing Up

. Animal Crash With Prior Vehicle Maneuver

._Animal Crash Without Prior Vehicle Maneuver

. Pedestrian Crash With Prior Vehicle Maneuver

. Pedestrian Crash Without Prior Vehicle Maneuver

. Pedalcyclist Crash With Prior Vehicle Maneuver

. Pedalcyclist Crash Without Prior Vehicle Maneuver

. Backing Up Into Another Vehicle

. Vehicle(s) Tuming — Same Direction

. Vehicle(s) Parking — Same Direction

. Vehicle(s) Changing Lanes — Same Direction

. Vehicle(s) Drifting — Same Direction

. Vehicle(s) Making a Maneuver — Opposite Direction

. Vehicle(s) Not Making a Maneuver — Opposite Direction

. Following Vehicle Making a Maneuver

. Lead Vehicle Accelerating

. Lead Vehicle Moving at Lower Constant Speed

. Lead Vehicle Decelerating

. Lead Vehicle Stopped

. Left Turn Across Path From Opposite Directions at Signalized Junctions

. Vehicle Tuming Right at Signalized Junctions

. Left Tumn Across Path From Opposite Directions at Non-Signalized Junctions

. Straight Crossing Paths at Non-Signalized Junctions

. Vehicle(s) Tuming at Non-Signalized Junctions

. Evasive Action With Prior Vehicle Maneuver

. Evasive Action Without Prior Vehicle Maneuver

. Non-Collision Incident

. Object Crash With Prior Vehicle Maneuver

. Object Crash Without Prior Vehicle Maneuver

. Other
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The regrouping of the scenarios in this paper was
accomplished as follows:

* Crash scenarios differentiated by “with” or
“without prior vehicle maneuver” such as
scenarios 2 and 3 were grouped together into a
single category because both are variations of a
single scenario; loss of control, road edge
departure, animal crash etc. with a variation of
prior driver action.

* Scenarios 23, 24, 25 and 26 were grouped
together as all four pre-crash scenarios were
variations of a particular theme; a rear end crash
with some difference regarding the exact state of
the lead vehicle.

*  Pre-crash scenarios involving turning in various
directions at signalized and non-signalized
junctions were grouped together because all are
variations of an intersection crash.

*  Running red lights and stop signs were grouped
together since both involve the driver not acting
appropriately regarding a traffic control device
requiring a full stop.

*  Pedestrian and pedalcyclist crashes were grouped
together as all encompass a personal injury
outside the vehicles.

*  Pre-crash scenarios of vehicles turning, parking-
same direction, changing lanes and drifting were
grouped together into traveling and turning
together because all the vehicles are on parallel
paths.

* Pre-crash scenarios of vehicles turning at or
crossing paths at signalized or non-signalized
junctions were grouped together since these
crashes occurred at intersections and at either
oblique or perpendicular impacts between
vehicles.

Ultimately the 37 pre-crash scenarios were grouped
together to form 15 crash categories as shown in
Table 2.

Table 2.
15 Crash Categories

VEHICLE FAILURE

LOSS OF CONTROL

RUNNING RED LIGHTS AND STOP SIGNS
ROAD EDGE DEPARTURE

ANIMAL CRASH

PEDESTRIAN AND PEDALCYCLIST CRASH
BACKING UP

TRAVELING AND TURNING TOGETHER
TRAVELING IN OPPOSITE DIRECTIONS
10. REAR END COLLISION

11. CRASH AT INTERSECTION

12. EVASIVE MANEUVER

13. NON-COLLISION INCIDENT

14. RUNNING INTO OBJECT

15. OTHER

©XO N OAWN =

Two pre-crash scenarios were moved from their
original sequence in the DOT report HS 810 767 to
revised locations.

Scenario 8, Road Edge Departure while Backing Up,
was moved from the Road Edge Departure category
into the Backing Up category because it is a low
speed event. The other road edge departure
scenarios, Road Edge Departure with/without Prior
Vehicle Maneuver (6, 7), are both events that happen
at significant forward velocity while scenario 8 is a
slow speed event. It fits more appropriately in the
Backing Up category.

Scenario 22, Following Vehicle Making a Maneuver,
was moved from the Rear End Collision category to
the Traveling and Turning Together category because
it is a scenario that occurs during a relatively constant
vehicle velocity situation and not during a
decelerating/accelerating situation as would happen
at an intersection where rear end crashes generally
occur.

Table 3 containing the complete 37 pre-crash
scenarios as sorted and rearranged into the 15 crash
categories is included in the Appendix.

Though not mentioned in the DOT report, the 37 pre-
crash scenarios were ordered in the sequence as
presented above in the executive summary of the
DOT report with the two exceptions mentioned.
Otherwise, the pre-crash scenario numbers change in
the DOT report. This grouping was not expanded
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upon within the DOT report. It was not attributed to
previous efforts and may have been an intermediate
step in the development of the 37 pre-crash scenarios.
The author believes these 15 crash categories are
important to consider in vehicle safety research
because they allow a more global level of focus and
prioritization than is practical with the 37 pre-crash
scenarios. The 37 pre-crash scenarios offer a more
detailed perspective regarding crash scenarios. Both
a global and detailed focus is appropriate to consider
for research.

The 15 crash categories summarize the possible
variations of travel direction and kinds of crash
situations that occur on-road in a broad sense:
Drivers end up running into each other while
traveling in the same direction, while traveling on
opposing head-to-head paths and while on generally
perpendicular paths, they run red lights and stops
signs. Drivers run into things, other people, animals,
objects or the vehicle ahead of them. Drivers lose
control of their vehicles or “fall off the road” for no
apparent reason. Sometimes drivers have an incident
while backing up or parking. Drivers attempt evasive
action and end up crashing. Vehicles experience
mechanical failures that can initiate a crash or
sometimes a non-collision event happens that
precipitates a crash. Finally, an “other” category is
maintained for situations that may not fit the prior
categories. An examination of what kinds of crashes
occur can provide useful research direction in
addition to the other classical questions of who,
when, where, how and why.

It may be wise to be cautious in the assumption that
the data record available is infallible and that all
accident facts were interpreted and recorded properly.
The broader picture is probably reasonably accurate,
however, the details can become murky. A
difference between a rear end crash and a sideswipe
crash is clear to recording authorities. The fact of a
rear end crash is pretty obvious, but was the forward
vehicle accelerating or traveling at a steady speed?
That question is unlikely to be answered with as high
a degree of accuracy by observers or authorities
investigating the incident and filling out the
paperwork. An argument can be made to use a
variety of data sets each set providing some definition
of the problem while also introducing some level of
noise and confusion.

Examination of the 15 crash categories provides a
more global perspective of the data than presented in
the DOT Report HS 810 767. The 15 crash
categories provide an information base that may be
used to examine the relative importance of each
category and provide a framework within which the
benefits of some technologies may be assessed.

The raw data for the 15 crash categories in terms of
frequency of occurrence, economic cost and
functional years lost as defined in the DOT report is
presented in Table 4.

Crash Category Data Examination

Tables 5 through 7 present the data for the 15 crash
categories sorted in terms of frequency, economic
cost and functional years lost. The 15 crash category
data was sorted in descending order and the Pareto
principle (80/20 rule) [1] was applied to identify the
categories that would account for the top 80%
(approximately) of the frequency of occurrence,
economic cost and functional years lost.

Table 5 sorts the crash category data in descending
order of frequency. The top 80% of crashes are:

¢ Rear End Collision 27.5%
e Crash at Intersection 19.3
*  Traveling and Turning Together 13.3
¢ Loss of Control 10.6
* Road Edge Departure 6.8

Table 6 sorts the crash category data in descending
order of economic cost. The top 80% of crashes are:

¢ Rear End Collision 21.7%
¢ Crash at Intersection 21.6
¢ Loss of Control 14.8
e Traveling and Turning Together 8.6
e Road Edge Departure 8.5

*  Running Red Lights and Stop Signs 6.6

Table 7 sorts the crash category data in descending
order of functional years lost. The top 80% of
crashes are:

*  Crash at Intersection 19.9%
*  Loss of Control 19.0
e  Rear End Collision 15.2
* Road Edge Departure 11.0
*  Traveling in Opposite Directions 8.6
*  Pedestrian and Pedalcyclist Crash 7.9
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Table 4.

Crash Categories: Frequency, Economic Cost and Functional Years Lost

CATEGORY DESCRIPTION

VEHICLE FAILURE
LOSS OF CONTROL
RUNNING RED LIGHTS and STOP SIGNS
ROAD EDGE DEPARTURE
ANIMAL CRASH
PEDESTRIAN, PEDALCYCLIST CRASH
BACKING UP
TRAVELING AND TURNING TOGETHER
TRAVELING IN OPPOSITE DIRECTIONS
REAR END COLLISION
CRASH AT INTERSECTION
EVASIVE ACTION
NON-COLLISION
RUNNING INTO OBJECT
OTHER

SORTED BY FREQUENCY
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CATEGORY DESCRIPTION

REAR END COLLISION
CRASH AT INTERSECTION
TRAVELING AND TURNING TOGETHER
LOSS OF CONTROL
ROAD EDGE DEPARTURE
ANIMAL CRASH
RUNNING RED LIGHTS and STOP SIGNS
BACKING UP
TRAVELING IN OPPOSITE DIRECTIONS
PEDESTRIAN, PEDALCYCLIST CRASH
RUNNING INTO OBJECT
EVASIVE ACTION
NON-COLLISION
VEHICLE FAILURE
OTHER

SORTED BY ECONOMIC COST

CATEGORY
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CATEGORY DESCRIPTION

REAR END COLLISION
CRASH AT INTERSECTION
LOSS OF CONTROL
TRAVELING AND TURNING TOGETHER
ROAD EDGE DEPARTURE
RUNNING RED LIGHTS and STOP SIGNS
TRAVELING IN OPPOSITE DIRECTIONS
PEDESTRIAN, PEDALCYCLIST CRASH
ANIMAL CRASH
EVASIVE ACTION
BACKING UP
VEHICLE FAILURE
RUNNING INTO OBJECT
OTHER
NON-COLLISION

37 DOT
CRASH SCENARIO
NUMBERS Frequency Freq % Eco Cost: Eco Cost % Func Years FuncYL %
Millions Lost: Thous
1 42,000 0.71 1,051 0.88 26 0.94
2,3 632,000 10.63 17,766 14.82 527 19.03
4,5 302,000 5.08 7,937 6.62 163 5.89
6,7 402,000 6.76 10,149 8.47 304 10.98
9,10 328,000 5.52 1,752 1.46 26 0.94
11,12, 13,14 98,000 1.65 6,689 5.58 218 7.87
8,15 197,000 3.31 1,297 1.08 15 0.54
16, 17, 18, 19, 22 791,000 13.31 10,275 8.57 184 6.64
20, 21 139,000 2.34 7,350 6.13 238 8.60
23, 24, 25, 26 1,632,000 27.46 25,961 21.66 422 15.24
27, 28, 29, 30, 31 1,144,000 19.25 25,874 21.59 550 19.86
32,33 69,000 1.16 1,547 1.29 40 1.44
34 46,000 0.77 592 0.49 13 0.47
35, 36 85,000 1.43 842 0.70 22 0.79
37 36,000 0.61 764 0.64 21 0.76
TOTALS 5,943,000 100 119,846 100 2,769 100
Table S.
Data Sorted by Frequency
37 DOT
CRASH SCENARIO
NUMBERS Frequency Freq % Eco Cost: Eco Cost % Func Years FuncYL %
Millions Lost: Thous
23, 24, 25, 26 1,632,000 1 27.46 25,961 21.66 422 15.24
27, 28, 29, 30, 31 1,144,000 2 19.25 25,874 21.59 550 19.86
16, 17, 18, 19, 22 791,000 3 13.31 10,275 8.57 184 6.64
2,3 632,000 4 10.63 17,766 14.82 527 19.03
6,7 402,000 5 6.76 10,149 8.47 304 10.98
9,10 328,000 5.52 1,752 1.46 26 0.94
4,5 302,000 5.08 7,937 6.62 163 5.89
8,15 197,000 3.31 1,297 1.08 15 0.54
20, 21 139,000 2.34 7,350 6.13 238 8.60
11, 12, 13, 14 98,000 1.65 6,689 5.58 218 7.87
35, 36 85,000 1.43 842 0.70 22 0.79
32,33 69,000 1.16 1,547 1.29 40 1.44
34 46,000 0.77 592 0.49 13 0.47
1 42,000 0.71 1,051 0.88 26 0.94
37 36,000 0.61 764 0.64 21 0.76
TOTALS 5,943,000 100 119,846 100 2,769 100
Table 6.
Data Sorted by Economic Cost
37 DOT
CRASH SCENARIO
NUMBERS Frequency Freq % Eco Cost: Eco Cost % Func Years FuncYL %
Millions Lost: Thous:
23, 24, 25, 26 1,632,000 1 27.46 25,961 1 21.66 422 15.24
27, 28, 29, 30, 31 1,144,000 2 19.25 25,874 2 21.59 550 19.86
2,3 632,000 4 10.63 17,766 3 14.82 527 19.03
16, 17, 18, 19, 22 791,000 3 13.31 10,275 4 8.57 184 6.64
6,7 402,000 5 6.76 10,149 5 8.47 304 10.98
4,5 302,000 5.08 7,937 6 6.62 163 5.89
20, 21 139,000 2.34 7,350 6.13 238 8.60
11, 12, 13, 14 98,000 1.65 6,689 5.58 218 7.87
9,10 328,000 5.52 1,752 1.46 26 0.94
32,33 69,000 1.16 1,547 1.29 40 1.44
8,15 197,000 3.31 1,297 1.08 15 0.54
1 42,000 0.71 1,051 0.88 26 0.94
35, 36 85,000 1.43 842 0.70 22 0.79
37 36,000 0.61 764 0.64 21 0.76
34 46,000 0.77 592 0.49 13 0.47
TOTALS 5,943,000 100 119,846 100 2,769 100
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Table 7.
Data Sorted by Functional Years Lost

37 DOT
SORTED BY FUNC. YEARS LOST CRASH SCENARIO
NUMBERS

CATEGORY CATEGORY DESCRIPTION

" CRASH AT INTERSECTION 27, 28, 29, 30, 31

2 LOSS OF CONTROL 2,3

10 REAR END COLLISION 23, 24, 25, 26

4 ROAD EDGE DEPARTURE 67

9 TRAVELING IN OPPOSITE DIRECTIONS 20, 21

6 PEDESTRIAN, PEDALCYCLIST CRASH 11,12,13,14

8 TRAVELING AND TURNING TOGETHER 16, 17, 18, 19, 22

3 RUNNING RED LIGHTS and STOP SIGNS 4,5

12 EVASIVE ACTION 32,33

5 ANIMAL CRASH 9,10

1 VEHICLE FAILURE 1

14 RUNNING INTO OBJECT 35, 36

15 OTHER 37

7 BACKING UP 8,15

13 NON-COLLISION 34

TOTALS

It is noteworthy to observe that 8 of the 15 crash
categories cover 80% of the occurrences in terms of
frequency, economic cost and functional years lost.
This data offers a potential prioritization point of
view. If progress is made in regards to reducing the
frequency and severity of these 8 crash categories, a
significant savings of life and economic cost can be
expected.

In the functional years lost viewpoint, two categories
appear that do not appear in the frequency and
economic cost analysis. Traveling in Opposite
Directions and  Pedestrian/Pedalcyclist ~ Crash
categories rise in significance. Head on collisions
and collisions with people outside the vehicle are
crash categories that do not happen often but tend to
involve severe injury and therefore rise in importance
in the functional year lost analysis.

A closer examination of the data shows that within
this prioritization two or three categories stand out
from the rest in magnitude. In frequency sorting,
Rear End Collisions and Crashes at Intersections
stand out above the others. In economic cost and
functional years lost sorting both also stand out
however Loss of Control also appears. After these
three categories there is a distinct drop in magnitudes
of occurrence for the remaining categories. The top
two categories in frequency account for 47 percent of
the total occurrences. The top three categories in
economic cost account for 58 percent of the total. In
functional years lost the top three categories account
for 54 percent of the total.

5,943,000

Frequency Freq % Eco Cost: Eco Cost % Func Years FuncY L %
Millions Lost: Thous
1,144,000 2 19.25 25,874 2 21.59 550 1 19.86
632,000 4 10.63 17,766 3 14.82 527 2 19.03
1,632,000 1 27.46 25,961 1 21.66 422 3 15.24
402,000 5 6.76 10,149 5 8.47 304 4 10.98
139,000 2.34 7,350 6.13 238 5 8.60
98,000 1.65 6,689 5.58 218 6 7.87
791,000 3 13.31 10,275 4 8.57 184 6.64
302,000 5.08 7,937 6 6.62 163 5.89
69,000 1.16 1,547 1.29 40 1.44
328,000 5.52 1,752 1.46 26 0.94
42,000 0.71 1,051 0.88 26 0.94
85,000 1.43 842 0.70 22 0.79
36,000 0.61 764 0.64 21 0.76
197,000 3.31 1,297 1.08 15 0.54
46,000 0.77 592 0.49 13 0.47

100 119,846 100 2,769 100

The 15 crash categories presented in this paper offer
an opportunity to focus attention upon specific
incidents which encompass similar situation, vehicle
and driver dynamics and may benefit from a
particular advanced safety technology. This data can
be used to structure further research into a specific
crash category from a driver behavior point of view,
from a vehicle technology point of view and from a
transportation infrastructure point of view. This data
provides a framework to focus resources upon the
areas where the most benefit may be achieved for the
effort committed.

Severity Index and Cost Index

The data in this study was used to calculate a
“Severity Index” and a “Cost Index” which provide
an indication of functional years lost per incident as
well as an economic cost per incident. The Severity
Index is the division of the total functional years lost
by the frequency of occurrence for a particular
category. The Severity Index can be considered to be
the average functional years lost per incident within a
category. The Cost Index is the division of total
economic cost by the frequency of occurrence for a
particular crash category. The Cost Index can be
considered to be the average economic cost per
incident within a category.

Table 8 presents the Severity Index in descending
order and the Cost Index for the 15 crash categories.
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Table 8.
Severity Index and Cost Index

Severity Cost Index:
Index
Dollars/Inc.
CATEGORY| CATEGORY DESCRIPTION | Years/inc.
6 PEDESTRIAN, PEDALCYCLIST CRASH 2.22 68255
9 TRAVELING IN OPPOSITE DIRECTIONS 1.71 52878
2 LOSS OF CONTROL 0.83 28111
4 ROAD EDGE DEPARTURE 0.76 25246
1 VEHICLE FAILURE 0.62 25024
15 OTHER 0.58 21222
12 EVASIVE ACTION 0.58 22420
3 RUNNING RED LIGHTS and STOP SIGNS 0.54 26281
11 CRASH AT INTERSECTION 0.48 22617
13 NON-COLLISION 0.28 12870
14 RUNNING INTO OBJECT 0.26 9906
10 REAR END COLLISION 0.26 15907
8 TRAVELING AND TURNING TOGETHER 0.23 12990
5 ANIMAL CRASH 0.08 5341
7 BACKING UP 0.08 6584

The Severity Index and the Cost Index can be used to
compare the categories on a per incident basis. The
Severity Index and the Cost Index can also be applied
to the pre-crash scenarios from the DOT Report HS
810 767 for in-depth examinations of the 37 pre-crash
scenarios.

Examination of the Severity Index reveals that there
are distinct steps in the data: Pedestrian and
Pedalcyclist Crashes and Traveling in Opposite
Directions have a Severity Index of 2.22 and 1.71
years lost per occurrence. The categories Loss of
Control, Road Edge Departure, Vehicle Failure,
Other, Evasive Action, Running Red Lights and Stop
Signs, and Crash at Intersection occupy a bracket of
approximately 0.50 to 0.80 years lost per occurrence.
The categories of Non-Collision, Running into
Object, Rear End Collision and Traveling and
Turning Together occupy a bracket of approximately
0.20 to 0.30 years lost per occurrence while the
categories Animal Crash and Backing Up occupy a
bracket of years lost below 0.10 years. Table 9
summarizes this information.

The maximum level of Severity Index is observed in
the crash categories Pedestrian and Pedalcylist Crash
and Traveling in Opposite Directions which is
supported by the fact that pedestrians and
pedalcyclists are unprotected when impacted by a
vehicle and can be expected to sustain significant
injury.  Traveling in Opposite Directions is a
category that encompasses head on crashes, one of
the most severe crashes possible due to the relative
velocity between vehicles.

Table 9.
Severity Index Range

Crash Category Severity Index
Functional Years Lost/Incident

Pedestrian and Pedalcyclist Crash

Traveling in Opposite Directions 1.71-2.22

Loss of Control
Road Edge Departure
Vehicle Failure
Other 0.50 - 0.80
Evasive Action
Running Red Lights and Stop Signs
Crash at Intersection

Non-Collision
Running into Object

Rear End Collision 0.20-0.30
Traveling and Turning Together
Animal Crash |

Backing Up | <0.10

The Cost Index basically parallels the Severity Index
except in the categories Rear End Collision and
Traveling and Turning Together. These two
categories have a higher Cost Index ranking than
Severity Index ranking and are suspected to incur
proportionally more property damage than human
injury compared to the other categories therefore the
higher Cost Index ranking.

The Severity Index offers a prioritization
methodology that indicates where the probability of
the most severe injury can be expected given that a
crash occurs. However, it does not include a
frequency of occurrence perspective that is necessary
when considering the overall consequence to society.
A few rare severe occurrences may not outweigh
more frequent but less severe incidents. Both
severity and frequency must be considered.

Potential Benefits of Advanced Safety
Technologies

Six advanced safety technologies were examined for
the potential of each to reduce the occurrence or to
mitigate the consequences of the 15 crash categories
previously described.

The six advanced safety technologies selected for this

examination are:

*  Collision Preparation, Automatic Brake
Application

¢ Forward Collision Warning to Driver

¢  Side Alert/Lane Warning/Lane Keeping
Assistance

* Emergency Brake Assistance to Driver
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*  Rear Automatic Brake Application
¢ Automatic Cruise Control

Electronic Stability Control (ESC), a recently
legislated technology in the USA, was also included
in the potential benefit assessment. ESC was
included in order to put the relative benefits of the
new technologies into perspective and to examine the
hypothetical merits of ESC versus the six
technologies.

The six advanced safety technologies were defined as
described below:

Collision  Preparation, = Automatic ~ Brake
Application: Automatic brake application at the
last “split second” before a frontal collision with
an object occurs. The intent is to produce
emergency vehicle deceleration just prior to
impact thereby reducing kinetic energy and
reducing impact velocity.

Forward Collision Warning to Driver: Driver
warning system that informs and focuses the
driver's attention to the high probability of an
impending collision situation in front of the
vehicle. This warning would inform the driver to
act appropriately to avoid or mitigate the
collision.

Side Alert / Lane Warning / Lane Keeping
Assistance: Driver warning / assist system that
helps keep the driver from wandering out of his
lane and informs the driver that there are vehicles
alongside in parallel lanes. The system can range
from a warning system to a vehicle lane keeping
assistance system.

Emergency Brake Assistance to Driver: Brake
assist system that optimizes vehicle deceleration
based upon recognition that a driver may be in a
high stress situation requiring aggressive braking.

Rear Automatic Brake Application: Automatic
brake application while in reverse if a collision is
imminent.

Automatic Cruise Control: Cruise control that
maintains spacing to the vehicle in front on a
highway, adjusting speed up and down to keep
appropriate distance. It requires the driver to

activate it, does not apply brakes and does not
work in stop and go traffic.

Electronic Stability Control: Current ESC
technology, a brake actuated vehicle yaw stability
control system which reacts to vehicle status and
driver input. ESC adjusts vehicle yaw
performance via four corner brake actuation to
match the intended driver / vehicle path.

Since these six advanced technologies are emerging
in the marketplace, minimal field data is available for
study regarding their benefits in global applications.
Field data will take a long time to acquire. It may
also become difficult to draw conclusions from field
data considering the minuscule data sets containing
the specific technologies, the confounding effects of
multiple factors and the noise levels throughout the
data gathering and analysis process.

Focused field studies or advanced driving simulator
studies of specific combinations of crash categories /
scenarios and advanced safety technologies may
provide significant value in the future. The studies
can be designed to evaluate the benefit of a particular
technology in a specific crash category / scenario in a
quantifiable manner. This quantifiable data can then
be weighed using frequency of occurrence, economic
cost or functional years lost in a manner similar to the
data presented in this study to produce an estimate of
real world benefit.

Before large quantities of data are available, the
existence of a POTENTIAL of benefit can be
considered. A level of logic and judgment is required
to do this assessment with the question being: Is it
probable that a specific technology will be helpful in
a particular crash category / situation? This will be
referred to as the Potential Benefit in this paper.

The existence of a positive potential benefit, defined
to be a factor of 1.0, was multiplied by the frequency
of occurrence for a particular crash category to
develop a frequency weighed potential benefit metric.
The total potential benefit of a technology was
determined by summing the frequency of crash
categories where a particular technology was
indicated to have a positive potential benefit. If the
technology was not expected to provide a benefit in a
crash category, the factor was defined as zero.
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This does not result in a specific prediction of benefit,
but it does provide a relative measure regarding the
opportunity for different technologies to provide a
safety benefit. The real world benefit of any
technology will be based upon a multitude of
environmental, technological and human factors.
Complex assumptions, statistical analysis and
research will be required to predict the real world
benefit of emerging technologies.

Table 10 presents the Potential Benefit values for the
technologies vs. crash categories in descending order
of functional years lost and in descending order of
potential benefit.

The technology offering the highest potential benefit

opportunity was:

+  Collision Preparation, Automatic Brake
Application

The technologies following Collision Preparation in

descending order of total potential benefit

opportunity were:

+  Forward Collision Warning to Driver /
Emergency Brake Assistance to Driver (tie)

+  Automatic Cruise Control

«  ESC: Electronic Stability Control

+  Side Alert/Lane Warning/Lane Keeping
Assistance

+  Rear Auto Brake Application

Collision Preparation, Auto Brake Application shows
potential to be beneficial in all 6 of the highest
contributors to economic cost and functional years
lost and in 11 of the 15 crash categories. Collision
Preparation cannot be considered a factor in reducing
frequency because it is a crash velocity mitigation
technology. It should not be expected to eliminate
crashes events.

Forward Collision Warning and Emergency Brake
Assist were tied in value and show opportunities to
be effective in 2 of the top 5 categories for frequency
of occurrence, in 3 of the top 6 categories for
economic cost and 4 of the top 6 categories for
functional years lost. Both are potentially beneficial
in 8 of the 15 crash categories.

Automatic Cruise Control shows potential benefit in
1 of the top 6 categories and in 2 of the 15 crash
categories.

ESC shows potential benefit in 2 categories of the top
6 from a functional years lost viewpoint and in 4 of
the 15 crash categories. ESC is indicated to be
beneficial in the “Other” crash category because that
category includes on-road rollover incidents per the
DOT report.

Side Alert and Rear Auto Brake Application show
potential benefit in 2 and 1 of the fifteen crash
categories respectfully, none of which is in the top
SiX.

Table 10.
Potential Benefit of Technology

POTENTIAL BENEFIT OF TECHNOLOGY benefit
SORTED BY FUNC. YEARS LOST
Auto Brake
Interven.
CATEGORY CATEGORY DESCRIPTION
1 CRASH AT INTERSECTION 1144000
2 LOSS OF CONTROL 632000
10 REAR END COLLISION 1632000
4 ROAD EDGE DEPARTURE 402000
9 TRAVELING IN OPPOSITE DIRECTIONS 139000
6 PEDESTRIAN, PEDALCYCLIST CRASH 98000
8 TRAVELING AND TURNING TOGETHER
3 RUNNING RED LIGHTS and STOP SIGNS 302000
12 EVASIVE ACTION 69000
5 ANIMAL CRASH 328000
1 VEHICLE FAILURE 42000
14 RUNNING INTO OBJECT 85000
15 OTHER
7 BACKING UP

NON-COLLISION

Total

4,873,000

Forward Panic Side Alert,

Coll. Brake |Auto Cruise ESC Lane ReBar :uto
Warning Assist Warning rae
1144000 1144000
632000
1632000 1632000 1632000
402000
139000 139000
98000 98000
791000 791000
302000 302000
69000 69000 69000 69000
328000 328000
85000 85000
36000

197000

3,797,000 3,797,000 2,423,000 1,139,000 860,000 197,000

DESCENDING ORDER of POTENTIAL BENED
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Discussion of ESC and Advanced Safety
Technologies

It is interesting to note that ESC ends up ranking fifth
of the seven technologies examined. Considering the
recognized benefit of ESC in the real world [2] a
question needs to be posed: Are the new advanced
technologies of potentially greater benefit than ESC
or are there other factors to consider? Granted, this
study only examines the potential benefit of these
technologies and develops a relative ranking, but it is
surprising that ESC comes out relatively low in total
potential benefit opportunity. Could it be that other
technologies will prove to be more beneficial, will
their real benefit be less than ESC, does ESC provide
additional benefits that have not been recognized, or
is it a combination of all these and other factors? A
significant amount of work will need to go into the
research regarding the relative benefits of
technologies before answers rise to the top.

The author would like to offer the hypothesis that
ESC may be providing benefits that are an extension
of ESC's original intent. The author offers the
observation that ESC continues to function after an
impact under certain conditions. Given that the
brakes, tires and electrical system are still operational
after an impact, ESC will continue to attempt to
match vehicle trajectory to the driver's steering wheel
motions while the vehicle is out of control and
proceeding upon a post impact trajectory. Since ESC
operates by applying the brakes, deceleration occurs
while it is adjusting the vehicle yaw characteristics.
The more severe the deviation between vehicle
behavior and steering wheel motion, the more
aggressively ESC will apply the brakes. This would
be especially true in a traumatic sequence of events
such as immediately after an on-road impact when
the vehicle trajectory and driver steering motions are
no longer related to each other. If the vehicle is
relatively intact electrically and mechanically (the
brakes and tires still function), then ESC will be
reducing the vehicle's velocity prior to subsequent
impacts.

A further scenario to consider would be the events
just prior to an impact. If a driver recognizes that a
crash is imminent and attempts an avoidance
maneuver, ESC will tend to engage and decelerate
the vehicle. ESC would therefore tend to reduce
impact velocity to some degree if it functions prior to
the impact.

Impact velocity reduction has been shown to be a
significant factor in fatality risk reduction.

The probability that ESC can introduce deceleration
prior to initial impact and throughout the crash
trajectory could be the reason that ESC provides an
overall beneficial reduction in more crashes than the
potential benefit expected from the Loss of Control
and Road Edge Departure categories that it was
specifically designed to address.

Hans C. Joksch, in the research “Velocity Change
and Fatality Risk in a Crash — a Rule of Thumb” and
in “Final Report Light Weight Car Safety Analysis,
Phase II Part II: Occupant Fatality and Injury Risk in
Relation to Car Weight” [3] discusses impact velocity
as being a strong indicator of fatality potential.
Joksch's research establishes that fatality risk is
related to impact velocity to the forth power. Being
so, small impact velocity reductions provide
significant benefit in the reduction of fatality risk.
For example, if an impact velocity of 50kph (31.1
MPH) is reduced by 2kph (1.24 MPH) to 48kph (29.8
MPH) the fatality risk is reduced by 15% based upon
the velocity to the forth power. If the velocity is
reduced 4 kph (2.48 MPH) the fatality risk is reduced
by 29% and if reduced 6 kph (3.73 MPH) the fatality
risk is reduced by 40%.

Collision Preparation, Automatic Brake Application
technology which applies the vehicle brakes
automatically without any driver action upon sensing
an imminent collision can be expected to have a
positive reduction in vehicle speed before impact and
therefore a reduction in fatalities and injuries. The
benefit of fatality risk reduction can be expected to be
similar to H. C. Joksch's curve. Exactly how much
benefit this technology could deliver is yet to be
established. This technology probably would not
prevent incidents from occurring but it could
significantly reduce the severity of the incidents by
reducing impact velocities.

Forward Collision Warning to Driver technology can
be beneficial in reducing the frequency of occurrence
and also in reducing impact velocity. However, an
attention focusing and warning technology that
activates at a point before a situation becomes critical
runs the risk of being too intrusive during normal
driving if conservatively programmed. This
technology relies upon the driver to “do the right
thing, promptly” as the situation is becoming critical.
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Both considerations pose risks; intrusive alarms will
frustrate drivers and may ultimately be turned off or
ignored. On the other hand, a warning given at the
“last instant” while the driver is in a developing
unfamiliar high stress situation (where the correct
actions are critical) the driver may not act
appropriately to avoid the accident. The driver may
react too slowly, may get confused by the unfamiliar
alarm or may just do the wrong thing such as apply
the brakes improperly or steer improperly for the
particular situation.

The Emergency Brake Assistance to Driver
technology is not a warning technology, but a
technology that assists the driver in generating high
braking deceleration in a situation when the driver
seems to need to decelerate aggressively. This
technology runs the risk of being either intrusive or
rarely engaging depending upon the programming. It
also relies upon the driver to “do the right thing,
promptly” to be fully beneficial in avoiding incidents.

Given that maximizing deceleration before impact is
beneficial, the Forward Collision Warning and
Emergency Brake Assist technologies may provide
more benefit in reducing the severity of impact than
in reducing the the frequency of occurrence.

Side Alert/Lane Warning/Lane Keeping Assistance is
a technology that assists the driver during the normal
course of events that are familiar to the customer.
This technology would tend to give a warning earlier
than technologies such as Forward Collision
Warning. The closing velocities between vehicles in
traveling and turning together scenarios would tend
to be lower than perpendicular, oblique and head on
velocities so there would be more time for warning
and driver reaction with less urgency than associated
with forward collision scenarios. This technology
could be considered an ‘“advisement” technology
where it advises the driver of a developing situation
before it becomes critical. A benefit of an
“advisement” technology could be the continual
“training” of the driver to operate the vehicle in a safe
manner.

Rear Automatic Brake Application technology could
be useful in preventing impacts due to backing up,
however it needs to be insensitive enough to allow
the driver full maneuvering room in tight quarters.
Some level of warning prior to the automatic brake
application may be appropriate. The question is how

much intrusiveness is appropriate without the
technology being a hindrance to mobility and how to
minimize driver irritation. This technology might be
able to reduce the frequency of drivers backing up
over pedestrians.

Automatic Cruise Control technology could assist
drivers in keeping an adequate distance between
vehicles in traffic patterns that have a relatively
constant traffic velocity. A technology that tends to
increase the distance between vehicles may serve to
give the driver more reaction opportunity when a
high stress situation is developing. This technology
may also overlap with Forward Collision Warning by
being able to warn the driver of an unexpected speed
change in front. It is possible however, that some
drivers could be lulled into a sense of security and
inattention because of the automated speed control
and end up in unexpected situations that lead to
accidents.

Conclusions

All the advanced safety technologies considered in
this work have the potential to reduce fatalities,
injuries or accidents. The overall benefit of the
technologies discussed can only be established in the
future as real data becomes available. The actual
benefit of each technology will be difficult to predict
and analyze with accuracy because of the complexity
of the challenge. There are multitudes of ways that
drivers and vehicles become involved in accidents.
There are also multitudes of ways that drivers act
behind the wheel. The question regarding exactly
when would a technology be beneficial and to what
degree that technology would be beneficial is a
problem that deserves intense study and research.

The Pareto principle methodology of crash
prioritization in this paper could be applied as fresher
data becomes available and as on-road transportation
evolves. It can also be applied to the study of driver
behavior and other crash factors. The Pareto
principle can be used to sort information such as pre-
crash scenarios and accident categories into
perspectives that may assist in prioritizing research
and development activity toward the most socially
beneficial challenges.

The crash categories presented here seem to

summarize the various vehicle accident situations that
can occur in a broad, global perspective. There is no
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single perfect perspective. Other arrangements of
crash data also yield useful insights into vehicle
safety. Different perspectives, used together, can
improve understanding and accelerate progress. The
details regarding why crash situations happen may
evolve but drivers and vehicles will still tend to crash
while traveling together, when meeting at
intersections, when traveling in opposite directions as
well as in all the other crash categories presented
here.

Electronic stability control, ESC, has proven to be a
life saving technology but not all has been understood
regarding why it is such a benefit throughout the
world. Is it because it is preemptive, is it because
drivers maintain control of vehicles easier, is it
because vehicles tend to stay on the road, is it
because it decelerates vehicles in critical developing
situations or is it for all these reasons and other
reasons not yet conceived, researched or understood?
Continued research regarding ESC is needed. The
knowledge gained in understanding why ESC is
beneficial may shed light upon how to examine other
technologies, driver behavior and to further advance
vehicle safety.

The six advanced safety technologies discussed in
this paper are only some of the new technologies that
are being developed for the vehicle transportation
market. The benefit of any technology will progress
from a conjecture of the potential benefit in the
beginning to some level of understanding regarding
the actual contribution in improving safety. This
understanding will never be perfect. Methodologies
will need to be continuously developed to process the
data streams and evolve knowledge regarding the
safety effectiveness of the transportation system. The
methodology and viewpoints presented in this paper
may be helpful in considering new technologies. The
matrix of crash categories vs. technologies and the
factoring/weighing method presented in this paper
may be of use in planning research and experiments
to determine the effectiveness of new technology for
improving automobile safety.
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APPENDIX

Table 3.
37 Crash Scenarios Sorted into 15 Crash Categories

[CRASH CATEGORIES

Pre-Crash Scenarios

[ 1.

VEHICLE FAILURE

| 1. Vehicle Failure

[ 2.

LOSS OF CONTROL

2. Control Loss With Prior Vehicle Action

3. Control Loss Without Prior Vehicle Action

RUNNING RED LIGHTS AND STOP SIGNS

4. Running Red Light

5. Running Stop Sign

ROAD EDGE DEPARTURE

6. Road Edge Departure With Prior Vehicle Maneuver

7. Road Edge Departure Without Prior Vehicle Maneuver

ANIMAL CRASH

9. Animal Crash With Prior Vehicle Maneuver

10. Animal Crash Without Prior Vehicle Maneuver

PEDESTRIAN AND PEDALCYCLIST CRASH

11. Pedestrian Crash With Prior Vehicle Maneuver

12. Pedestrian Crash Without Prior Vehicle Maneuver

13. Pedalcyclist Crash With Prior Vehicle Maneuver

14. Pedalcyclist Crash Without Prior Vehicle Maneuver

BACKING UP

8. Road Edge Departure While Backing Up moved from ROAD EDGE DEPARTURE

15. Backing Up Into Another Vehicle

TRAVELING AND TURNING TOGETHER

16. Vehicle(s) Turning — Same Direction

17. Vehicle(s) Parking — Same Direction

18. Vehicle(s) Changing Lanes — Same Direction

19. Vehicle(s) Drifting — Same Direction

22. Following Vehicle Making a Maneuver moved from REAR END COLLISION

. TRAVELING IN OPPOSITE DIRECTIONS

20. Vehicle(s) Making a Maneuver — Opposite Direction

21. Vehicle(s) Not Making a Maneuver — Opposite Direction

[ 10.

REAR END COLLISION

23. Lead Vehicle Accelerating

24. Lead Vehicle Moving at Lower Constant Speed

25. Lead Vehicle Decelerating

26. Lead Vehicle Stopped

[ 11.

CRASH AT INTERSECTION

27. Left Turn Across Path From Opposite Directions at Signalized Junctions

28. Vehicle Turing Right at Signalized Junctions

29. Left Turn Across Path From Opposite Directions at Non-Signalized Junctions

30. Straight Crossing Paths at Non-Signalized Junctions

31. Vehicle(s) Turning at Non-Signalized Junctions

[ 12.

EVASIVE MANEUVER

32. Evasive Action With Prior Vehicle Maneuver

33. Evasive Action Without Prior Vehicle Maneuver

[13.

NON COLLISION INCIDENT

| 34. Non-Callision Incident

[14.

RUNNING INTO OBJECT

35. Object Crash With Prior Vehicle Maneuver

36. Object Crash Without Prior Vehicle Maneuver

[ 15.

OTHER

| 37. Other
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ABSTRACT

A 2004 Chevrolet Tahoe was tested with the Original
Equipment Manufacturer’s (OEM) base and optional
recommended tires and wheels, and two sets of
different sized aftermarket tires and wheels. One
aftermarket tire and wheel set used a much larger and
wider rim with a low profile tire that did not
significantly change the vehicle’s Static Stability
Factor (SSF). The second aftermarket tire and wheel
set used the larger optional OEM rim with a larger
than recommended Light Truck (LT) designated tire
that significantly lowered the vehicle’s SSF. Tests
were performed pursuant to the protocols described
in the United States Department of Transportation
(USDOT) National Highway Traffic Safety
Administration (NHTSA) New Car Assessment
Program’s (NCAP) fishhook and sine-with-dwell
maneuvers. Results demonstrated that changes in
vehicle performance due to the use of aftermarket
tires were dramatic. The lower profile tire and wheel
combination produced vehicle tip-up in fishhook
testing at 40 and 35 mph with and without ESC
enabled respectively. The larger LT tire and wheel
combination did not produce vehicle tip-up in
fishhook testing with ESC enabled, but did at 45 mph
with ESC disabled. Both base and optional OEM
tires produced test results which fell in between the
two aftermarket tires. The vehicle successfully
completed the sine-with-dwell test maneuvers with
ESC enabled and failed with ESC disabled when
equipped with either the base or optional OEM tires.

INTRODUCTION

Vehicle manufactures provide information regarding
the appropriate tires for their  vehicles.
Recommended tire and wheel sizes are printed on a
placard which is affixed to the vehicle in an easily
accessible area. Instructions in the Owner’s manual
typically state the recommended types and sizes of
tires that are permissible or refer the operator to the
vehicle’s tire placard. A General Motors instruction
found on the internet states, “GM Accessory wheel
and tire systems are designed as a system and must
be used as such. Approved tire and wheel system
combinations can be found by clicking on a GM
vehicle, brand, then model, which can be found on
the GM Accessories Zone home page...GM strongly
recommends that replacement tires be the same as the
original equipment tires (GM, 2006).” Ford’s 2000
Expedition Owners Guide states, “When replacing
full size tires, never mix radial, bias-belted or bias-
type tires. Use only the tire sizes that are listed on the
Certification Label. Make sure that all tires are the
same size, speed rating, and load-carrying capacity.
Use only the tire combinations recommended on the
label. (Ford, 2000)”

A tire manufacture described the appropriate tires for
a vehicle as those that are recommended by its
manufacturer, “To ensure the same performance
characteristics intended by the vehicle manufacturer,
replacement tires should be selected with the same
size, load index, and speed symbol designation as
shown on the vehicle tire placard and/or within the
vehicle owner's manual.” (Bridgestone/Firestone,
2006) Despite these types of instructions, the
practice of installing tire types and sizes that do not
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meet the recommendations of the manufacturer was
anticipated for a variety of reasons including
customer requests and to meet vehicle modification
requirements. Typical changes include "Plus" Sizing,
Speed Rating changes, Passenger Tire vs. Light
Truck Tire fitments, P-Metric vs. Euro-Metric,
Standard Load (SL) vs. Extra-Load (XL), or
combinations of the items above. Publications such
as the “Tire Guide” published by Bennett Garfield
provide Industry guidelines for some of these
practices.

Daws described, “Plus” Sizing as, “the fitting of
larger diameter rims and lower profile tires to
vehicles (Daws, 2008).” Regarding “Plus” Sizing the
Bridgestone/Firestone Replacement Tire Selection
Manual instructs, among several points, that:

“In some cases, a vehicle manufacturer may
specifically advise against the application of
replacement tires that are not the original
size or type. Always refer to and follow
these recommendations.” And, “The overall
diameter of replacement tires should be
within vehicle manufacturer tolerances. If
tolerances are not provided, use a guideline
of +/-3% from the overall tire diameter of
the tire specified on the vehicle tire placard.”
(Bridgestone/Firestone, 2006)

The fitting of tires and wheels different in size from
that specified by a vehicle’s manufacturer continues
to be a significant commercial force in the tire
marketplace. In 2008, according to Daws, “The
fastest-growing segment of the tire market today is
what is called the ‘tuner’ market. Another rapidly
growing segment is that of low profile tires for light
trucks and sport utility vehicles. The market for
aftermarket wheels, tires, and suspension components
in 2001 represented over $6 billion in sales.”

Some of the important issues that must be addressed
when considering tires that are different than those
recommended by a vehicle’s manufacturer include
load capacity, tire pressure, tire clearance, and
vehicle static stability factor (SSF) changes. These
items can be analyzed using simple calculations,
static measurement, and data supplied by tire and
wheel manufactures. Unfortunately, these simple
metrics do not address many other potentially

negative characteristics that can occur to a vehicle’s
handling performance due to tire changes. These
include yaw stability, rollover stability, cornering,
ride harshness, rim to ground contact potential, tire
debead, hydroplaning resistance, speedometer
calibration, brake pad and steering gear wear and
active precrash safety systems like anti-lock brakes,
electronic (roll) stability control, and traction control.
The research reported on in this paper principally
addresses stability issues.

METHOD

The test vehicle was a 2004 Chevrolet Tahoe with
VIN 1IGNEC13Z04R177864, September 2003
manufacture date and an odometer reading of 64,285
miles. The vehicle was equipped with a 5.3L V-8
engine, 4-speed automatic transmission, 2-wheel
drive, and Stabilitrac. Photograph 1 is an overall
view of the test vehicle. GM’s Stabilitrac will be
referred to as Electronic Stability Control (ESC) from
here on out. The tires recommended on the vehicle
door placard were P265/70R17 inflated to 32 psi at
the front and rear. The tires were mounted to the
recommended alloy OEM 17X7.5 rims with a 31 mm
offset. Prior to preparing the vehicle for testing it
was researched, inspected and measured by a
certified body shop to ensure that it had no prior
major collision damage or repair and that it was in
compliance with OEM specifications.

Photograph 1. 2004 Chevrolet Tahoe with VIN
1GNEC13Z04R177864.

Tires and wheels used in testing included: (1)
Firestone Destination LE P265/70R17 inflated to 32
psi at the front and rear. The tires were mounted to

Arndt 2



alloy OEM 17X7.5 rims with a 31 mm offset; (2)
Firestone Wilderness LE P265/70R16 inflated to 35
psi at the front and rear. The tires were mounted to
alloy OEM 16X7 rims with a 31 mm offset. (3)
Buckshot Maxxis Mudder LT285/70R17 inflated to
40 psi at the front and rear. The tires were mounted
to alloy OEM 17X7.5 rims with a 31 mm offset. (4)
Toyo Proxes S/T P305/40R22 inflated to 40 psi at the
front and rear. The tires were mounted to alloy
22X9.5 rims with an 18 mm offset. Photographs 2
through 5 show the different tires mounted to their
respective rims and inflated to the listed pressures.

Photograph 2. From left to right: (3) Buckshot
Maxxis Mudder LT285/70R17; (1) Firestone
Destination LE P265/70R17; (2) Firestone
Wilderness LE P265/70R16.

Photograph 3. From left to right: (3) Buckshot
Maxxis Mudder LT285/70R17; (1) Firestone
Destination LE P265/70R17; (2) Firestone
Wilderness LE P265/70R16.

Photograph 4. From left to right: (4) Toyo Proxes
S/T P305/40R22 and (2) Firestone Wilderness LE
P265/70R16.

Photograph 5. From left to right: (4) Toyo Proxes
S/T P305/40R22 and (2) Firestone Wilderness LE
P265/70R16.

The base vehicle’s curb plus driver plus
instrumentation weight with the 17 inch OEM tires
was 5,785 Ibs (F/R: 2,940/2,845). This included the
driver (175 1bs) and the instrumentation (77.5 1bs)
placed on the right front seat. Fishhook tests were
conducted at or near the NCAP specified loading.
The vehicle was fitted with an AB Dynamics steer
robot to provide the programmed steer input.
Calibrated instruments measured speed; slip angle;
yaw, roll and pitch rates; X, y and z accelerations; and
wheel heights. Brake line pressure at each wheel and
brake pedal application status were also monitored
and recorded. Brake pedal application status was
monitored through a switch at the brake pedal.
Signals from all instruments, velocity sensors and
vehicle circuits were recorded with an on board data

Arndt 3



acquisition system at 200 samples per second. Data
from the onboard instrumentation were post
processed with a 6Hz, 12-pole, phaseless digital
Butterworth filter and zeroed.

Tire pressures were set cold prior to tire conditioning
and testing. OEM tire pressures were set to 35 psi
front and rear for the base tire and 32 psi front and
rear for the optional tire as listed on the vehicle’s tire
placard. The aftermarket tire pressures were set to 40
psi front and rear as recommended by tire retailers.
Tires were conditioned and changed using the
protocol dictated by the NHTSA NCAP fishhook test
procedure (NHTSA, 2003). Tire pressure was
monitored but not changed to ensure that no pressure
loss occurred from test to test.

A series of static measurements and quasi steady
state tests were conducted. These include
measurements to determine: tire rolling radius, roll
stiffness, roll moment distribution, CG height, and
Static Stability Factor (SSF) and tests to determine
understeer gradient.

Two dynamic tests, NHTSA’s NCAP fishook
maneuver (NHTSA, 2003) and NHTSA’s sine-with-
dwell maneuver (NHTSA, 2006) were conducted on
the two OEM tire configurations. Only maneuvers in
the left/right sequence were completed. The AB
Dynamics steering robot generated the steering inputs
for each run, while the driver controlled the initial
speed. Tests were conducted at 35 to 50 mph and
throttle was dropped prior to steer initiation. ESC off
condition was produced by turning off the stability
control switch on the vehicle console. Non-actuation
of the system was confirmed by observing the
warning lamp in the instrument cluster, and by
monitoring individual wheel brake line pressures.

All tests were conducted on flat and level asphalt
roadway and parking lot surfaces at the Southwestern
International Raceway near Tucson, Arizona. The
test surface had a 0.9 or greater friction coefficient
determined pursuant to the ASTM surface friction
characterization protocol. A listing of all dynamic
tests is provided in Table 1.

Table 1. List of dynamic tests.

Tire ESC Test
Firestone Wilderness . .
LE P265/70R16 off | Left-Right Fishook
Firestone Wilderness . .
LE P265/70R16 on | Left-Right Fishook
Toyo Proxes S/T . .
P305/40R22 off | Left-Right Fishook
Toyo Proxes S/T . .
P305/40R22 on | Left-Right Fishook
Firestone Wilderness - Left-Right Sine-with-
LE P265/70R16 | © dwell
Firestone Wilderness N Left-Right Sine-with-
LE P265/70R16 | ° dwell
Buckshot Maxxis . .
Mudder LT285/70R 17 off | Left-Right Fishook
Buckshot Maxxis . .
Mudder LT285/70R 17 on | Left-Right Fishook
Firestone Destination . .
LE P265/70R 17 off | Left-Right Fishook
Firestone Destination . .
LE P265/70R 17 on | Left-Right Fishook
Firestone Destination - Left-Right Sine-with-
LE P265/70R17 | °© dwell
Firestone Destination N Left-Right Sine-with-
LE P265/70R17 | ° dwell
RESULTS

Results from all static measurements, specifications,
calculations, quasi steady state and dynamic test
results are listed in Table 2.

The test vehicle exhibited the lowest rollover
resistance when equipped with the low profile
P305/40R22 tires and wheels during fishhook testing.
The tip-up speed was 40 and 35 mph with and
without ESC enabled respectively. The test vehicle
exhibited dangerous tip-up response at 45 mph with
ESC disabled when equipped with the larger
LT285/70R17 tires and wheels during fishhook
testing; the vehicle did not tip-up with ESC enabled.
The test vehicle equipped with the optional
P265/70R17 OEM tires tipped-up in fishhook testing
with and without ESC enabled at 45 and 40 mph
respectively. The test vehicle tipped up at 40 mph
without ESC when equipped with the base
P265/70R16 OEM tires, but did not tip up with ESC
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Table 2. List of measurements, specifications, calculations , and test results.

Firestone Firestone Buckshot Toyo Proxes
Destination LE | Wilderness LE | Maxds Mudder 58T
Tire size P265/T0RLT P265/70RL 6 LT2E570RLT P305/40R22
. OEM alloy OEM alloy OEM alloy
. 17575 1637 0 17575 alloy 2255
Rim offzet () 31 3 31 18
Tested tire pressure (pai) 32 35 40 40
ive T ey
Tire Diammeter (i) Ypercent greater to 31 Fram 0 0% 73 029 21 £5%
16 inch OEM (%)
Static loaded radius (i) 14.20 1424 15.54 1508
&ctual speed at 70 mph indicated (mphy 687 ffa T3 nfa
23F 1.10 1.12 1.07 1.10
Foll stiffhess (Ib-fifrad x 1000 10z 102 106 109
Foll stiffness distribition, percent front A0% 60% B0% B1%
Steer Gradient (hetween 0.1 g and 10 10 ’n 17
0375g degla
Tip-up speed in fishhook without E2C A0 el 45 3541
(mplh)
Tip-up speed in fishhook with E3C .
a5 no tip®) no tip 4!
) i
Site-with- dwell, steer scalar at spinout 3 5/pass 3 5/pass ofa wfa

of pass, withfwithout E3C

1 Tire diameter was manufacturer's specification.

Y ehicle had similtaneous two-inch two-wheel lift, bt no tip vp Cno outtigger contact) at 35 mph,

BINHTZA teports no-tip in NOAP information for E3C equipped 2003 BWD Tahoe, implied max test speed
was 30 mph with default and supplemerntal steer scalar.

" Lowest speed tested.

¥ ehicle had simultaneous two-inch two-wheel ift, but no tip up (no outtigger contact) at 40 mph.
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enabled during fishhook testing sponsored by
NHTSA.

Only OEM tires were tested using the sine-with-
dwell steer maneuver. The Tahoe failed to meet the
test criterion at a steer scalar of 3.5 with the ESC
disabled when equipped with either the base or
optional OEM tires. The Tahoe passed all runs
resulting in successful completion of the maneuver
with ESC enabled when equipped with either the
base or optional OEM tires.

DISCUSSION

Often pressure is felt to place after market tires which
do not meet the manufacturer’s recommendation on a
vehicle because of a customer’s desire to produce a
particular look that a tire can provide. In the case of
the two aftermarket tires that were tested during the
research reported on in this paper, one tire, the Toyo
Proxes, produces a sporty look, while the other tire,
the Maxxis Buckshot Mudder, produces a rugged off-
road look. In the competitive world of retail tire sales
it is common to get these kinds of requests from
consumers.

Baseline data found in common fitment guides does
not typically report on the effects of rubber
compound as it relates to the appropriateness of the
tire for a particular application, yet the rubber
compound can have a significant effect on a tire’s
friction capacity. The range of friction coefficients is
quite extreme when comparing a high performance
tire to a light truck tire. A tire’s friction capacity can
greatly influence a vehicle’s roll stability.

A typical tire fitment guide will provide information
on alternative “plus” size tires and wheels that can be
substituted by the tire retailer with the expectation
that they will “fit”. This often results in substituting
the manufacturer’s recommended tire size with a
lower aspect ratio tire mounted on a larger diameter
rim. The responsiveness of a low profile tire (small
aspect ratio) will be significantly different than that
of the more traditionally sized tire commonly
recommended by the vehicle manufacturer. The
vehicle responsiveness can influence a vehicle’s roll
stability.

The results of this study demonstrate the significant
changes in vehicle handling that can occur when tires
that are substantially different in design than that
recommended by the manufacturer are placed on a
vehicle. The changes that occur are not always
intuitively obvious. This was clearly demonstrated
by the results from the fishhook tests.

A review of the static measurements, specifications,
and calculations reported in Table 2 would likely lead
to an initial assessment that the base OEM tire would
be the least likely to produce vehicle tip-ups during
the fishhook test and that the larger Buckshot Maxxis
Mudder tire would be the most likely to produce
vehicle tip-ups in fishhook tests. One might also
believe that the Toyo Proxes tires would produce
vehicle tip-ups at similar speeds to the optional OEM
tires. The results of the dynamic testing clearly
demonstrate the error of such assessment in fishhook
testing. In fact, the Toyo Proxes tires produced a
violent tip-up response at the lowest test speed
prescribed in the NHTSA fishhook protocol (35
mph). In contrast, the Buckshot Maxxis Mudder tires
produced dangerous fishhook tip-up response at the
highest speed of all the tires tested on the Tahoe
during fishhook testing without ESC. Both the base
and optional OEM tires produced tip-up results by
the Tahoe that fell in between the results produced by
the two aftermarket tires.

These findings clearly show the need for tire retailers
to go beyond the standard fitment guides when
determining what tires are appropriate for a particular
vehicle or application. This is particularly true for
SUV’s, trucks, and vans that have lower SSF’s and
are more prone to rollover compared to passenger
cars. The risk of significant safety hazard occurs
when an aftermarket tire which does not meet the
vehicle manufacturer’s recommended tire type and
size is on a vehicle. Aftermarket tires in this category
should not be placed on a vehicle unless there has
been full scale dynamic testing that demonstrates that
the tires do not adversely affect the wvehicle’s
handling characteristics.

The quasi steady state handling test results showed
that the different tires did not significantly change the
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basic understeer characteristics of the vehicle. A
typical driver would not likely know that they had
substantially affected their vehicle’s roll propensity
when operating their vehicle under normal everyday
driving circumstances with the aftermarket tires that
did not meet the manufacturer’s recommendations.

The ESC demonstrated its effectiveness in
maintaining yaw stability during sine-with dwell
testing with both the base and optional OEM tires.
The Tahoe failed the sine-with-dwell test series at a
steer amplitude of 130.2° (3.5 scalar) with both OEM
tire sizes when the ESC was disabled. The Tahoe
successfully passed the sine with dwell test series
with steer amplitudes as high as 270° with both OEM
tire sizes when the ESC was enabled. The ESC gave
the driver the opportunity to steer the Tahoe more
than double the amplitude without producing a
vehicle spinout response.

CONCLUSION

1. Information about “plus” size substitute tires
found in common tire fitment guides is
insufficient to determine the appropriateness of a
given tire on a given vehicle. Just because a tire
will “fit” on a vehicle does not mean that it will
be safe.

2. Aftermarket tires that do not fall within the
recommendations for tire type and size provided
by the vehicle manufacturer should not be placed
on a vehicle unless full scale vehicle handling
tests or analysis have been completed.

3. Driving a vehicle under normal everyday driving
circumstances is not sufficient to determine the
effect that an aftermarket tire may have on roll
propensity.

4. ESC greatly increases a driver’s ability to place
steer inputs to a vehicle without losing control,
or causing an on-road untripped rollover, thus
significantly reducing danger and providing a
significant safety enhancement. Tires that do not
meet the vehicle manufacturer’s recommended
size may affect the functionality of the ESC
system.
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ABSTRACT

This paper describes a test track based lane departure
warning (LDW) evaluation performed by the
National Highway Traffic Safety Administration
(NHTSA). NHTSA defines an LDW system as one
intended to alert the driver when their vehicle is
about to drift beyond a delineated edge line of their
current travel lane. LDW system alerts consist of
audible, visual, and/or haptic warnings, or any
combination thereof. The test maneuver described
was designed to emulate a lateral drift while
travelling on a straight road. This type of maneuver
was chosen because it represents one of the most
dominant pre-crash scenarios as reported in the 2004
General Estimates System (GES) database.

LDW performance was quantified by considering the
vehicle’s proximity and approach rate to the inboard
edge of a single lane line at the time of the LDW
alert. Variations in how the alerts were presented to
the driver, and the manner in which the timing of the
alerts changed as a function of the lateral velocity
toward the lane line, were observed.

BACKGROUND

During mid to late 2008, NHTSA performed an
evaluation of the lane departure warning (LDW)
systems installed on three late model passenger cars.
All tests were performed by researchers at the
agency’s Vehicle Research and Test Center (VRTC),
located on the Transportation Research Center, Inc.
(TRC) proving grounds in East Liberty, OH.

NHTSA defines an LDW system as one intended to
alert the driver when their vehicle is about to drift
beyond a delineated edge line of their current travel
lane. Contemporary LDW systems use forward-
looking cameras, in conjunction with algorithms
designed to compare predictions of the vehicle path
and lane of travel. If a departure is deemed
imminent, an LDW alert is presented to the driver.
LDW alerts consist of audible, visual, and/or haptic
warnings, or any combination thereof.

At the time the work discussed in this paper was
performed, the number of US-production light

vehicles available with LDW was quite low, with
only four vehicle manufacturers known to offer such
systems on limited variants of certain vehicle makes
and models. Of these manufacturers, only three
offered systems able to initialize and perform on a
road where only one lane line was present. So as to
best evaluate the current state of LDW technology
implementation, sample offerings from each of these
three vehicle manufacturers were procured: a 2008
BMW 528i, 2009 Buick Lucerne, and a 2008 Infiniti
EX35. Although it is believed each of the LDW
systems installed in these vehicles have been
designed to address the pre-crash scenario described
in this paper, the manner in which the respective cues
were presented differed, as shown in Table 1.

Table 1.
LDW Alert Modality
LDW Alert
Vehicle
Audible Visual Haptic
BMW Vibrating
528i None None steering wheel
. Flashing icon on
Buick .
Repeated tones | instrument panel | None
Lucerne
(amber)
Infiniti Repeated Flashlng 1con on
instrument panel | None
EX35 tones™
(amber)

*The Infiniti EX35 LDW alert remains on during the entire lane
departure event (not just when it is first detected).

THE ROAD DEPARTURE CRASH PROBLEM

The Early Edition of Traffic Safety Facts 2007
reports that there were 22,054 fatal single vehicle
police reported crashes. This represents 59 percent of
all fatal police reported crashes in 2007. Of the
22,054 fatal single vehicle crashes, over 15,000 were
reported to be off roadway, on the shoulder, or on the
median [1]. NHTSA has long recognized that single-
vehicle road departure (SVRD) crashes lead to more
fatalities than any other crash type [2].

In an analysis of the 2004 General Estimates System
(GES) data, Volpe (part of DOT's Research and
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Innovative Technology Administration) reported that
there were approximately 5,942,000 police reported
crashes that involved at least one light vehicle. These
crashes involved over 15,000,000 people and resulted
in 2,737,000 injuries. From this target population, 36
pre-crash scenarios were identified that attributed to
99.4 percent of all light-vehicle crashes. A 37" pre-
crash scenario is recognized as ‘other’ but accounts
for only 0.6 percent of all crashes [3].

One of the most dominant pre-crash scenarios
identified by Volpe was “Road Edge Departure
without Prior Vehicle Maneuver” (REDPVM). This
pre-crash scenario was reported to rank fifth in
overall crash frequency attributing to approximately
333,706 crashes. Additionally, REDPVM ranked
third highest in direct economic cost to society
estimated to cost over $9M and was ranked second
highest with 270,000 functional years lost [3]. Volpe
defines the typical REDPVM scenario to be
associated with a light vehicle travelling straight in a
rural area at night, normal weather conditions, at
posted speeds of 55 mph or greater, and departing the
road edge at a non-junction area. Volpe recognizes
that this pre-crash scenario occurs with several
dynamic variations. Approximately 26 percent of
these crashes were found to occur when the vehicle
was negotiating a curve and 27 percent were found to
occur at the road shoulder or parking lane. Out of all
the REDPVM crashes, two-thirds were found to
depart the road edge to the right [3].

Based on the crash frequency, cost, and functional
years lost (a measure of harm) data, NHTSA decided
that the use of a test maneuver designed to emulate
these real-world crash scenarios would provide an
appropriate way to evaluate LDW performance.
Building on the efforts put forth by previous field
operational tests and the Integrated Vehicle-Based
Safety Systems (IVBSS) programs, NHTSA
researchers subsequently developed an objective test
procedure to perform the work described in this
paper. The objectives of this work were twofold: (1)
identify the US-production based LDW alert criteria
as presented to the driver with respect to the road
edge line, and (2) refine the test procedures to
enhance the accuracy, repeatability, and/or
reproducibility by which the LDW system
evaluations could be performed.

TEST METHODOLOGY
Overview

The tests described in this paper were designed to
evaluate the ability of an LDW system to detect, and

alert the driver of, an imminent lane departure. The
tests were each performed at a constant speed of 45
mph (72.4 kph), with two departure directions (left,
right), and over a range of departure rates. All tests
were based on straight road departures made across a
single continuous solid white lane line. LDW
performance was quantified by considering the
vehicle’s proximity and approach rate to the inboard
edge of the lane line at the time the LDW alert was
first presented.

The tests were each performed on the Transportation
Research Center Inc. (TRC) Vehicle Dynamics Area
(VDA) located in East Liberty, Ohio. The VDA
measures 1800 by 1200 ft (549 by 366 m), and is
comprised of a flat asphalt surface with a one percent
longitudinal grade for drainage. The pavement of the
VDA used for the LDW evaluations was in good
condition, free from potholes, bumps, and excessive
cracks. The north turn-around loop, shown in Figure
1, was used to maximize the length of the LDW test
course. All tests were performed during daylight
hours with good visibility (no fog, rain, snow). The
ambient temperatures and wind speeds present during
the BMW 528i and Buick Lucerne evaluations
ranged from 75 to 81 °F (24 to 27 °C) and 1 to 4 mph
(2 to 6 kph), respectively. During tests performed
with the Infiniti EX35, the ambient temperatures and
wind speeds were 38 to 49°F (3 to 9 °C) and 6 to 17
mph (10 to 27 kph), respectively.

LDW straight road test course

Figure 1. Orientation of the LDW test course
on the TRC VDA (not to scale).

Instrumentation

The test vehicles were each equipped with
instrumentation and data acquisition systems to
monitor and record vehicle speed, lateral and
longitudinal position (via GPS), yaw rate, and LDW
alert status. All analog data was sampled at 200 Hz.
Signal conditioning of these data consisted of
amplification, anti-alias filtering, and digitizing.
Amplifier gains were selected to maximize the
signal-to-noise ratio of the digitized data. GPS data
were sampled at 20 Hz, and were differentially
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corrected during post-processing. To facilitate
comparison of the position of the test vehicle with
respect to the inboard lane line edge, GPS-based
static surveys of the lines were performed. All data,
including the analog and GPS-based data from the
test vehicle and a static lane line survey, were then
merged into a single data file per trial for the ease of
subsequent data analysis. Appendix Table Al
provides a summary of the instrumentation used
during the LDW evaluations discussed in this paper.
In addition to this equipment, a dashboard-mounted
display was used to present the driver with accurate
vehicle speed information.

LDW Alert Monitoring

When activated, the LDW systems discussed in this
paper provided the driver with auditory, visual,
and/or haptic alerts. Recording when these alerts first
occurred was important since this information would
provide the points in time for which the vehicle’s

lane position and rate of approach would be reported,
the objective measures by which LDW performance
was quantified. The methods used to record the
LDW alerts differed from vehicle to vehicle, as
shown in Table 2.

Table 2.
LDW Alert Monitoring Methods

Vehicle Monitor

Direct tap of the motor used to vibrate the

BMW 528i .
steering wheel

Direct tap of the speakers installed behind

Buick Lucerne the left and right a-pillar trim

Direct tap of the piezoelectric speaker

Infiniti EX35 mounted to the back of the instrument panel

BMW 528i

Of the vehicles discussed in this paper, only the
BMW 528i presented the driver with a haptic alert to
warn of an impeding lane departure. This alert,
vibrations transmitted to the driver’s hands,
originated from a small motor attached directly to the
steering wheel. To monitor the state of this alert,
researchers directly tapped the leads supplying
voltage to this motor. Note: Safety precautions
required the steering wheel-based airbags be removed
prior to installing the programmable steering
machine. In the case of the BMW 528i, removing the
steering wheel also disabled the LDW alert.
Retaining LDW alert functionality while evaluating
the vehicle with the steering machine installed

required NHTSA researchers to request and receive
assistance from BMW.

Buick Lucerne

The LDW installed in the Buick Lucerne presented
alerts via small speakers installed behind the left and
right a-pillar trim. The alerts were directional; a left
lane departure would produce an alert heard
predominately from the left speaker, whereas right
departures produced alerts most apparent from the
right speaker. The speakers were also used as part of
the vehicle’s audio system; however it was not
necessary to have the audio system on for the LDW
alert to be heard by the driver.

To monitor the LDW alert during evaluation of the
Buick Lucerne, researchers directly tapped the leads
of both speakers, collecting data from each speaker
independently. Figure 2 presents an example of the
LDW alert flag recorded for the Buick Lucerne.

Note that while the duration of the alert shown in this
figure was believed to be accurate, the data trace does
not accurately portray how the alert was presented to
the driver (i.e., as it actually consisted of a series of
three beeping tones, not a single continuous alert).
This is because the speaker tap used to monitor the
Buick Lucerne LDW status was not designed to
monitor the frequency content of the signal, just to
show the speakers received DC voltage, indicating
the presence of an alert.

L e B St et SRRt S S
06
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0.2

LOWW Alert Flag (volts)

1]

1700 1800 1900 2000 2100 2200 2300 2400 2500
Data Count

Figure 2. Output from the LDW alert speaker
tap during a lane departure performed with the
Buick Lucerne.

Infiniti EX35
For the Infiniti EX35, the LDW alert was presented

to the driver via a piezoelectric speaker installed
behind the center console trim. To access this
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speaker, much of the components housed in the
console had to be removed (e.g., trim, the radio,
navigation and climate controls, etc.). To record the
LDW alert, the speaker leads were directly tapped,
and the signal that activated the piezoelectric speaker,
shown in Figure 3, was recorded. In addition to the
LDW alert speaker tap, an external microphone was
positioned near the speaker, and its output recorded.
In the case of the Infiniti EX35, installation of the
external microphone allowed researchers to assess
the feasibility of using a microphone to monitor the
piezoelectric speaker output (the speaker design was
different from that of the Buick Lucerne), and to
provide a redundant LDW alert monitor. However,
the microphone-based alert data were not used during
subsequent data processing or analyses.
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Figure 3. Output from the LDW alert
piezoelectric speaker tap during a lane departure
performed with the Infiniti EX35.

Lateral Velocity Ranges

The lane departures described in this paper occurred
over a range of lateral velocities intended to represent
unintended drifts. When considering the severity of
these tests, it is important that the reader recognize
these are gradual transitions from the lane of travel
over the line of interest. In the context of this paper,
the term “lane change” should not be confused with
the far more severe maneuvers used to assess
obstacle avoidance capability, lateral stability, or
dynamic rollover resistance.

Lane Line Markings

To insure maximum relevancy, the 4 in. (10.2 cm)
lane marker width, marking color and reflectivity,
and line styles satisfied the USDOT specifications
required by the Manual on Uniform Traffic Control
Devices (MUTCD), and were in “very good

condition” [4]. The lane departures described in this
paper each occurred over a continuous solid white
line.

Test Configurations and Conduct

To emulate a common pre-crash lane departure
scenario, researchers evaluated LDW performance
using a test course based on a straight road. All tests
described in this paper were performed with a
constant nominal speed of 45 mph (72.4 kph). To be
considered a valid test, the vehicle speed was
required to remain within + 1.2 mph (% 2 kph) of the
target speed, from the start of the test until any part of
the vehicle, as defined by the two dimensional
geometry described later in this paper, had crossed a
lane line by at least 3.3 ft (1 m). Where possible,
cruise control was used; otherwise, the driver
modulated the throttle throughout the maneuver. For
the BMW 528i and Buick Lucerne, the steering rate
for each test was nominally 125 deg/s, and all
steering inputs were commanded with a
programmable steering machine. In the case of the
Infiniti EX35, a skilled test driver manually
performed the lane departures.

As previously shown in Figure 1, the LDW straight
road course was positioned on the VDA such that the
test vehicle could easily reach the 45 mph (72.4 kph)
target speed, while also providing approximately
1000 ft (300 m) of pavement over which the
departure could take place. To maximize input
repeatability, two pylon-delimited gates were used to
help guide the driver to the appropriate course', and
all steering inputs were initiated from a common
location. In the case of the tests performed with the
BMW 528i and Buick Lucerne, repeatability was
further enhanced by automatically initiating these
inputs with the programmable steering machine,
triggered as the vehicle was driven over a thin metal
plate line lined with retro-reflective tape centered
within the confines of the second gate. More detailed
course specifications are provided in Figure 4. Note
that Figure 4 illustrates the test scenario for a left
departure. The vehicle was driven on the right side
of the lane line to evaluate left-side lane departure
warning performance, and on the left side of the lane
line for the right-side lane departure tests.

! Use of additional gates would have been helpful, however
researchers were concerned that visually, the extra pylons would
define two distinct rows (i.e., on either side of the travel lane) that
could be potentially interpreted as two lane lines by an LDW
detection algorithm. If this occurred, it would confound the
researchers’ ability to confirm whether a particular LDW system
could be initialized from, and operated with, the presence of only
one lane line.
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Figure 4. Straight road lane departure test course.

In the case of the BMW 528i and Buick Lucerne, the
straight road lane departure tests were performed
using steering angles from 1 to 15 degrees, input with
an incremental increase of one degree per individual
trial. For the Infiniti EX35, the driver was instructed
to perform lane departures using a range of steering
angles and rates. The subsequent data were
processed, and the lateral position and velocity of the
vehicle at the time of the LDW alert calculated. In
some cases, particularly during the left departure
attempts, the combination of open-loop automation
and a one-degree steering angle failed to produce a
lane departure before the end of the test course. As
such, these data were treated as outliers and not used
for subsequent analyses.

TEST RESULTS

The test procedures described in this paper were
intended to provide NHTSA with the ability to
objectively evaluate contemporary LDW systems.

To quantify performance, the lateral distance from
the vehicle to the lane line, and the lateral velocity of
the vehicle with respect to the lane line, at the time of
the LDW alert were determined.

To calculate the lateral distance from the vehicle to
the lane line during post processing of the data, each
test vehicle was first represented by a two
dimensional polygon whose length and width were
determined by considering the outboard-most contact
area of the tires to the ground. Using this
representation, the position of the vehicle (calculated
with highly accurate differentially corrected GPS
data) was compared to the static lane line survey for
the straight course of interest. At the instant the
LDW alert was initiated, the lateral distance from the
closest corner of the polygon to the lane line was
determined.

The vehicle’s lateral velocity was calculated from the
heading angle with respect to the lane line edge and
forward velocity. At the onset of the LDW alert,
trigonometric Equation 1 was solved [5].

Vlat = Vfwd * Sine ® (1)
where:

Vi, = Lateral velocity perpendicular to the vehicle with
respect to the edge of the lane line.
Viwa = Forward velocity of the vehicle.

® = Angle between the vehicle heading and the edge of the
lane line.

An overall summary of the lateral positions and
velocities observed at the time of the LDW alert
during straight road departures over a solid white
lane line are shown in Figures 5, 6, and 7. In each
figure, right departures are shown in red, left
departures in blue.

BMW 528i

For the BMW 528i, LDW alerts were presented
during 28 of the 30 valid tests performed. For the
two tests an alert was not observed (during one
departure to the left, and during one to the right), the
lateral velocities at the inboard edge of the lane line
were 2.6 and 4.0 ft/s, respectively. Figure 5 presents
the lateral positions and velocities observed at the
time of the LDW alert during 28 straight road
departures performed with the BMW 528i.

Figure 5 reveals two interesting trends. First, as the
lateral velocity of the approach became higher, the
distance from the vehicle to the lane line at the time
of the LDW alert increased. Second, tests performed
with steering to the right always produced alerts
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earlier than those performed with steering to the left
(i.e., for the same lateral velocity, the LDW alert
occurred when the vehicle was further away from the
lane line when a departure to the right was used).
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Figure 5. Lateral positions and velocities
observed at the time of the LDW alert during lane
departures performed with the BMW 528i.

The data presented in Figure 5 imply the BMW 528i
LDW algorithms consider lateral velocity when
determining when the alert should be presented and
not just the proximity of the vehicle to the lane line.
Intuitively, this makes sense; as the lateral velocity of
an unintended drift increases, the time the driver has
before a lane departure occurs is reduced. Presenting
alerts earlier in time would be expected to maximize
the amount of time the driver has to take corrective
action before the lane line is actually breached. Such
findings have been documented in research
performed in both simulators and on road studies
[6,7]. Tt should also be noted that that careful
attention must be made in how the alerts are
presented so as to not annoy the driver [7,8,9].

The specific reasons for the apparently asymmetrical
alert observed during the BMW 528i evaluation are
unknown. On one hand, the crash data do indicate
that when a vehicle is involved in a “Road Edge
Departure without Prior Vehicle Maneuver” scenario,
the vehicle departs the road edge to the right in
approximately two-thirds of the cases [3]. Overall,
about 2.79 percent of all people involved in this crash
scenario suffered high level Maximum Abbreviated
Injury Scale (MAIS) 3+ injuries (serious, severe,
critical, or fatal).

However, while departing a lane to the right may
ultimately evolve into a road departure, departures to

the left may result in the driver’s vehicle encroaching
into another vehicle traveling in the opposite
direction. The resulting crashes are often quite
serious. Although the frequency of the “Vehicle(s)
Not Making a Maneuver — Vehicles Traveling in
Opposite Direction” crash scenario is less than that of
the “Road Edge Departure without Prior Vehicle
Maneuver” crashes, about 2.58 percent of all people
involved on this crash scenario suffered high level
MAIS 3+ injuries [3].

For these reasons, developing a more complete
understanding of the tuning philosophy used for the
vehicles like the BMW 5281 LDW may be an
interesting subject for future research.

Buick Lucerne

In the case of the Buick Lucerne, LDW alerts were
presented during 24 of the 30 valid tests performed.
When left lane departures were commanded, alerts
were not produced during tests performed with lateral
velocities of 3.8, 4.0, 4.4, and 4.7 ft/s. When right
departures were used, alerts were not produced
during tests performed with lateral velocities of 4.6,
and 5.6 ft/s. Figure 6 presents the lateral positions
and velocities observed at the time of the LDW alert
during 24 straight road departures performed with the
Buick Lucerne.
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Figure 6. Lateral positions and velocities
observed at the time of the LDW alert during lane
departures performed with the Buick Lucerne.

For the Buick Lucerne LDW, each alert was observed
during® (i.e., when lateral displacements was < 4 in)

% A lane departure was taken to begin the instant the vehicle
crossed the inboard edge of the lane line, and that the lane line was
41in (10.2 cm ) wide.
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or after (i.e., when lateral displacements was > 4 in)
the lane departures associated with the individual
trials. Also, the distance from the vehicle to the lane
line generally decreased as the lateral velocity of the
approach became higher. The reason for this trend is
unclear, but the vehicle’s LDW sampling rate,
processing speed, and/or alert response time are
suspect. For example, as the lateral velocity toward
the lane line increases, the amount of time available
to establish and report an imminent departure is
reduced. Ifthe sample rate is not sufficiently high,
the lateral distance traveled between the data points
used to predict the likelihood of a departure will
increase.

In the case of the Buick Lucerne, the alerts observed
during right departures generally occurred sooner
than those associated with left departures for a
common lateral velocity. However, the effect was
subtle; much less apparent than seen during the
BMW 528i evaluation.

Infiniti EX35

The tests performed with the Infiniti EX35 indicate
LDW evaluations can be successfully executed with a
skilled test driver in lieu of a programmable steering
machine. However, due to the manner in which the
driver input the steering, the number of Infiniti EX35
tests performed with high lateral velocities was more
limited than those used to assess the LDW
performance of the other vehicles. Figure 7 presents
the lateral positions and velocities observed at the
time of the LDW alert during 59 straight road
departures performed with the Infiniti EX35. LDW
alerts were observed during all valid tests.

Despite the limited range of lateral velocities
produced by the driver-based lane departures
performed with the Infiniti EX35, the authors believe
the data produced by these tests were capable of
revealing some meaningful trends about the vehicle’s
LDW operation.

First, although some data outliers were produced, the
distance from the vehicle to the lane line remained
quite consistent across the limited range of lateral
velocities considered. Second, the data shown in
Figure 7 indicate the Infiniti EX35 LDW alerts are
not asymmetric. For this vehicle, alerts observed
during the right departures occurred with nearly
equivalent combinations of lateral displacement and
lateral velocity as those associated with departures to
the left (discounting the outlying data points).
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Figure 7. Lateral positions and velocities
observed at the time of the LDW alert during lane
departures performed with the Infiniti EX35.

CONCLUSION

Lane Departure Warning (LDW) system functionality
is of great interest to NHTSA. Given the prevalence
of unintended road departures in the crash data, and
the high societal costs they impose, better
understanding how advanced technologies may be
able to assist drivers in mitigating these crashes is an
agency priority. This paper has provided details of
how NHTSA evaluated the LDW performance of
three contemporary passenger cars using a test
scenario designed to emulate one of the most
commonly occurring pre-crash road departures
scenarios. LDW performance was evaluated by
considering the vehicle’s proximity and approach rate
to the inboard edge of a single lane line at the time of
the LDW alert.

The LDW systems installed in the vehicles discussed
in this paper each had unique performance
characteristics. Specifically, variations in how the
alerts were presented to the driver, and the manner in
which the timing of the alerts changed as a function
of the lateral velocity toward the lane line, were
observed. How these factors affect the ability of the
systems to mitigate unintended lane departures in the
real-world will be addressed in future research
activities.
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APPENDIX

Table Al.
Instrumentation Used During LDW Evaluation
Type Output Range Resolution Accuracy
. 0.3 - 77 mph* 0.001 mph* 0.06 mph*
Vehicle speed (0.5 - 125 kph) (0.01 kph) (0.1 kph)
Longitudinal position with respect to N/A 2in <3.91in (10 cm) absolute;

Differentially- the lane line (5 cm) 1.6 in (1 cm) static

corrected GPS data Lateral position with respect to the N/A 2in <3.91in (10 cm) absolute;

lane line (5 cm) 1.6 in (1 cm) static
Lateral velocity with respect to the N/A 0.33 ft/s +0.33 ft/s

lane line (0.1 m/s) (0.1 m/s)

Signal to initiate automated steering

I?Fatatlzjlag Gate) inputs when driven over a retro- 0—-10V N/A (1)51 tput response better than

(Test Course Gate reflective marker ms

R%%lvsli‘%e t) Signal indicating the LDW alert status | 10V N/A (1)(;1 EEISH response better than

Vehicle Dimensional Locatiqn of GPS antenna, vehicle 0.05 in 0.05 in

Measurements centerlines, and two bumper N/A (1mm) (1mm)

measurements

*Values for the stand alone vehicle speed sensor used to provide output to the dashboard display and for data synchronization.

Forkenbrock 8




ASSESSMENT OF A DROWSY DRIVER WARNING SYSTEM (DDWS) FOR HEAVY VEHICLE

DRIVERS

Paul S. Rau, Ph.D., CPE

National Highway Traffic Safety Administration
Gregory M. Fitch, Ph.D.

Joseph L. Bocanegra, M.S.

Myra Blanco, Ph.D.

Richard J. Hanowski, Ph.D.

Virginia Tech Transportation Institute

United States

Paper Number: 09-0569

ABSTRACT

Drowsiness has a globally negative impact on human
performance by slowing response time, decreasing
situational awareness, and impairing judgment. This
paper reports the findings of a Field Operational Test
(FOT) of an early prototype Drowsy Driver Warning
System (DDWS). Fifty-three research questions were
addressed related to performance, capabilities,
acceptance, and deployment. The FOT included
control and test groups utilizing an experimental
design suitable for a field test. The dataset for the
analysis consisted of 102 drivers from 3 for-hire
trucking fleets using 46 instrumented trucks. Fifty-
seven drivers were line-haul and 45 were long-haul
operators. The data set contained nearly 12.4
terabytes of video, truck instrumentation, and
kinematics data for 2.4 million miles of driving and
48,000 driving-data hours recorded, resulting in the
largest data set ever collected by the U.S. Department
of Transportation. When considering the operational
window of the Driver Fatigue Monitor, results
showed that the drivers in the Test Group had lower
drowsy measurement values, and that drivers who
received feedback from the system had an overall
reduction of drowsy driver instances. Whereas, the
experimental design was specified to support the
statistical reliability of potential findings, the dataset
was largely diminished from eyes-off-road time from
driver distraction and normal mirror checking tasks,
which were incorrectly sensed by this early prototype
as drowsy episodes. As a result, no statistically
reliable safety benefit was observed. However, novel
data reduction procedures were able to extract data
during the time periods in which the system was
accurately detecting drowsiness, and analysis of these

Rau

data indicated a slight reduction in critical unsafe
driving events related to drowsiness. As a result,
while there is some indication that a DDWS may be a
promising concept, the particular prototype used in
this field test to implement the concept needs
significant improvement and further study.

INTRODUCTION

The National Highway Traffic Safety Administration
(NHTSA), the Federal Motor Carrier Safety
Administration (FMCSA), and the Intelligent
Transportation System Joint Program Office (ITS
JPO) sought to investigate the potential safety
benefits offered by deploying a drowsy driver
warning system (DDWS) into fleet service. The
Virginia Tech Transportation Institute (VTTI) was
contracted to perform a Field Operational Test (FOT)
of a working DDWS prototype developed by
Attention Technologies, Inc. (ATI). The prototype,
termed the Driver Fatigue Monitor (DFM), was
designed to alert drivers using auditory and visual
alerts when drowsiness was detected. The DFM
assessed drowsiness using the percentage of eye-
closure (PERCLOS) measure developed by
(Wierwille, 1999). PERCLOS refers to the
percentage of time that the driver’s eyes are between
80 and 100 percent closed during a defined time
interval. The premise here is that the driver’s pupils
become covered, and therefore do not perceive visual
stimuli, when the eyes are greater than 80 percent
closed. Since visual information can no longer be
gathered at this point, this is considered to be critical
in terms of safe driving. DFM devices were installed
in a fleet of heavy vehicles. Driver performance with
these devices was investigated. Fifty-three research
questions related to performance, capabilities,
acceptance, and deployment were addressed. This
paper highlights the findings.

METHODS
Apparatus

The DFM (Figure 1) was mounted on the dash of the
truck cab. By illuminating the driver’s face with



infra-red (IR) light, the DFM used a camera and a
processor to determine the percentage of time that the
driver’s eyelids were closed more than a pre-set
threshold. The pre-set thresholds were 1 minute, 3
minutes, or 5 minutes depending on what DFM
sensitivity setting was selected.
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Figure 1. The DFM monitor mounted on the truck’s
dash.

Driver behavior was continuously recorded using
four video cameras: one pointed at the driver’s face,
one pointed at the forward roadway, one pointed
down the left side of the tractor-trailer, and one
pointed down the right side of the tractor-trailer
(Figure 2). The four video images were multiplexed
into a single image prior to being recorded (Figure 3).

Camera 1

Behind
Vehicle

Front of
Vehicle

Figure 2. Camera directions and approximate fields
of view.
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Figure 3. Camera views multiplexed into a single
image.

A vehicle-onboard-radar (VORAD) unit was
mounted on the truck’s front bumper and was used to
detect objects in front of the truck (Figure 4). The
VORAD unit allowed the distance to, and relative
velocity of, lead vehicles to be continuously
measured. A measure of the truck’s time-to-collision
(TTC) to a lead vehicle could be derived from this
data. The VORAD unit was used for passive data
collection only and did not display range information
to the driver.
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Figure 4. Vorad unit on the front of the truck.



The DFM data, video images, VORAD data, as well
as data collected from various vehicle sensors were
recorded by the data acquisition system (DAS)
whenever the truck was on and in motion. The DAS
consisted of a Pentium-based computer that received
and stored data from a network of sensors distributed
around the vehicle. Data were stored on the system’s
external hard drive, which could store several weeks
of driving data before it needed to be replaced. DASs
were either mounted under the passenger seat (Figure
5) or in the truck’s rear storage compartment (Figure
6).

Figure 5. Encased computer and external hard
drive installed under the passenger's seat.

Figure 6. Encased computer and external hard
drive installed in the truck's rear storage
compartment.

Subjects

The DFM device was installed in 46 trucks from
three for-hire trucking fleets. A total of 102 drivers
(101 males and one female) participated. Fifty-seven

drivers were line-haul (i.e., out-and-back) operators
and 45 drivers were long-haul (i.e., drivers on the
road for approximately one week) operators.

Safety Benefit Model

In designing the DDWS FOT, the following
assumptions were made regarding the safety benefits
offered by the DFM prototype:

e The purpose of a PERCLOS-based DDWS is to
provide the driver with timely feedback
regarding an unsafe drowsy state (Wierwille,
1999).

e  Without drowsiness alerting information, it
would be expected that drivers would have more
frequent episodes of drowsy driving. However, if
used appropriately, the use of the system should
lead to fewer episodes of on-the-job driver
drowsiness.

e  Sleep is the only true remedy for drowsiness.

e  Alert information providing feedback to the
driver about his or her drowsiness state, coupled
with a fatigue management plan that informs the
driver about the importance of sufficient sleep,
indicates to the driver that driving safety is being
compromised.

e Drivers will be positively influenced by their
experience with the DDWS.

e Research indicates that drowsiness is a
contributing factor (not necessarily a causal
factor) in 20 percent of Safety Critical Events
(SCEs) (Hanowski, Wierwille, & Dingus, 2003).
For some unspecified portion of SCEs, it is
hypothesized that high alertness may have
prevented the incident from occurring.
Therefore, alert drivers would be expected to be
involved in fewer critical incidents as compared
to drowsy drivers.

A safety benefits model that relates the DDWS to the
anticipated benefits was developed (Figure 7). The
model incorporates the six assumptions and indicates
that a valid and reliable DDWS would be expected
to: 1) reduce on-the-job drowsiness, 2) increase the
amount of sleep drivers get, and 3) reduce
involvement in drowsiness-related SCEs.
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Reduction of on-the-job drowsiness

Improved sleep hygiene

Reduction of critical incidents

Figure 7. Modeling Safety Benefits Associated with a
DDWS

Experimental Design

The DDWS FOT used a quasi-experimental design
that included both Control and Test groups. The
Control Group followed an A’ design, where A
(superscript refers to the prescribed number of weeks
for that condition) refers to the condition in which the
DFM collected data over the duration of the
participant’s involvement but never provided
feedback to the driver. The Test Group experienced
an A’B’ design, where A refers to the condition in
which the DFM did not provide feedback to the
driver (i.e., Baseline and Control Conditions) and B
refers to the condition where the DFM did provide
feedback (i.e., the system was fully functional, or
Test Conditions). In order to look for any adjustments
in driving behavior during the FOT which were not
attributable to the DFM, a Baseline Control
Condition was defined within the design.

Adjustments in the number of weeks for the Baseline
and Active Conditions were made with respect to
data missing due to malfunctions in trucks or the
DFM, and drivers not being able to meet with
experimenters to switch the DFM to Active or finish
participation at the exact time these milestones
needed to happen. All these are an anticipated
occurrence in any naturalistic data collection effort.
Due to this accommodation for data collection, not all
drivers experienced the exact same circumstances in
the Active Condition, and some drivers had more
Baseline or Active weeks than others. Other
considerations in the adjustment of duration in the
Experimental Conditions were made for
inconsistencies in the length of drivers’ trips.
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However, at the completion of the study all drivers
(with the exception of those drivers leaving the study
before completion) in the Test Group had a minimum
Baseline Condition duration of two weeks followed
by the Active Condition for approximately nine
weeks (Figure 8).

Control Group

Control
Average Duration = 44.74 days

Baseline-Control
Average Duration = 39 days

Test Group

Test
Average Duration = 63.05 days

Baseline-Test
Average Duration = 38.27 days

Figure 8. Final timeline for Control and Test Groups.

The dataset produced from this extended data
collection effort contained approximately 12.4
terabytes of video and parametric data that
encompassed 2.4 million miles of driving and 48,000
driving-data hours.

RESULTS

The purpose of this safety benefit analysis was to
evaluate whether DDWS feedback leads to fewer
occurrences of drowsiness, fewer alerts, and more
frequent stops to take breaks across time and fewer
safety critical events (SCEs). The results of this
investigation are summarized below.

Drowsiness

The DFM prototype was found to provide a
statistically significant reduction in the level of
drowsiness over time when a driver received
feedback on alertness level during restricted
illumination conditions (i.e., dawn, dusk, night) (p =
0.0077). However, when the evaluation was
performed outside the operating envelope of the
prototype system, a similar reduction in the level of
drowsiness was not observed. This is because the
DEFM prototype only operated within a limited set of
conditions. First, the truck had to be travelling at
least 35 mph for the DFM to activate. Second, the
ambient lighting had to be lower than 50 Lux. Third,



drivers could not wear glasses since eyewear
prevented the DFM from detecting eyes. And finally,
the DFM often assessed glances away from the
forward roadway (e.g., checking mirrors) as eye-
closures since the drivers’ eyes could not be tracked
when this occurred (i.e., false alarms). This last
condition was a significant issue that the DDWS FOT
identified with the DFM prototype. In order to
generalize these results to the larger population of
interest, these other conditions must be explored
(e.g., glasses, daytime, not considering mirror
scanning or distraction to increase PERCLOS level).

Alert Frequency

As suggested, there were numerous DFM alerts that
were, in fact, false alarms. That is, they were
generated when the driver was not actually drowsy.
Since false alarms were typically generated when the
driver’s eyes could not be identified, there was an
interest in determining the number of DFM alerts that
were generated when drivers were actually drowsy.
A sample of DFM alerts were visually inspected and
validated. Most of the valid alerts obtained (61
percent of all valid alerts) were in the Test Condition.
The highest proportions of valid alerts occurred
during weekdays, mainly Monday through
Wednesday, and were equally distributed at the times
during the day when the DFM prototype was
operational. Using a Poisson regression analysis, a
statistically significant difference between the
experimental conditions was found (p = 0.0013). The
regression estimates that drivers will obtain more
than one valid alert per week if they experience DFM
feedback (i.e., are part of the Test Group), but less
than that if they are not exposed to DFM feedback
(i.e., are part of the Control Group). The implications
of this finding are that drivers are more prone to
behave in a way that generates a valid DFM alert
when they receive DFM feedback than they are if
DFM feedback is not available. This is potentially an
unintended consequence of a system that notifies
drivers when to rest instead of drivers self-regulating
their sleep. Perhaps drivers were pushing their ability
to stay vigilant knowing that the DFM device would
let them know when to rest. It should be noted,
however, that the actual difference between the two
conditions is just a fraction of an alert. Therefore, for
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practical purposes these two conditions are very
similar.

Post-Alert Behavior

The length of the time that elapsed from drivers
receiving a valid DFM alert to them pulling over to
rest for 10 minutes or longer was investigated (Figure
10). Drivers in the Baseline Control Condition drove
an average of 1 hour and 4 min before stopping the
vehicle. Drivers in the Control Condition drove
slightly longer (1 hour and 8 min) before stopping.
The difference in elapsed time between the two
conditions was not statistically significant (t(25) =
0.34, p=0.74). A similar finding occurred for drivers
in the Test Group. After receiving a valid DFM alert,
drivers in the Baseline Test Condition drove 59 min
before stopping, while drivers in the Test Condition
drove 1 hour and 6 min before stopping. Again, the
difference between these values is not statistically
significant (t(25) = -2.05, p = 0.0515). The data
suggest that, even in the case of valid DFM alerts, the
DFM did not have an effect on drivers’ post-alert
stopping behavior.

Time to Stop (Minutes)

Baseline-Control Control Baseline-Test Test

Esperimental Condition

Figure 10. Elapsed Time from Valid Alert to Driver
Stopping the Vehicle

The types of behaviors that occurred within the five
minutes after each valid alert were examined to
investigate wether DFM feedback affected the
frequency of these post-alert behaviors. Figure 11
shows the frequency of post-alert behaviors for
drivers in the Control Group, while Figure 12 shows
the frequency of post-alert behaviors for drivers in
the Test Group. Although a statistically significant



effect of the DFM on post-alert behavior was not
found (CMH(1) =0, p = 0.9992), a directionally
opposite change trend between Baseline and its
corresponding Experimental Condition (i.e., Baseline
Control and Control, Baseline Test and Test)
occurred for the talk/sing/laugh post-alert behavior.
Fewer drivers talked/sang/laughed in the Control
Condition compared to the Baseline Control
condition, while a greater number of drivers
talked/sang/laughed in the Test Condition compared
to the Baseline Test condition. Furthermore, the
frequency of the “veer off road” (defined as a loss of
vehicle control due to various physiological or
psychological causes) post-alert behavior was
observed to increase from the Baseline Control to the
Control Conditions, while it remained the same level
between the Baseline Test and Test Conditions. The
increase in talking behavior between Control and
Test Conditions, as well as the decrease in veering
off road behavior, may have arisen from the DFM
alerts being generated while drivers were drowsy.
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Figure 11. Percentage of valid alerts by type of
behavior: Control Group.
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Figure 12. Percentage of valid alerts by type of
behavior: Test Group.

In general, looking away from the forward roadway
(situations in which the driver looks to the side, up,
or down) was the most common behavior observed
following presentation of a valid DFM alert.
Although it is not possible to infer the frequency of
such behavior from the data available, it does indicate
that the behavior of gazing forward was broken. The
process of seeking new visual information and the
visual processing which follows may assist in raising
the level of cognitive arousal. The second most
common post-alert behavior was to adjust one’s body
position through shifting in the seat, reaching
forward, or stretching out. This behavior may also
raise physiological arousal levels. The third most
common behavior involved the driver touching his or
her face, either by rubbing, scratching, or otherwise
holding the face. This behavior is interesting since
the facial skin is highly sensitive to touch (Boff &
Lincoln, 1988). Touching one’s face may act as both
a physiological and cognitive arousal mechanism due
to the high degree of innervations in the area and the
large amount of somatosensory cortex dedicated to
this information (Gardner & Kandel, 2000). It is
possible these frequently observed behaviors were
manifestations, either conscious or not, of drivers’
desire to raise their overall levels of arousal above a
state of drowsiness.

Involvement in Safety Critical Events

The safety benefits offered by the DFM prototype
were assessed by determining whether drivers




receiving DFM feedback were involved in fewer
SCEs. Three types of SCEs were considered:

Crash: Any contact with an object, either
moving or fixed, at any speed. Contact could
be with other vehicles, roadside barriers,
objects on or off of the roadway,
pedestrians, cyclists, or animals.
Near-Crash: Any circumstance requiring a
rapid evasive maneuver by the participant
vehicle, any other vehicle, pedestrian,
cyclist, or animal to avoid a crash. A rapid
evasive maneuver was defined as a steering,
braking, accelerating, or any combination of
control inputs that approached the limits of
the vehicle’s capabilities.

Crash-Relevant Conflict: Any circumstance
that required a crash avoidance response on
the part of the participant vehicle, any other
vehicle, pedestrian, cyclist, or animal that
was less severe than a rapid evasive
maneuver (as defined above). A crash
avoidance response could include braking,
steering, accelerating, or any combination of
control inputs.

The safety benefits model predicts that an effective
DDWS will produce a positive change in driver
behavior after that driver obtains feedback. This will,
in turn, result in a reduction of SCEs. The analyses
took into consideration all SCEs, SCEs within the
DFM operating envelope, and SCEs when the truck
driver was at fault during the different Experimental
Conditions. A total of 1,124 SCEs were analyzed,
including 28 crashes, 112 near-crashes, and 984 crash
relevant conflicts. Of these 1,124 SCEs, 221 occurred
within the operating envelope of the DFM. Statistical
tests considering all the SCEs showed no statistically
significant difference between the Control and Test
Groups (x> (2, N =1,124) = 0.27, p = 0.88).
Moreover, no statistically significant differences in
SCE distribution were observed for drivers during the
Baseline and the Test Conditions.

Additional analyses were conducted to further
examine connections between SCEs and drowsiness.
However, it is important to note that not all SCEs
occurred within the operational envelope of the DFM
prototype (specifically the speed and illumination
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requirements of the system). Using the DFM’s
PERCLOS as the measure to identify drowsiness in
SCEs would exclude a significant portion of all
SCE:s, thus skewing any subsequent analysis.
Therefore, all SCEs were examined by manually
computing the driver’s PERCLOS measures. In doing
s0, it was found that over 60 percent of the SCEs
occurred when the driver was alert. A second
behavioral analysis was conducted to characterize
each of the SCEs (see Hickman et al., 2005).
Drowsiness-related behaviors were observed in a
total of 143 SCEs (13 percent). However, no
statistical differences between the Experimental
Conditions were present. Although drowsy driving
plays a large role in crashes on the highway system,
in some cases up to 20 percent of all SCE’s
(Hanowski, Wierwille, & Dingus, 2003), they do not
represent the majority of these events. Additionally,
crashes are relatively rare events as evidenced by the
28 observed crashes in this study. Therefore, the
results of the present work are not entirely
unexpected. These findings do not indicate any
lessening of the magnitude of the drowsy driving
problem from the DFM, they only illustrate the
difficulty in studying a serious but rare event.

DISCUSSION

Drowsiness has a globally negative impact on
performance, slowing response time, decreasing
situation awareness, and impairing judgment (Balkin
et al., 2000; Van Dongen, Maislin, Mullington, &
Dinges, 2003). A DDWS that notifies drivers to rest
when they become drowsy stands to improve
highway safety. The DDWS FOT investigated the
effects of implementing the DFM prototype in a
multitude of heavy vehicles in a real revenue-
producing environment. Overall, there was some
evidence that the DFM prototype was successful in
reducing levels of driver drowsiness. However, these
findings were limited to the DFM prototype’s
operating envelope, such as low luminance, speeds
greater than 35 mph, drivers not wearing eyeglasses,
and drivers keeping their gaze on the forward
roadway. The evaluations that were performed when
the conditions fell outside the operating envelope did
not show significant changes in driving behavior.
Drivers were not reliably found to rest sooner, change
their in-vehicle behavior, or reduce their involvement



in SCEs when receiving valid DFM. DDWSs must
therefore address these conditions if changes in
driving behavior are to occur, and an improvement in
highway safety is to be observed.
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ABSTRACT

Lane change and merge maneuvers represent
approximately 20% of heavy truck crashes, resulting in
loss of life and property damage. Tests were performed
to determine the feasibility of developing an Enhanced
Camera/Video Imaging System (E-C/VIS) to provide
heavy-vehicle drivers with better awareness of their
vehicle’s position in relation to other vehicles on the
roadway (situation awareness). It is well known that
large blind spots currently exist in these areas. A
previous phase of this program measured the field of
view requirements for heavy trucks, resulting in an
improved understanding of mirror performance and
recommendations for the design of a camera based
indirect viewing system. With indirect viewing
requirements understood, the goal of the present
research was to extend the operating envelope of a
conventional video implementation of the requirements
to nighttime and inclement weather conditions. A three-
channel system was envisioned in which there would be
a camera at each front fender of the tractor looking
backward along the sides of the heavy vehicle. The third
channel would be aimed rearward from the back of the
trailer. Once developed, the three-channel system was
tested in static and dynamic driving environments and it
was found to work well in the nighttime and inclement
weather environments, including various street lighting
conditions.

INTRODUCTION

The National Highway Traffic Safety Administration
(NHTSA) funded an earlier research project at Virginia
Tech Transportation Institute (VTTI) involving the use
of Camera/Video Imaging Systems (C/VISs) in heavy
vehicles (earlier portion, Contract DTNH22-00-C-
07007, Task Order 18, Track 2; later portion, Contract
DTNH22-05-D-01019, Task Order 6, Track 2). This
project was completed in June 2007 with both a

supporting research document and a final specifications
document submitted to NHTSA at that time [1, 2]. This
project had the objective of devising, developing, and
testing these systems so that recommendations could be
made and specifications written. Both surrogates (which
take the place of existing side mirrors) and
enhancements (which provide augmented views not
ordinarily available to the driver) were studied. Tests
were limited to conventional video systems with
cameras at appropriate locations on the exterior of the
vehicle and with monitors in the cab at locations that
were selected on the basis of human factors
considerations and preliminary testing. Sixteen different
video system concepts were studied both conceptually
and experimentally. The concepts were then revised or
discontinued, based on the results. A final set of 11
concepts was recommended, and specifications were
written accordingly (note that several of the concepts
were composed of pairs; that is, driver and passenger-
side versions).

As the original work drew to a close, VTTI was awarded
a contract addition (Contract DTNH22-05-D-01019,
Task Order 6, Track 4). Its purpose was to extend the
work of the original contract into less favorable
environmental conditions, namely nighttime and
inclement weather. This contract also introduced the
concept of situation awareness to the sides and rear of
the heavy vehicle. In other words, it was more specific
in that a three-camera system was to be further
developed: one camera on each side of the heavy vehicle
and one at the rear.

The system was envisioned as an enhancement; that is,
the side mirrors would remain on the vehicle even
though the video system was to be added. Under such
circumstances, malfunction of any of the three video
chains would still allow the heavy vehicle to be driven in
a conventional manner. It was also considered important
to investigate enhancing the camera imagery with
infrared illumination-sensitive cameras, visible and/or
infra-red (IR) illuminators along the sides of the trailer,
edge detection and image enhancement using machine
vision techniques, adaptive video filtering, and the
human factors design of viewing surfaces inside the
tractor.

The intended purpose of the work was to reduce or
eliminate blind spots and other uncertainties that might
occur along the sides and to the rear of the heavy
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vehicle. The objective in so doing was that the driver of
the heavy vehicle would be better informed regarding
the environment around the sides and rear of the heavy
vehicle; that is, he or she would have better situation
awareness. This was to be accomplished under the
widest possible environmental envelope, while also
considering costs. Clearly, costly technologies would not
be appropriate because of the highly competitive nature
of commercial motor carrier operations. Consequently,
VTTI developed a system using "best available
technologies" with consideration given to total cost of
implementation of a final system for use in a heavy
vehicle.

There were two phases to this current project. Phase 1
consisted of laboratory testing of “best available
technologies” and development and human factors
stationary testing of the passenger side E-C/VIS. Phase 2
consisted of an object detection and identification static
experiment as well as human factors dynamic testing on
the Virginia Smart Road. The purpose of this paper is to
discuss the dynamic testing on the Smart Road used in
Phase 2, and results obtained.

METHOD
Participants

Tests were run with CDL drivers, for two reasons: first,
these individuals were typical of the ones who would
eventually determine whether or not the system would
be helpful and acceptable, and second, because these
individuals were qualified to drive the equipped heavy
vehicle. Drivers were recruited from a volunteer
database. Recruiting was carried out without regard to
gender, but drivers had to have at least two years of full
time experience as a heavy vehicle driver. As it turned
out, eight males agreed to participate and were found to
be qualified.

Equipment & Materials

The heavy vehicle used for this project was a 1994
Peterbilt model 379 tractor with 53 ft trailer. The
Virginia Tech motor pool had available a 2007
Chevrolet Malibu, olive green in color. This vehicle was
used as a confederate vehicle. This color was believed to
represent an "average" in that it was neither very light
nor very dark. The vehicle was also midsized, that is,
average size for an automobile. The E-C/VIS
instrumented on the Peterbilt consisted of a three camera
system. Preliminary outdoor testing in Phase 1

demonstrated that a Toshiba IK-64DNA camera had the
capability of operating effectively both in daylight and
at night. It was also sensitive to both visual and near IR
illumination. This camera provided color capability for
daytime use and black and white (B/W) capability for
nighttime use. For use at night, a filter inside the camera
was removed using an internal electromechanical device.
The switching of this filter was automatic and
simultaneous for all three cameras after certain ambient
threshold conditions were met. Two cameras were
placed on the front fenders of the Peterbilt (one camera
on each fender), and one camera was also placed at the
top rear of the trailer. The rear facing camera was placed
at the top center rear of the trailer and had a camera
horizontal field of view of 102 degrees. The lower edge
of view in the image included the rear bumper of the
trailer, so that drivers could judge distance relative to the
rear. The fender-mounted cameras had a horizontal
field of view of 45 degrees. The inside edge of view in
the image included the side of the tractor trailer. A
diagram showing the coverage of the three cameras is
shown in Figure 1.

Figure 1. Coverage of the three cameras in the
final design.

Three flat-panel monitors were used inside the cab. It
was intended that all monitors be Size 2 (as defined in
the previous research). These monitors produced an
image that was 9.6 cm (3.78 in) high by 12.9 cm (5.08
in) wide, with a corresponding diagonal dimension of
16.1 cm (6.33 in). Tests demonstrated that the
computer-processed image used in this research
produced unacceptable delays if the processed computer
image was re-converted to NTSC (National Television
System Committee) format. Consequently, it became
necessary to use a different monitor which would accept
a signal in vector graphics array (VGA) format, making
re-conversion unnecessary. This monitor had an image
surface that was 10.2 cm (4.02 in) high by 13.4 cm
(5.28 in) wide, with a corresponding diagonal dimension
of 16.6 cm (6.54 in). The image produced was therefore
very nearly the same size as the Size 2 monitor image.
Two monitors, each corresponding to each fender-
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mounted camera, were positioned near the lower end of
both the driver side A-pillar (A) and passenger side A-
pillar (B) (see Figure 2). One monitor was positioned at
the top center of the windshield corresponding to the
rear facing camera (C). All monitors were aimed toward
the drivers’ point of view and the image on each monitor
was a mirror image; that is, it was horizontally reversed
left to right .

Figure 2. Monitor positions inside the cab.

Narrowband near IR sources of illumination were added
to the heavy vehicle. Eight units were installed on the
tractor-trailer combination. One unit was installed at the
lower rear portion of each tractor front fender, two units
were installed along each side of the trailer, and one unit
was installed on each rear corner of the trailer. The IR
illumination units were 140 LED units. An example of a
mounted unit is shown in Figure 3. The units were
located and aimed as shown in Figure 4.

Figure 3. Typical IR LED illuminator mounted
under the side of the trailer.
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Figure 4. Mounting and centerline aim of the
narrowband near IR LED illuminators.

Image processing was also implemented in the design.
The fundamental idea was to take advantage of any
changes in contrast in the raw video image and to use
these changes for "outlining", the hypothesis being that
driver pattern recognition would be capable of
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identifying objects more easily if they contained
outlines. The outlined processed video would then be
superimposed over the original image, such that the
original video would be seen with the outlines over the
image. The amount of processing could be adjusted by a
weighting scheme, which was specified at a given level
(for the tests) by consensus of the developers.

An additional element of the processing was the concept
of suppressing headlight bloom to the extent possible.
Headlight bloom had been shown in both the indoor
tests and in the preliminary outdoor tests to represent a
problem; problem being more difficulty in viewing
objects on the displays. However, in spite of being a
problem, the camera handled headlight bloom well and
did not produce either vertical or horizontal streaks
caused by bleed-through. The large white blooms, which
were more-or-less elliptical, consumed a substantial
portion of the vehicle image, but they were contained
and did not streak. The combined image tended to
suppress the white blooms somewhat because the
processed image showed all but the edges of the bloom
image as dark grey. A thin white perimeter line remained
so that the driver could still identify the bloom and not
mistake it for part of the vehicle.

Image processing, after it was fully developed, seemed
to work well. It was included in all formal outdoor static
tests. For daytime conditions, it used white outlines to
show changes in contrast in the image. White outlines
were, of course, also used for the B/W nighttime image.

In terms of hardware and software required, the image
was first converted from NTSC (analog video) to digital
form using a frame grabber. Thereafter, a custom
program developed by VTTI personnel performed the
processing operations, which involved use of Sobel
filtering, additional processing as needed, and
thresholding. The program was developed to run on a
laptop computer, but could be easily converted to a
dedicated processor. Once the processed image became
available, it was superimposed over the unprocessed
image in accordance with a specific weighting that had
been selected experimentally. The composite image was
then converted to VGA format and sent to the monitor.
The use of this format was required in order to meet
acceptable delay criteria. The final program using the
VGA output displayed on the screen was capable of
delays not exceeding 85 ms, which was considered fully
acceptable. Figure 5 shows a video still-shot of a
processed image. Daytime images placed white outlines
around objects in color video.

Figure 5. Typical processed nigttime video image.

A Driver Vehicle Interface (DVI) was developed for
processing and display control (see Figure 6). This
interface was mounted at the wing panel.
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Figure 6. Driver Vehicle Interface (DVI) for
C/VIS.
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Data gathering instrumentation for the Smart Road
testing was handled totally separately from the E-C/VIS
instrumentation. Four cameras were added to the tractor-
trailer. Two of these were used to determine the driver’s
eye glance position, and two were used to evaluate the
clearance and overlap positions. The four camera
outputs were recorded digitally as a quad-split image.
This image contained a time stamp and an audio track
with two microphones as inputs. The experimenter had
one microphone attached near his position and the driver
(subject) had a similar microphone mounted to the
header. The microphones were aimed to pick up the
voices of both the experimenter and the driver for
recording on the audio track.

Eye glance position was determined by the use of two
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small cameras, one just above each A-pillar monitor.
Lenses were selected so that the two images of the
driver’s head were approximately the same size even
though the distances from camera to driver differed for
each A-pillar. Recorded video allowed for distinguishing
between driver glances at the side mirrors and A-pillar
monitors. This was considered an important distinction
and was the reason for using two cameras; that is, one on
each side. Each camera included its own IR illumination,
which of course could not be seen by the driver. This
illumination was necessary because of the need to record
video at night.

The experimenter sat behind the driver, but in a centered
position. The experimenter could look over the driver’s
right shoulder. The experimenter could also view a
separate data gathering monitor on which the quad-split
image was shown. (This ensured that the image was
being recorded correctly.) The monitor was placed in
front of the experimenter in a position that was
unobservable by the driver. On the other hand, the
experimenter could see all three E-C/VIS images
directly to ensure that all elements of the E-C/VIS were
operating properly.

Procedure

Testing was limited to nighttime conditions. The reason
for this was that the daytime conditions were believed to
have been studied sufficiently to demonstrate feasibility
for such conditions. Both the stationary outdoor tests
and the previous work with the original C/VIS project
suggested that there would not be a problem with the E-
C/VIS operating in daylight conditions. In addition,
resources could then be placed where additional
experimental results were needed.

The Virginia Smart Road (a 2.2 mile in each direction
closed-course test track facility) was considered to be an
ideal test bed for the testing because it provided a
controlled environment in which the effects of rain and
highway lighting could be studied under dynamic (that
is, moving vehicle) conditions. For comparison
purposes, it was considered important to test not only
with rain, but also without rain; that is, under clear
conditions. Roadway lighting was also considered to be
important because it was a different condition from any
that had been studied previously. In addition, it was
considered likely that the luminaires might cause
reduction in image quality for the side cameras, once the
vehicle had passed them. The main problem was
believed to be the fact that the luminaires might appear
in the field of view of the side cameras and, therefore,

might cause glare problems. This situation, as indicated,
had not been studied previously in any of the indoor or
outdoor tests. Figure 7 shows an example of nighttime
testing in rain with roadway lighting.

Figure7. The tractor-trailer and confederate
vehicle emerging from the artificial rain portion of
the Smart Road with street lights on.

Also, to get an idea of how much improvement (if any)
might be expected with the Enhanced C/VIS, it was
considered necessary to test with the system operating
and with the system not operating; that is, Baseline.
Without the Baseline system (Enhanced C/VIS not
operating) it would be difficult to determine the degree
of improvement (if any) that the Enhanced C/VIS would
provide.

The highway task performed by drivers was called the
Clearance/Overlap task. Drivers first determined
whether a confederate automobile alongside was clear of
the rear of the trailer (or the tractor in the case of
bobtailing). Immediately thereafter, drivers provided an
estimate in feet of the amount of clearance or overlap
(Figure 8). During this test, the confederate automobile
approached in either the right or left adjacent lane. It
then moved into a position in which there was some
specified amount of lateral overlap with the trailer (no
clearance) or some lateral clearance with the trailer
(clearance). The driver was queried regarding clearance.
Video captured the correctness of the driver’s responses
as well as the actual distances for comparisons. As
described earlier, the equivalent of two merge/re-merge
cameras were used to determine actual clearance or
overlap and actual longitudinal distance of clearance or
overlap. These values were used as ground truth values,
as previously described. Optical measurement
techniques were employed using standard, stationary
video recordings (taken earlier) with the trailer and the
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confederate vehicle at measured longitudinal distance
differences. Prior to beginning driving, the driver was
instructed to adjust the seat and mirrors to a comfortable
level. The driver was told to perform the instructed tasks
just as they would occur in a real world driving situation.

Light Vehicle Alongside
With Overlap
|

v

-+— Rear of Trailer

Figure 8. Diagram showing overlap in the
Clearance/ Overlap task.

Independent Variables- The experiment had three
main independent variables, as follows:

e  Weather: rain or clear

e Lighting: presence or absence of street lighting

e Enhanced C/VIS: system operating or not operating
(Baseline).

There were, as previously mentioned, three independent
variables with two levels each, resulting in a total of
eight factorial combinations of conditions. Tests were
planned so that all eight conditions (not counting
practice) could be examined in eight loops of the Smart
Road for each driver. In four of the eight loops (for each
driver), the rain towers were activated, producing the
rain conditions, whereas in the remaining four loops the
rain towers were deactivated (or not activated).
Similarly, in four of the eight runs, the roadway lighting
was activated and in the other four the roadway lighting
was deactivated. Finally, on four loops, the Enhanced
C/VIS was activated and on the other four it was
deactivated; that is, Baseline.

Rain simulation had certain constraints. The most
important for the current research was the time required
to initiate steady-state rain, and the time to "clear" the
rain once it was turned off. Activation required close to
30 minutes, while clearing required about 15 minutes.
Because of these lags, runs were planned so that turning
on or off was performed only once for a given subject.

This meant that once rain was activated, it was not
turned off until all rain-related runs were completed.
Similarly, once the sequence of clear runs was started,
the clear runs were all completed.

In terms of Smart Road overhead lighting, that lighting
could be turned on or off in a relatively short time.
However, some of the lighting had a warm-up period
estimated to be not more than 3 minutes. Consequently,
switching to lighting from no lighting entailed a short
delay. On the other hand, turning the Enhanced C/VIS
system on and off was relatively easy, in that it was
possible to simply blank or un-blank the monitors,
leaving the video and all processing running. This had
the effect of turning off the displays so that the driver
was forced to use the standard side mirrors (only) for
determining the situation around the heavy vehicle. As
previously indicated, the plan called for the use of eight
subjects (drivers) in the experiment, with each subject
experiencing all eight factorial conditions appropriately
counterbalanced. With this design, data gathered for
each dependent variable could be analyzed statistically
with an ANOVA using a within-subject model, as
follows: 2 (Weather: Rain versus Clear) by 2 (Lighting:
Street Lighting On versus Dark) by 2 (E-C/VIS: system
operating or Baseline).

Practice was considered necessary to increase familiarity
with the heavy-vehicle baseline operating condition as
well as the E-C/VIS operating condition. Consequently,
each driver performed the first two runs in his or her
sequence twice: the first time for practice and the second
time for data gathering. This plan assured equal practice
across the eight conditions and eight drivers while at the
same time allowing each driver to obtain exposure under
dynamic conditions to an E-C/VIS condition and a
corresponding baseline condition, prior to data
gathering. Thus, each driver actually performed ten
loops of the Smart Road, but only the last eight were
data gathering runs.

Dependent Variables - Both performance and opinion
data were gathered in the Smart Road tests. The main
aspect of the performance testing was determining how
well subjects could ascertain the position of an object
vehicle at night under various conditions. This test was
used previously for daytime runs in the original C/VIS
project [1]. It was found to be an effective indicator of
how well subjects could locate the position of the object
vehicle when it was located in an adjacent lane near the
rear end of the trailer. This indicator is believed to be
valuable in assessing the potential for reduction in
sideswipe crashes. Two measures were previously used:
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whether there was longitudinal clearance or longitudinal
overlap, and how much there was in terms of distance.
Clearance/overlap was scored as correct or incorrect.
How much clearance or overlap in feet was scored in
terms of the amount of error. If the clearance/overlap
decision was correct, then the estimated distance was
subtracted from the actual distance to get the error. If the
clearance/overlap decision was incorrect, the estimated
distance was added to the actual distance. Thereafter, the
absolute value was used as the measure of accuracy in
estimation. Consequently, in the current experiment, the
plan was to use two dependent measures, as follows:

e Number of correct responses (or percent
correct) in the clearance/overlap
determination, and

e Absolute error in the clearance/overlap
estimate.

A measure not previously used was the total response
time. It could be hypothesized that response time might
be faster, the same, or slower with the Enhanced C/VIS,
because of the greater, but more precise, information it
provides. In any case, the idea of using this measure
seemed reasonable in that it might shed light on how the
subject used the Enhanced C/VIS and whether or not it
compromised response time. Therefore, the following
measure was determined:

e The amount of time required to determine
clearance/overlap added to the amount of time
required to estimate distance.

A final measure, taken for exploratory purposes, was
glance position as a function of time. The directions of
glances used were: forward, E-CVIS (right/left/center),
mirrors (left/right), and dash/IP (instrument panel).
Occasionally the driver would glance elsewhere, which
was counted as a valid sample in calculating the glance
probability. However, there were so few of these that
they were not included in any of the graphs. The
interval over which data were gathered was specified to
be from the beginning of the instruction to determine
clearance/overlap to the end of the driver’s response
regarding how much clearance or overlap there was in
feet. The measure associated with this analysis was:

e Eye glance probability to specific locations.

This measure was calculated by pooling data across the
eight subjects for the given condition, thereby allowing
eye glance differences to be presented as a function of
the condition under test.

For each loop of the rain generating and lighted area of
the Smart Road, two replications could be accomplished
during the outbound leg and two more replications could
be accomplished during the inbound leg at an instructed
speed of 25 mph (40.2 km/h). By performing one
clearance/overlap determination and one corresponding
longitudinal distance determination on each side of the
heavy vehicle in each direction, there were a total of
four replications per driver and condition. Note that Side
could be treated as an additional independent variable in
these tests. All conditions were tested using the same
stretch of the Smart Road; that is, the stretch which had
both rain and lighting capability. Of course, for some of
the runs, these capabilities were deactivated.

During these tests an automobile driven by a confederate
experimenter approached rapidly from the rear and then
matched speed at a specified position relative to the rear
of the trailer. The position was selected differently for
each driver and each replication, but all values fell
within 16 ft (4.88 m) of overlap and 23 ft (7.01 m) of
clearance using the longitudinal distance between the
rear of the trailer and the front of the automobile. Once
the automobile reached position, the subject performed
the estimation task (clearance/overlap and longitudinal
distance estimation). The automobile then dropped back
and approached again on the opposite side for the
second replication of the task. Note that since the Smart
Road has two lanes in the rain-producing area, it was
necessary for the subject in the heavy vehicle to change
lanes while the automobile was dropping back. The
automobile then once again accelerated, approached,
and positioned itself at a new specified distance for the
second estimation task. This test did not require the
automobile to be in exactly the specified position at the
time of the estimation (as long as speed was matched)
because the actual distance was measured by video using
cameras located at the rear of the trailer (but not seen by
the driver). These cameras were identical to the
merge/re-merge cameras described in the original C/VIS
project. These cameras were calibrated so that distance
could be determined to the nearest 6 in (15.2 cm). Thus,
the "ground truth" value was used in calculating
correctness of the decisions by the subject and amount
of error in the estimates, not the confederate vehicle
driver’s ability to get to and maintain the correct
position.

To summarize, each subject (heavy-vehicle driver)
experienced all factorial combinations of Weather,
Lighting, and Enhanced C/VIS, as specified. The subject
provided four decisions regarding clearance/overlap and
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four estimates of distance of clearance or overlap for
each of the eight different factorial combinations. In
addition, the total time to perform these tasks was
measured, as were the eye glance patterns. The data
provided objective evidence of the degree of the relative
performance of the E-C/VIS as compared with Baseline
for a variety of nighttime conditions.

Driver opinion is important because it is likely to be one
of the major factors that trucking companies might use
to decide whether or not they should equip their fleets
with Enhanced C/VISs. Clearly, if drivers do not accept
these systems as useful, the systems are not likely to be
implemented.

Drivers performed tests in pairs in which one condition
was Baseline and the other condition was the Enhanced
C/VIS condition. This suggested that after every two
loops of the Smart Road, the driver should be queried in
comparing the two previously experienced conditions.
Obtaining this opinion data at four different, two-loop
intervals allowed comparison of the Enhanced C/VIS to
Baseline for all four factorial combinations of Weather
and Lighting. A final set of rating scales was also
provided, following all runs on the Smart Road. These
scales were intended to determine whether or not
subjects were receptive to the Enhanced C/VIS, as
determined by responses on several. After rating scale
data were gathered, ratings were converted to numerical
values and were then analyzed.

A final question solicited any additional information the
subject wanted the investigators to have, using a simple
ruled space for the subject to reply. This gave the subject
a chance to provide any additional opinion regarding the
Enhanced C/VIS and its comparison with Baseline.

RESULTS

The Smart Road Tests had the objective of serving as a
means of determining operational qualities of the E-
C/VIS when compared to Baseline. The tests were
intended to examine the most critical aspect of situation
awareness, namely, the amount of clearance or overlap
when another vehicle is alongside but near the back of
the trailer. This situation is critical to lane changing or
merging while avoiding a sideswipe crash. There are
other aspects of general situation awareness, but they are
not as important as assessing clearance or overlap and
their approximate magnitude.

Clearance/Overlap

Data for the clearance overlap tests were first examined
using a within-subject 2 by 2 by 2 model for the
ANOVA. Because of the small number of trials, Side
was not examined as an independent variable. A given
subject then would have four possibilities for each set of
independent variables. He or she could be correct on O,
25, 50, 75, or 100 percent of responses because there
were four trials per factorial combination of Baseline
versus E-C/VIS, Street Lighting versus Dark, and Rain
versus Clear. Results indicated that only the main effect
of Baseline versus. E-C/VIS was significant: F(1,7) =
11.67, p = 0.0112. None of the other main effects or
interactions was significant. Figure 9 shows the
significant main effect of Baseline versus E-C/VIS.
Clearly, the E-C/VIS condition provided superior results
in regard to clearance/overlap correctness, with almost
all responses correct (126 of 128 responses correct).

100 9844
86.72

920

80 -
70 +
60

50

40 -
30 +
20 +
10 +
0 -

Percent

Baseline E-C/VIS

Condition

Figure 9. Clearance/Overlap correctness as a
function of condition.

Subjects also provided an estimate of the amount of
clearance or overlap in feet. If a given subject provided
the correct answer in terms of clearance or overlap, then
the subject’s distance estimate was subtracted from the
actual amount of clearance or overlap. Thereafter, the
absolute value was obtained and was considered to be
the error in feet. On the other hand, if the subject
answered incorrectly on the query regarding clearance or
overlap, the subject’s distance estimate was added
(algebraically) to the actual distance. Thereafter, the
absolute value was obtained and was likewise
considered to be the error in feet.

Absolute error values were analyzed by a four-way
within-subject ANOVA. The independent variables were
Condition (Baseline versus C-VIS), Side (Driver or
Passenger), Lighting (Street Lighting versus Dark), and
Weather (Rain versus Clear). Results of the analysis
demonstrated significant main effects of Condition with
F(1,7) = 32.03, p = 0.0008; and Side with F(1,7) =
32.04, p = 0.0008. There were two significant two-way
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interactions: Condition by Side with F(1,7)=11.29,p =
0.0121 and Lighting by Side with F(1,7) = 5.41, p =
0.0529 (this latter condition was treated as significant).
For completeness, two additional non-significant
interactions are noted: Lighting by Condition with F(1,7)
=3.77, p = 0.0934; and Lighting by Condition by Side
with F(1,7) = 3.75, p = 0.0938.

Figure 10 shows the Condition main effect. Clearly, the
size of the error in estimates is cut drastically using the
E-C/VIS. This is an important finding and was also
noted in the C/VIS daytime tests performed in the
previous project. Figure 11 shows the Side main effect.
Here the absolute error was found to be much larger on
the passenger side than on the driver side. The reason for
this is believed to be that the mirrors on the passenger
side are much farther away from the driver and therefore
have a smaller field of view, particularly the west coast
mirror. This narrow view is potentially responsible for
making distance estimation substantially more
inaccurate. In Figure 12, the interaction of Condition and
Side shows very clearly that large errors occur on the
passenger side when the E-C/VIS is not used.
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Figure 10. Effect of Baseline versus E-C/VIS on
distance estimation errors.
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Figure 12. Interaction of Condition and Side on
distance estimation errors.

An examination of the direction of error was performed
regarding driver distance estimations during the
clearance/overlap tasks. The purpose of this examination
was to investigate whether drivers were overestimating
or underestimating distance when using the E-C/VIS in
comparison with the baseline. Overestimation during a
clearance task is an event when the actual clearance
distance of the light vehicle is less than the clearance
distance estimated by the driver. Underestimation
during a clearance task is when the actual clearance
distance is more than the distance estimated by the
driver. Overestimation during an overlap task is an
event when the actual overlapping distance of a light
vehicle is less than the overlapping distance estimated by
the driver. Underestimation during an overlap task is
when the actual overlapping distance is greater than the
distance estimated by the driver. These driving tasks
were not initially designed to investigate direction of
error, therefore only the frequency of these events in
which overestimation and underestimation occurred
were examined for each condition.

Results indicated that when drivers used the E-C/VIS,
there was a higher frequency of events in which drivers
overestimated the amount of clearance (40 events) as
compared to the events in which drivers made
underestimations (16 events). Results also indicated that
when drivers used the E-C/VIS, there was a higher
frequency of events in which the drivers underestimated
the amount of overlap (43) as compared to the events in
which drivers made overestimations (13). A chi-squared
test for independence was performed to examine the
relation between the treatment and the clearance/overlap
estimates. The relation was found to be significant,
x> (3, N=236) = 56.68, p<0.0001. An examination of
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the contribution each cell made to the chi-squared
statistic indicated that the clearance tasks made the
largest contribution, particularly when the driver
overestimated the distance.

Figure 13 shows non-significant interactive effect of
lighting on Condition (Baseline versus E-C/VIS). This
interaction was not significant (p = 0.0934), but there is
a reversal that takes place when lighting is used. Note
specifically the reduction in absolute error when the E-
C/VIS is in use. Figure 14 also shows a non-significant
street lighting effect, but this effect is very close to
significance (p = 0.0529). In this case, errors are seen to
increase in the dark condition on the passenger side,
probably because of large errors when the E-C/VIS was
not in use. This latter effect is more easily seen in the
triple interaction shown in Figure 15. This interaction is
also not significant (p = 0.0938).
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Figure 13. Interaction of Lighting with Condition
(Baseline versus E-C/VIS); (note that p = 0.0934).
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Figure 14. Interaction of Lighting with Side
(driver versus passenger); (note that p = 0.0529).
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Figure 15. Three-way Interaction of Lighting,
Condition (Baseline versus E-C/VIS), and Side
(driver versus passenger); (note that p = 0.0938).

Eye Glance Analysis

While performance results show  substantial
improvement for the E-C/VIS condition, there is a
question regarding the degree to which drivers (subjects)
are using these added displays. Therefore, eye glance
analyses were carried out for the Smart Road tests.
These tests provide an indication of sources from which
subjects gathered their information during decision
making. Data were gathered and analyzed from the time
that the experimenter completed the query regarding
clearance or overlap, and ended when the subject
provided an estimate of distance of clearance or overlap.
Thus, the interval during which data were gathered was
that associated with the two queries: clearance or
overlap, and how much clearance or overlap in feet.
There was no break (in the data gathering interval)
during the experimenter’s query regarding amount of
clearance or overlap in feet.

The Smart Road tests were limited to passing/merging
conditions; namely, determination of clearance or
overlap, and corresponding amount of clearance or
overlap in terms of distance. These conditions were
chosen because they reflected realistic situations in
which sideswipe accidents might occur. It would be
expected that eye glance behavior would be strongly
influenced by the conditions selected, but these
conditions were believed to be the most critical and were
therefore used for testing.

Probabilities were calculated by careful examination and
reduction of video files associated with the two face
cameras mounted just above the two E-C/VIS side
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monitors. The probability of looking at a given object or
area was defined as the number of video frame samples
to that object or area divided by the total number of
readable video frame samples in the measurement
interval.

Figure 16 shows the overall eye glance behavior for the
Smart Road experiments. This figure is quite revealing.
It shows that during Baseline runs (that is, runs without
the E-C/VIS operating) drivers relied heavily on their
side mirrors with glances to the forward view. There is
also an occasional short glance to the instrument panel
(believed to be primarily the speedometer). On the other
hand, when the E-C/VIS was operating, drivers relied
heavily on the rear wide-angle look-down monitor
(center E-C/VIS) with glances to the forward view. In
this condition, they also looked occasionally at the
mirrors, the two side monitors, and the instrument panel.
Driver information gathering was very different when
the E-C/VIS was operating. Specifically, drivers relied
very heavily on the rear wide-angle look-down monitor
when it was available. The reason appears to be that this
monitor contained precise information regarding the
longitudinal clearance or overlap between the rear of the
trailer and the light vehicle in the adjacent lane.

Also worth mentioning in Figure 16 is the fact that the
drivers had slightly higher probabilities of looking at the
forward view when the E-C/VIS was operating. This
occurred even though there were more sources for the
drivers to view and also drivers had less experience with
the E-C/VIS. Glance probability to the forward view
represents a safety factor, in that a given driver can
maintain better control of his/her heavy vehicle while
assessing the location of the vehicle alongside.
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Figure 16. Glance probabilities (as a function of
Baseline versus E-C/VIS) for all conditions tested
in the Smart Road experiments

Subjective Ratings

Subjects performed two types of ratings: those
comparing the Baseline to E-C/VIS conditions for all
combinations of Weather (Rain versus Clear) and Street
Lighting: (Street Lighting versus Dark). Thus, each
subject provided four ratings of these combinations
using 9-point rating scales. In addition, on completion of
all testing, subjects were asked to provide overall ratings
associated with their experience using the E-C/VIS in
the various experiments.

A center rating was provided a grading of 5 and was
associated with the word “moderate”. Thus, a response
of 5 would suggest moderate acceptance. Any value
between 5 and 9 (the uppermost rating) was considered
to be favorable, whereas scores below 5, and down to
the lowermost score of 1, were considered to somewhat
unfavorable or more so. The ends of the scale
represented extreme positions, with 9 being extremely
favorable and 1 being extremely unfavorable. All
analyses were performed using the numerical equivalent
of scores provided by the subjects.

A two-way, repeated measures ANOV A was performed
on the four responses each subject provided for each
comparison of Baseline versus E-C/VIS immediately
following pairs of runs on the Smart Road. The
independent variables in this analysis were Weather
(Rain versus Clear) and Lighting (Street Lighting On
versus Dark). The single dependent variable was the
rating of “how helpful was the E-C/VIS compared to
Baseline”. The analysis demonstrated no significant
main effects or interactions. The interpretation of these
results is that the ratings are not significantly different
whether or not Rain is present or absent, and whether
Street Lighting is On or Off. Figure 17 shows the mean
ratings for the various conditions, indicating that even
though there are no significant differences, all ratings are
relatively high, averaging 7.67. This represents a high
value of acceptance of the E-C/VIS by the subjects.
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Figure 17. Mean ratings of E-C/VIS Helpfulness as
a function of Weather and Street Lighting.
Differences are not Significant; average rating is
7.67.

Overall Ratings. As indicated, once the experimental
runs were completed, subjects rated the E-C/VIS along
three dimensions. Paraphrasing, these were: “How
useful overall?”, “Would you like to have this integrated
system on your rig?”, and “Does the E-C/VIS improve
your situation awareness (where situation awareness was
defined for the subjects)?” The objective of these
ratings was to determine whether or not subjects were
receptive to the E-C/VIS after using it and to determine
the degree to which they were receptive.

Figure 18 shows the mean values for the responses to the
three questions. As can be seen, average responses for
the three ratings demonstrate a high overall level of
acceptance, with a grand mean of 7.88.
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Figure 18. Mean values for post-experiment
ratings regarding receptiveness to the E-C/VIS.

CONCLUSIONS

This research indicates that a promising approach to an
Enhanced Camera/Video Imaging System has been
developed and tested in realistic experiments. The
system has been configured to have three channels of
video, one on each side of the tractor and one looking
down from above at the rear of the equipped trailer. This
system would use cameras sensitive to both visible and
near IR illumination and would be suitable for day or
night conditions and for clear or rain conditions. The
system would provide color images in daytime and B/W
images at night.

The system would use IR LED illuminators in the 940
nm range, which would produce illumination at night,
visible only with the video system and not with the

unaided eye. Processing would be used to "outline"
target objects such as other vehicles. The level of
processing would be set but could be adjusted in each
direction (that is, more or less processing) by the driver.

Monitors for the two side cameras would be placed at
the A-pillars of the tractor, making it possible to view
them without great eye travel to and from the
conventional side mirrors. (Note that if side mirror
reflections become a problem, another location for the
two side monitors might be needed.) This location (that
is, the A-pillars) would have the advantage of not
creating additional blind spots. The monitor for the rear
wide-angle look-down camera would be placed in the
upper center windshield area of the tractor, similar to
that of an interior rearview mirror. All images would be
horizontally reversed so that they would appear as
familiar mirror images.

A three-channel system was implemented and was tested
on the Virginia Smart Road. All results were
encouraging and indicated that driver performance was
better and driver opinion of the Enhanced C/VIS was
high. The results of the dynamic tests have been positive
and the following principles have been developed:

e Video cameras differ radically in their
capabilities, and appropriate cameras must be
used. The camera type selected (based on
indoor tests) was the Toshiba IK-64DNA. This
camera had the correct sensitivity to visible
and near IR illumination, it would switch from
daytime color to nighttime B/W, and it
provided good resolution and image rendition.
However, because of its high sensitivity at
night it was also sensitive to blooming from
headlights. This was partly offset by the fact
that the bloom did not bleed horizontally or
vertically. Camera output was digitally
processed externally to minimize the effect of
the bloom. Headlights are extremely bright
compared with the nighttime background
illuminance level. Thus, any camera sensitive
enough to be used at night is quite likely to
have the same problem.

e Near IR sources were implemented in dynamic
tests because they produced no glare for other
drivers and provided adequate illumination.
These sources are at 940 nm wavelength and
are totally invisible in terms of light output. If,
however, such illuminators could not be used
for a reason that is currently unknown to the
investigators, visible illuminators could still be
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used. The main reason for using illuminators is
to illuminate objects at night when there is no
other major source of illumination. It should
also be reiterated that the IR illuminators do
not provide any change or improvement in
mirror detection or mirror identification of
objects. It is only when they are used with an
E-C/VIS that improvements are obtained.
The three-camera Enhanced C/VIS should
consist of the two fender-mounted cameras and
a rear wide-angle, look-down camera. All
cameras should be IK-64DNA or equivalent.
The monitors for the three cameras should be
at the A-pillars for the fender-mounted
cameras and at the approximate rearview
mirror position for the rear look-down camera.
All images should be reversed horizontally,
because drivers are accustomed to mirror
images when glancing to the rear using
mirrors.

Driver control of the E-C/VIS should be by
means of an IP or wing-panel mounted control.
The driver should have the ability to offset the
amount of processing from nominal to a higher
or lower weighting. The reset button should
reset the processing to the nominal setting. In
addition, the driver should have the ability to
offset the brightness/contrast to either a higher
or lower setting. Again, the reset button should
return the system to the nominal setting. There
should be a daytime and a nighttime nominal
setting of the monitor brightness and contrast,
because the daytime setting will be too bright
for nighttime and the nighttime setting will be
too dim for daytime. These settings could be
determined by cab interior brightness or
possibly by the switching of the cameras from
daytime to nighttime settings, or vice versa.
Another important aspect is to get the legend
brightness correct for the control itself. If it is
too bright, it will create glare for the driver. If
it is too dim, it will be difficult to see at night.
The rear channel of the E-C/VIS was designed
specifically to be used to help in locating
adjacent lane vehicles and their corresponding
positions. Drivers were able to take advantage
of this additional capability under all of the
conditions tested. Although the E-C/VIS was
shown to result in less absolute error in
estimating distance, there tended to be an
overestimation of the amount of clearance and
an underestimation of the amount of overlap.
Due to the convex characteristic of E-CVIS

lens, this result is consistent with results found
of drivers using convex mirrors in which an
overestimation of distance was found. Driving
tasks designed to further measure the direction
of error while using the E-C/VIS for distance
estimation should be examined in future
studies in order to gain a better understanding
of this phenomenon.

Eye glance data taken during the
clearance/overlap and distance estimation tasks
indicate that drivers relied heavily on the rear
wide-angle look-down channel of the E-C/VIS.
They used this portion of the E-C/VIS even
though their side mirrors remained available.
These results indicate that they gave preference
to the E-C/VIS over their mirrors for the task, a
finding that demonstrates the effectiveness of
the configuration.

Drivers tended to use both their side mirrors
and their side E-C/VIS channels during the E-
C/VIS conditions. This result suggests that
drivers found both to be useful. However, use
of the rear channel of the E-C/VIS was much
more pronounced.

Opinion data taken from the drivers during the
Smart Road tests demonstrated high levels of
ratings when compared to Baseline. Values
were in the numerical range of 7.31 to 7.88 for
the various combinations of driving conditions.
These values correspond to “Very Helpful” or
better. Drivers also rated overall usefulness,
whether or not they would like to have an
integrated E-C/VIS on their own rig, and
whether or not the E-C/VIS improved situation
awareness (defined as being aware of the
situation along the sides and to the rear of the
heavy vehicle). In all three cases, ratings were
very high ranging from 7.75 to 8.13. These
average values fall well above the “moderate”
level and are in the range of “very” to
“extremely”. Thus, acceptance of the E-C/VIS
by CDL drivers was very high.

Finally, drivers provided comments on a lined
sheet intended to help with further
development. The comments generally
reflected problems the investigators had seen
previously. However, side glass reflections and
lack of marker lights at the rear were problems
the investigators had not addressed sufficiently
and should be taken into account in any future
efforts.

Low position of the side cameras on the
fenders would prevent small vehicles from
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going undetected alongside the tractor. This is
an important consideration in camera
placement and E-C/VIS development.
Although fender placement presents some
design problems, the fender position should
definitely be retained in any future
developments. It would be expected that such
placement would help in reducing the number
of sideswipe crashes; namely, those occurring
at the sides of the tractor or front portion of
straight trucks.

An E-C/VIS is believed to represent a distinct step
forward in heavy-vehicle design and safety. These
systems are expected to improve over time, addressing
solutions to camera artifacts such as blooming and
various physical size/reliability characteristics of truck-
mounted cameras. As a result of the success of this
work, a Technology Field Demonstration (TFD)
beginning in 2009 has been planned over a 2 year
period, in co-sponsorship with FMCSA.
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