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ABSTRACT

The assessment of real-world effectiveness of advanced driver assistance systems (ADAS) is gaining importance as
more and more systems enter the market. Many different approaches have been developed. Therefore, the
automobile industry, universities, and automotive research institutes in Europe have started an initiative for
cooperative research. A ‘Harmonization Group’ was established in 2012 whose motivation is the development of a
comprehensive, reliable, transparent, and thus accepted methodology for quantitative assessment of these systems by
virtual simulation.

The harmonization group focuses on prospective analysis, which has the objective to estimate the expected safety
benefits of current and beyond-state-of-the-art applications. Commonly used methods for prospective analyses are
FOT's, subject studies in driving simulators, on closed test tracks or on open roads, and virtual analyses by means of
simulation. Currently, the basis for an assessment by virtual simulation can be obtained either from reconstructed
real-world crashes or from generic synthetic scenarios derived from realistic distributions of pre-crash conditions
and traffic. Simulations allow for large number of cases and thus are capable of fulfilling the requirements posed by
a sound sample size calculation. Simulation is certainly not a sole generic solution for all kinds of research
questions, but it represents an integrative method to combine different knowledge areas in order to achieve an
overall effectiveness result. It offers a promising combination of speed, flexibility, reproducibility, and experimental
control.

The expected outputs of the group activities are the following:

* Identification of research questions (e.g. what changes in traffic safety can be expected due to the introduction of
system X in country Y?);

* Definitions and metrics of the effectiveness (e.g. % reduction in fatal/injury crashes in a specific country/Europe;
total reduction in fatalities over a period depending on a penetration rate);

* Structure for the assessment procedures including a description of the required sub-processes and the procedures
to be followed;

* Description of the basic abstract models that are used in the simulation: driver, vehicle, road, traffic, and safety
systems. The driver model is used to simulate various driver responses to inputs from the environment and the
signals of the ADAS in various driving situations, traffic conditions, cars, and environments;

* Examples of the assessment of several ADAS (e.g. Lane Departure Warning, Advanced Cruise Control,
Automated Emergency Braking).

The paper is a methodological paper presenting on-going activities of the Harmonization Group, so-called
P.E.AR.S. (Prospective Effectiveness Assessment for Road Safety), that involves more than 30 institutions in
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Europe. Applied results will come once the harmonized framework is completed and the validation tests on several
driving assistance systems have been shown successful. Further the document is set up to deliver the appropriate
input for a draft proposal of an ISO or SAE standard.

This activity is an opportunity to harmonize methodologies used for assessment of ADAS in Europe. The
involvement of non-European based stakeholders allows for a worldwide harmonization impact. A comprehensive
assessment theoretical framework as well as concrete techniques should become available for wide usage by all
stakeholders involved in ADAS effectiveness assessment.

INTRODUCTION

Improved automobile sensor and inter-vehicle communication technologies are spurring the conception and
development of novel Advanced Driver Assistance Systems (ADAS) including functions of active safety. Those
possibly influence road safety. However, deploying such systems based purely on “engineering intuition” (without
prior impact assessment) is neither risk-free nor cost-effective: Risks are associated with unintended system
behavior (classically: false-positive system actions, i.e., if the system reacts, but ideally should not have reacted) or
misuse by end-users, for example. Thus, in order to design assistance systems that will most effectively reduce the
number of crashes and their severity, there is an urgent need for reliable safety performance assessment during
development, prior to deployment, as well as assessment after market introduction. In addition to automobile
manufacturers and suppliers, academia and research organizations, public policy makers, consumer organizations, as
well as regulatory agencies and insurance institutions are key stakeholders in safety assessment. Assessment
techniques likely to be accepted by all stakeholders should provide targeted, quantified, and verified safety
performance prediction.
Ideally, a “gold standard” to quantify potential safety benefits of ADAS would be direct estimation of mortality and
injury impacts in the field and direct measurement of unintended system behavior including their consequences. But
estimation of ADAS safety benefits from, e.g., accident statistics, requires long observation periods (due to slowly
increasing penetration) and is confounded by multiple parallel influences on these statistics; unintended actions need
to be measured not just once, but for each algorithmic threshold setting. The main application for retrospective
analysis is assessment of existing solutions. Development of new functions requires prospective analysis.
Hence, a methodology is required that can predict mortality and injury reduction as well as newly induced risks in
traffic. Furthermore, the prediction of the effect on near crashes and crashes with material damage will be
increasingly relevant for highly automated driving applications (e.g., with regards to acceptance, liability aspects).
Many recent projects, initiatives, and organizations have been working on aspects of safety assessment for various
kinds of systems (e.g., TRACE [1], eIMPACT [2], EuroFOT [3]). Research activities on the field of traffic safety
and safety impact have been conducted in the recent years as a result of the introduction of the ADAS into the
market, e.g., ADVISORS [4], DaCoTA [5], IMVITER [6], interactIVe [7], PReVENT [8]. Although major steps
have been taken in the assessment of safety systems, none of these projects describe a comprehensive methodology
(ranging from the effectiveness in crashes via the interaction impact in traffic up to economic costs) in order to
determine the real life impact of technology-based safety solutions. However, most of the projects focus either on
the calculation of the safety impact on a general level, e.g., the number of a particular accident type addressed by the
safety solution, or provide a methodology for the detailed analysis of specific crashes, e.g., car-to-car crashes. For
development as well as assessment, a worldwide consensus and acceptance regarding methodological questions is
required. Harmonization and standardization are essential for stakeholders and decision-makers for fundamental
decisions.
This paper describes the objectives and recent progresses in the international P.E.A.R.S. (Prospective Effectiveness
Assessment for Road Safety) group consisting of different kinds of stakeholders. The basic motivation is the
creation of a generally accepted and applied methodology for quantitative assessment of road safety as a result of
ADAS in vehicles. The joint effort of many stakeholders in early stages gives a chance to concentrate and discuss
the state of the art, join forces for further research, and enable acceptance before standards are finally defined.
History in vehicle safety strongly suggests worldwide standards instead of regional initiatives for assessment.
P.E.AR.S. thus is an open platform focusing especially on the following issues:

* Definition of research questions regarding assessment of ADAS;

¢ Evaluation of current methods regarding their potential to answer those research questions;

* Definition and agreement on a suitable assessment methodology and process;

* Practical description of the process steps and hints for implementation;

* Worldwide communication and standardization.
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METHOD

Development of a sound method for predicting the safety impact of ADAS functions requires three major steps
(Figure 1. Top):

A. Identification of relevant analysis goals and related safety metrics precisely capturing the safety impact of
ADAS functions while being amenable to model-based assessment in the function development phase;

B. Development and validation of a model-based assessment method quantitatively evaluating a functional design
with respect to the metrics identified, where the term “model-based” is taken in a broad sense, covering the full
range from statistical models to executable specifications and arbitrary blends thereof;

C. Definition of reporting standards for conveying the findings obtained to all kinds of stakeholders.

A) Definition of B) Development C) Definition of
Research ‘ of Assessment ‘ Reporting
Questions Methodology standards

B) Development of Assessment Methodology

Definition of

Models Simulation |
q with and w/o ) .
Input Data — ADAS Slf:lléfl'il:m -
Definition of Function

Scenarios

:_Simulation Framework

Figure 1. Overall process for developing a methodology for prospective assessment of ADAS.

In addressing these questions, P.E.A.R.S. takes advantage of the broad expertise provided by its assembly of
relevant stakeholders featuring diverse backgrounds. Particularly, in addition to the regular exchange on working
group meetings and the General Assembly, an inquiry was sent out to over 30 organizations that had so far
contributed to the P.E.A.R.S. project. The objective of the inquiry was to gain feedback through all participants on
general topics like relevance of certain research questions, applied methods and tools, and data utilized. Further
specific questions were formulated on the currently used simulation setup (if available), previous assessments for
specific ADAS functions, and interpretation of the results for certain operational regions. In a conclusive question,
the participants were asked about their expectations on the P.E.A.R.S. project.

Precise Definition of Research Questions by Means of Pertinent Analysis Goals and Metrics

The precise definition of Research Questions covers the work of identifying a terminology for efficient
communication on prospective assessment of ADAS functions, followed by detailed definitions and delimitations of
the possible assessment scopes. Also, metrics to be used in the Reporting as well as assessment targets are defined.
The P.E.A.R.S. group hereby follows a combined top-down and bottom-up approach. The aforementioned inquiry
provided valuable input to ongoing research questions, but still they are also derived by a top-down-approach in a
more general way. By the comparison of both approaches, what is used today and what could be applied in the
future, missing scopes are identified and taken into account in present and further research.

Development of an Assessment Methodology

The development of the Assessment Methodology is by far the most comprehensive task in the project covering a
number of subtasks as illustrated in Figure 1(Bottom).
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As a means of coordinating work within P.E.A.R.S., thereby also fostering cross-fertilization between different
working groups, experiences from work in the different subtasks were compiled by means of the inquiry. From this
together with a literature review, a state-of-the-art concerning the Assessment Methodology can be identified,
forming the basis of a plan for further research effectuated by the joint program.

The general approach is to join models of traffic scenarios including road layouts, behavioral models for the traffic
participants, and models for vehicles and their embedded safety functions in a heterogeneous co-simulation of their
joint dynamics. To avoid investing computational and analytical efforts, for example, into situations unaffected by
an ADAS function, the dynamic simulation focuses on potentially hazardous situations, called a Scenario, until the
moment of collision or the moment that the collision has been avoided or mitigated thanks to an ADAS function.
For a number of scenarios, the results of simulations with and without ADAS function can then be compared on
different metrics as previously defined, providing a conditional assessment of the safety impact conditioned on the
scenarios. Statistical background quantifying exposure and coverage, among related figures, can then be exploited
for assessing the overall safety impact of the suggested safety function.

Soundness of the method hinges on identification of Input Data for both creation of scenarios and for development
of dynamic models (e.g., driver-vehicle) combining tractable simulation with empirical validity for the research
questions at hand. P.E.A.R.S. addresses that problem by comprehensively listing possible data sources and
evaluating them in terms of quality, representativeness, scalability, and real-world relevance. As for the scenarios
definitions, both current and future ADAS functions are taken into consideration, aiming at scenarios able to
rigorously assess both their possible positive and negative effects.

For the dynamic simulation, the simulation framework, its sub-models, and required distributions for (input)
parameters, have to be defined. This includes research on state-of-the-art simulation tools for pre-crash simulation
and investigations on the respective strengths and limitations. A generic structure for such a framework has been
defined. This structure comprises the required sub-models like vehicle model, safety system model, environment
model, etc.

Additionally, possibilities for coupling the models have been looked at like High Level Architecture [24] and Co-
Simulation. Different modeling depths including required parameters for each modeling depth were defined.
Activities for defining requirements on different models have been started. Finally, research on state-of-the art
processes to generate required distributions and parameterizations has been undertaken.

The simulation results have to contain the pre-defined metrics addressing the research question, either as a direct
output or after post-processing. P.E.A.R.S. puts a strong focus on the processes to document the validity and
accurateness of the applied framework and simulation models.

Definition of Reporting Standards

Different kinds of stakeholders will need different information for strategic decisions on traffic safety concepts. The
number of avoided or mitigated accidents is a resulting metric close at hand, but further analyses can provide
estimations of the number of avoided injuries of different severities. Also, a fleet penetration model can be
considered for the assessment of the total effectiveness of ADAS functions. The P.E.A.R.S. approach will provide
methods for generating such focused reports as well as for characterizing their confidence.

The definition of reporting metrics and standards is aligned with P.E.A.R.S. definition of research questions.

EXPECTED OUTCOMES

This section deals with the expected outcomes of P.E.A.R.S. Therefore, the results achieved so far are presented as
well as the results that can be expected from the group in the future. The section is divided into four sub-parts
dealing with the main steps within an effectiveness assessment of ADAS: definitions of the addressed research
questions, selection of appropriate metrics, conduction of the effectiveness analysis as well as the specification of
the used simulation models. However, before the different steps are discussed first let’s have a closer look on
P.E.AR.S. targeted applications.

Outcome 1: The ADAS covered by P.E.A.R.S.
In the recent years, different ADAS functions have been developed and introduced in the market. Examples are

Adaptive Cruise Control (ACC), Advanced Emergency Braking Systems (AEB) or Lane Keeping Assist (LKA).
Within the group of ADAS functions, different types of ADAS functions can be identified. One distinction that
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can be made is that some ADAS aim to improve comfort, while others aim to improve safety, for example
ACC and AEB, respectively. However, all functions have an impact on traffic and by this also on road safety.
This applies also to comfort-oriented ADAS, although this is not their main objective, as indicated by [9] [10].
Next to the ongoing development of ADAS functions, also functions addressing a higher level of automation
are developed. These functions are capable of taking over both the longitudinal and lateral driving task from
the driver. First applications have already been introduced to the market for specific driving modes, e.g., traffic
jam assist, e.g. [11] or [12]. For these functions, the driver still needs to monitor the function and take over in
case the function reaches its functional limits. These functions are classified by the SAE definition [13] as
partial automated. Demonstrations by, e.g., Google [14] have already provided an outlook on functions
addressing higher levels of automation, which can be expected in the future. For these functions the driver
does not need to monitor the driving task any longer.

Since all functions cover different driving scenarios and situations, it needs to be decided on which set of
functions the P.E.A.R.S. harmonization group focuses. Within the group it has been decided to focus on ADAS
including active safety functions as well as automated driving functions. Active safety functions act shortly
before an imminent collision and aim to either avoid or mitigate the consequences of an accident. This decision
was also reflected by the results of the inquiry which shows the interest in effectiveness assessment for
different ADAS (highest interest for effectiveness assessment were detected for AEB Warning function, in
particular AEB function addressing conflicts with Pedestrian or Bicyclist and rear-end conflict with other
vehicles) and automated driving functions (Table 1).

Table 1.
Interest in effectiveness assessment of different ADAS and automated driving functions
according to the inquiry (6: high interest; 1: low interest; n = 26).

Function Mean Function Mean
Rating Rating

Pedestrian AEB/Warning 5.4 Lateral lane keeping 4.0
Bicyclist AEB/Warning 5.3 Active cruise control 3.9
Vehicle rear-end AEB/Warning 5.0 Active headlamps 3.1
Vehicle turning / crossing 4.9 Other DAS 3.6
AEB/Warning
Lane departure warning / lane 4.8 Partial automated driving (SAE level 2) 4.7
keeping system
Lane change warning / assistant 4.8 Conditional automated driving (SAE level 3) 5.0
Overtaking assistant function 4.7 Highly automated driving (SAE level 4) 5.0
Blind spot detection function 4.2 Full automated driving (SAE level 5) 4.9
Other ADAS 3.7

Outcome 2: A structuration of the Research Questions underlying the effectiveness assessments

The typical start of an assessment process of an ADAS function is the definition of the relevant research questions
[15] which defines what and why should be assessed within the assessment beforehand. Since P.E.A.R.S. aims at a
standardization of effectiveness assessment, all research questions by all contributors must be taken into
consideration before the harmonized method developed in P.E.A.R.S. can tackle them.
Five main objectives to conduct effectiveness assessment have been identified:

¢ Quantification of safety effects (positive and negative);

* Prioritization of systems / functions during development;

* Optimization of system design regarding components / sub-functions / parameterization;

¢ Detection of design issues in early stages to improve the benefits by respecting possible side effects;

¢ Argumentation of business case and anticipation of regulations / consumer testing.
Investigation on the research questions showed that many of the initial ones were formulated in a short way, not
very precise. Thus, the actual meaning of the research question can only be interpreted. Examples for such research
questions are “What is the effectiveness of AEB?” or “How many lives can be saved by function XY ?”.
If results between different studies should be comparable, the research question needs to be more precise and
already describe what should be assessed, how the effect is measured, which region and time horizon of prediction is

Page, 5



considered for the assessment. Therefore, a second round of investigations made the research questions more precise
and some of them could be formulated the following way:

1. What are the potential safety benefits of driver assistance systems (ADAS) in the short term, mid-term, long-term,
considering that there are a lot of other road safety actions not engineering-related :
¢ for each sub categories of ADAS modes (information, assistance, delegation, partially automated, automated)
whether they are automated and/or cooperative;
¢ for each sub categories of ADAS functions (braking, speed management, lateral control, lighting, parking, etc.)
whether they are automated and/or cooperative;
e for an optimized selection of ADAS functions (package or combination of ADAS).
Safety benefits could for example be defined the following way :
* How many lives could be saved if x% of the fleet is equipped with the y safety package compared to a baseline
fleet;
* How many injuries of AIS “i” or ISS “j” could be mitigated if x% of the fleet is equipped with the y safety
package compared to a baseline fleet;
* Reduction in risk to be fatally injured if x% of the fleet is equipped with the y safety package compared to a
baseline fleet.
Reduction in risk to be injured AIS “i” or ISS *” if x% of the fleet is equipped with the y safety package
compared to a baseline fleet over n years,
. in each country and in all Europe, for different road users, categories, for different crash types, on different
conditions (night / day ; road use ; urban / rural),
...considering a certain level of passive safety in cars (to be defined in the baseline)
2. What are the societal and economic benefits of driver assistance systems in the short term, mid-term and long-
term? What are the externalities (side effects) linked to the development of driver assistance systems? What are the
optimized parameterizations of technical aspects of safety functions if one wishes to reach the maximum safety
benefit?

In order to standardize the research questions for the effectiveness assessment, the inquiry proposed all contributors
to fill in table 2.

Table 2.

Research questions for the effectiveness assessment (6: high interest; 1: low interest; N = 26).
Research questions Mean Rating
What are the potential safety benefits of driver assistance systems (ADAS) in short term (<5yrs) considering that 50
there are a lot of other road safety actions )

What are the optimal parameterizations of technical aspects of safety functions if we wish to reach the maximum 49
safety benefits? )
What are the potential safety benefits of driver assistance systems (ADAS) in mid-term (5-10yrs) considering that 48

there are a lot of other road safety actions
What are the externalities (side effects) linked to the development of driving assistance systems? 4.2
What are the potential safety benefits of driver assistance systems (ADAS) in long-term (>10yrs) considering that

. 4.1
there are a lot of other road safety actions
What are the societal and economic benefits of driver assistance systems in short term (<Syrs)? 3.6
What are the societal and economic benefits of driver assistance systems in mid-term (5-10yrs)? 33
What are the societal and economic benefits of driver assistance systems in long term (>10yrs)? 2.9

The results indicated there seem to be a higher interest in short term effects compared to long term effects.
Furthermore, economic aspects seem to play a minor role in the effectiveness assessment compared to the
quantification of the safety effects. However, this could be due to the current composition of members in P.E.A.R.S.
The second most important aspect of the effectiveness assessment is the parameterization of functions.

Furthermore, the research questions will be clustered into different categories:

¢ the kind of effect that is quantified by used metric;

¢ the function, respectively the type of functionality under study. Here, also the penetration rate of the considered
function must be mentioned;

¢ the considered scenario (e.g., maneuver, accident types, traffic participants, type of road...);

¢ the considered region and time horizon of prediction.
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By combining these different categories, various but harmonized research questions can be generated. Examples of
precise research questions defined by the construction kit are:
¢ Relative change in accidents due to pedestrian AEB (100% penetration rate in passenger vehicles) in urban
pedestrian situations in Germany (short term = 2 years in the future);
* Absolute reduction of MAIS3+ injuries due to AEB (50% penetration rate in cargo vehicles) in highway rear-end
accidents (excluding two-wheelers) in EU28 (midterm = 5 years in the future).

Outcome 3: Harmonization of the Assessment Metrics

The effect of an ADAS function can be analyzed in different ways. In order to come to a standardized
assessment for the effectiveness of functions also the metric used for this assessment needs to be harmonized.
Similar to the research questions also here P.E.A.R.S. has taken a bottom-up approach. Different available
metrics that have been used by the different partners have been collected and clustered. The effect of a
function can be described - independent of the metric used - in two ways: in absolute numbers or in relative
change compared to a baseline scenario. An overview on the different metrics is given in Table 3. In the
second step it has been determined by means of the inquiry how often a certain metric is used by the different
partners, see also Table 3.

Table 3.
Overview on metrics to determine the effectiveness of in-vehicle safety function (N=26).
Method Type of | How often is the metric used by
metric partners? (Mean value;1: never
used ... 5: 6 always used)

Avoidance of accidents Absolute 5.2
Avoidance of injuries Absolute 4.9
Avoidance of critical situations Absolute 3.9
Changes in injury severity distributions (MAIS, fatality, ISS, etc.) Relative 4.8
Changes in health aspects (functional years lost, etc.) Relative 2.2
Changes in economic aspects (property damage, economic costs, etc.) Relative 2.1
Percentage of triggered (critical) events Relative 3.3

The most frequently used metrics are the absolute number of avoided accidents and the number of avoided
injuries. For the relative indicators the change in injury severity is analyzed most often. Health aspects, like
functional years lost as well as economic aspects are more seldom used so far.

Outcome 4. A harmonized assessment process

Today different approaches for the effectiveness assessment of in-vehicle safety functions or ADAS functions
are known. Table 4 provides an overview of different methods that have been applied in the past. Each
approach has advantages as well as disadvantages with respect to the required effort, the appropriateness to
answer the research questions, and the accuracy of the results. They will be investigated during the P.E.A.R.S.
initiative. In order to get to a standardized approach for the effectiveness assessment of ADAS, P.E.A.R.S.
collected different known assessment approaches, and, by means of the inquiry, assessed how often the
different approaches are currently used for effectiveness assessment and which are the most common
approaches for this purpose. The results are given in Table 4.

The results indicated that the most common approach is simulation, combining different techniques. Therefore,
in P.E.AR.S. it has been agreed to choose the general approach ‘virtual simulation’ as the basis for a
harmonized approach for effectiveness calculation. A basic concept of a virtual simulation approach is given in
Figure 2. P.E.A.R.S. seeks for a more detailed specification of the different steps. This includes the definition
of minimum requirements for input data as well as the description of requirement for the used simulation
models.
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Table 4.
Overview on method to determine the effectiveness of in-vehicle safety function (n = 26).

Method Examples application How often is the method used
by partners? (1: never used ...
5: always used)
Prospective statistical analysis based on crash data TRACE [17] 4.4
Retrospective statistical analysis based on crash data | Effect of ESC [16] 4.3
Physical test Assessing Forward 3.7
Collision Warning [22],
Driving simulator Daimler brake assist [21] 3.2
Field test euroFOT [10] 3.2
Examples application Yes No
Do you make use of virtual | rateEFFECT [18], 21 6
simulation in your assessment of | Effectiveness Assessment of
system effectiveness? active Safety Systems [19],
interactlVe SIMPATO [20],

Outcome 5: Description of the conceptual simulation models

The conduction of simulation of certain driving situations requires a reproduction of the real world in the
virtual simulation environment. This is typically done by different models that aim to represent the influencing
parts of the reality under consideration and that run within a simulation framework.

Thus the first question is: what aspects of driving situations need to be modeled in order to simulate the
function behavior for the effectiveness assessment. Also here a bottom-up approach has been taken by
P.E.A.R.S. State-of-the-art simulation frameworks and models have been identified and their strengths and
limitations have been listed.

As shown in Figure 2, the observer model and guiding model are required in order to run the simulation and to
ensure at each point of time the appropriated simulation model is used as well as to ensure that the simulation
models are used in the correct order. The scenario model describes, as the name already indicates, the scenario
that should be analyzed. This description includes longitudinal and lateral controls (e.g., velocity, steering) of
the involved traffic participants. It is linked to the traffic model that describes the characteristics and behavior
of the other involved road participants and the environment model that describes the characteristic (road
characteristics, traffic regulations, (temporarily) static objects, illumination, and weather). Traffic models were
classified by on structure, included components, validity, and their nano-, micro-, meso-, or macroscopic modelling
approach.

Observer Model Guiding Model
Vehicle
Model
Environment
Model
- Sensor ‘
Model
N Impact
Scenario Model > Model
Safety System
Model
Traffic  Model
Driver Model

Figure 2: Setup of Simulation Framework

Page, 8



Further important models next to the scenario model are the driver, the vehicle as well as function models. If
required, a driver or vulnerable road user model for other traffic participants can also be used. The behavioral
models are used to represent how a driver reacts to the stimuli that he / she receives from the environment, other
vehicles, traffic participants, and traffic signals in the traffic stream, or from inside a vehicle. The classification for
behavioral models includes characteristics such as model structure, requirements, validity, and usability for different
driving tasks. Based on the required complexity of the assessment, the driver model can include a description of
driver behavior in critical situations, driver recognition (e.g., HMI, warnings), and driver response (e.g.,
latency times, steering, braking). Models should consider statistical distributions in intra- and inter-personal
behavior, representing temporal driver state and preferred driving style, respectively.
The vehicle model describes all relevant parameters of the vehicle under test in the required degree-of-
freedom. This model can include parameters for the chassis, suspension, tire, steering, and vehicle dimensions,
depending on the degree-of-freedom used. Within the vehicle also the safety function needs to be modeled.
The model for the function should describe the characteristics of the tested function including the system
response as well as the operation regimen. The model of a function is typically a combination of one or more
sensor models, a decision model (algorithm), and an actuation model (braking, steering, brake pulse, etc.), as
well as - if required - communication model. Independent of the degree-of-freedom chosen for the different
models, a vehicle model and function model is mandatory for the effectiveness assessment.
In case an accident occurs with the simulation also an impact model might be required, which defines an
impact between two or more participants (e.g., cars, pedestrians, objects) as well as the behavior of occupants
and their expected injuries. The model can contain a structure based crash model (e.g., the conventional impact
model, force based models, multi-body models, and finite element models), kinematic and kinetic injury model
(biomechanics) as well as statistical injury data. Depending on the metric used such a model is mandatory for
the assessment.
In the next step, P.E.A.R.S. will take a top-down approach in order to specify the different models in more
detail. This step includes 4 different tasks:

¢ Define the required input to the framework (direct or from pre-processing);

¢ Define the necessary output of the framework for the post-processing of simulation results;

® Describe the initialization (start condition) of a scenario simulation;

® Describe the termination criteria of a scenario simulation.
All models should not only be developed but also validated. The work is currently ongoing and a detailed
description of the models is expected for end of 2015. The level of ‘granularity’ of each of the models will
depend on the research questions, the degree of accuracy of the expected outcomes, and of course on the
degree of availability of the data required for each model.

DISCUSSION

The P.E.A.R.S. project is an important step towards a harmonized approach on the assessment of the
effectiveness of road safety measures, especially for ADAS. Input to the assessment methodology is gathered
from different types of stakeholders and the project is defined as an open platform for exchange and
cooperation for all interested organizations.

Within the last three years of project existence, working groups have been established covering research
questions, assessment metrics, data availability and requirements, simulation framework, and model
requirements and verification. Within each working group objectives were defined, appropriate actions were
derived and results were presented and exchanged on the General Assembly. A constructive working flow has
been established in this way.

Elaborated output from the working groups is implemented into a working document that is designed as a
‘recipe-book’. Further the document is set up to deliver the appropriate input for a draft proposal of an ISO or
SAE standard. A first public available version of the ‘recipe-book’ is planned for the end of 2015.

So far, results from working group activities and an internal inquiry are available. All of the P.E.A.R.S. project
participating organizations (N=32; 44% industry, 28% university, 19% research institutes, one governmental
organization) responded to the inquiry. Main reasons for participation in the harmonization group are being
informed about ongoing work and contribution to a common methodology. Further important is the contribution to
an ISO/SAE draft proposal and a framework development. Half of the responders within P.E.A.R.S. have less
interest in model development itself. For the outcome of the project all participants of the enquiry have high
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expectations on a common methodology and most of them have the expectation that the working document will lead
to an ISO/SAE draft.

As mentioned before, near-term effectiveness is currently more in focus than mid- or long-term effectiveness. But
future research will involve benefit of ADAS functions in mid-term, whereas long term evaluations becomes similar
important than short term. Optimal parameterization of ADAS systems remains a key point. As for the objectives,
the understanding of future accident situations and validation of systems is relevant. To date, most applied methods
for evaluation of active safety-systems are prospective and retrospective statistical analysis. The majority of
toolboxes for virtual simulation are own developments or based on the commercial tools Matlab/Simulink. For
ADAS specific commercial tools, CarMaker is most frequently used. The majority of the responders make use of
real accident data in their virtual simulations, a smaller group of users generate data stochastically themselves. Half
of responders evaluate also ‘avoidance of critical situations’. Most investigated events are crashes, near-crashes, and
crash-relevant conflicts, only a minority consider normal driving, but putting this data as highly important.

Just now evaluations are done for (in this order) specific European country, EU in total, USA, Japan, China and
North America. In the future evaluations are desired for EU in total, specific European country, USA, China, Japan,
Asia, and North America, which means that China and Asia will come more into focus.

Changes in vehicle fleet, market penetration, and driver behavior are regularly considered by half of the responders.
Except of in-car modification, the 9-safety mechanisms [23] are not much considered by half of the responders. In
the future analyses focus remains on the first point of nine safety mechanisms, the direct in-car modifications. Slight
increase can be seen for influence by road side application and modification of driver behavior.

At the current state most detailed models are for passenger cars, ADAS algorithms, and sensors, followed by models
for driver/VRU. Highest need in increase for level of detail is seen in the environment model, driver model, and
sensor model, whereas the last two have given highest priority. Over 90% of the responders see a relevant barrier in
the simulation of driver behavior. Two-third of responders regularly uses robustness analysis for the evaluation of
the results. More than half of the participants conduct a verification by reviewing mathematical-physical equations
and by comparison against physical tests or other secondary data.

All participants conducting virtual simulation agree on the importance to implement a harmonized methodology into
their own framework with specific focus on the implementation of a scenario description, driver/VRU models, and
usage of high quality data.

A standardized approach for the effectiveness assessment as proposed by P.E.A.R.S. provides the opportunity
to deliver a widely accepted methodology, to define requirements to input data, and thus to establish the
boundary conditions for reliable and repeatable estimations of the impact of new ADAS functions. This is
important for the initial step to introduce effective ADAS functions to a market and further to accelerate their
market penetration. This approach will also support the comparison of different studies in the same field and
provide a better understanding of traffic safety in general. Additionally, this can lead to standardization of
consumer oriented assessment of ADAS functions (e.g., in Euro NCAP), since virtual simulation can deliver
more distinct results on the real life effect than only a limited set of physical test scenarios.

Next to the advantages all approaches for effectiveness assessment have their limitations. This applies for the
harmonized approaches itself, as defined by P.E.A.R.S., and to the generated results. First of all, the
effectiveness assessment relies on the input data. Therefore, reliable results can only be determined, if the
quality, which means accuracy and representativeness, of input data is ensured.

The same applies with respect to the used models. It needs to be ensured that the models describe the real
behavior in a sufficient manner. The definition of ‘sufficient’ depends on the function under study, the
investigated scenario, as well as the aimed quality of the results. This is, verification and validation of the
simulation environment has to be considered in high priority.

Although the P.E.A.R.S. approach focuses mainly on ADAS functions operating in critical driving situations,
driver assistance systems that support the driver during the normal driving process (ACC, lateral lane support),
connected ADAS or automated driving functionalities can be assessed in the same framework with regard to
content extension, but based on the same methodology.

As the project does not have any external funding the progress of the project is currently depending on
individual contribution of the stakeholders.

OUTLOOK

So far the P.E.A.R.S. group consists of more than 30 stakeholders from the automotive industry, academia,
private, and governmental research organizations in Europe. For a global harmonization approach and a
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worldwide standard it is necessary to involve stakeholders from all parts of the world. This would support even
more the consideration of differences in environment, traffic participant mode, vehicle fleet, and road user
behavior in the methodology. Additionally, the input from a broader group of stakeholders would lead to a
higher acceptance and thus, spread of the methodology.

Each stakeholder has its own individual objectives and own research questions that need to be answered.
Results of assessments are most easily explained, discussed and understood, when a harmonized approach is
followed, and the steps that have been taken in the assessment process are well-known and agreed upon. For
the common understanding, it is important that the stakeholders represent different sectors in the automotive
safety arena such as vehicle industry, academia, research institutes, consumer organizations, road authorities,
policy makers, and insurance companies.

Although currently a focus is taken on developing a methodology for ADAS functions which are typically
automation level 1 (assisted driving), the process should not be essentially different for higher levels of
automation [13]. This explains the ambition, to provide results on the short term by developing a methodology
dedicated to ADAS, with the requirement that the developed process is generally applicable and easily
adaptable for higher levels of automation.

The partners in P.E.A.R.S. invite organizations that are interested in contribution to the development of a
harmonized effectiveness assessment methodology to contact any of the authors for more information and
participation in the General Assembly and working groups.
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ABSTRACT

Modern motor vehicles are becoming increasingly dominated by electrical and electronics (E/E) systems. While this
trend is clear, its implications are uncertain. In this paper, we investigate data on safety-related notifications from
the United States, Canada, and Europe to analyze questions and trends related to E/E systems. The data analysis
indicates that E/E systems are a growing issue for motor vehicle safety, that the time delay for E/E notifications is
longer than that for other notifications, and that specific subsystems are more prone to E/E problems than others.

1 INTRODUCTION

Modern motor vehicles are complex safety-critical systems that involve the coordination of dozens of comput-
ers, communication buses, actuators, and sensors [1, 2]. Their overall functionality and safety is dependent
upon the correct and timely operation of electronics and software to sense and control physical states through
sensors and actuators. Table 1 reports estimated numbers of ECUs (electronic control units; the usual term
used for computers in cars) in recent model year vehicles and literature sources for these estimates. With
approximately 50 to 75 ECUs, modern cars are truly distributed computer systems running on wheels.

Since motor vehicles are safety-critical systems, countries developed safety standards to protect consumers
and the public. Regulatory standards such as the Federal Motor Vehicle Safety Standards and Regulations
(FMVSS) [3] of the United States Department of Transportation (USDOT) codify required safety systems,
their performance, and overall vehicle safety. For example, FMVSS Standard No. 126 governs electronic
stability control (ESC) systems and includes the following requirement [3, Standard No. 126, § 5.1.1]: “Is
capable of applying brake torques individually to all four wheels and has a control algorithm that utilizes
this capability.” Some countries have dedicated mandatory standards for tire safety. In addition to these
regulatory standards on vehicle safety, the industry voluntarily has also created and uses domain-specific
standards. For example the ISO 26262 [4] standard on Road Vehicles: Functional Safety is used for de-
veloping, maintaining, and decommissioning automotive components. The MISRA C [5] standard provides
guidelines for source code in safety-critical applications using C and C++4. Unlike FMVSS, complying with
the ISO 26262 or MISRA C is optional.

Each country instated a regulatory agency in conjunction with these standards. These regulatory agen-
cies police the mandatory safety standards and notify the public about non-compliance and safety-related
concerns for products sold in their jurisdiction. In the United States, the National Highway Traffic Safety
Administration (NHTSA) regulates vehicle safety through standards like the FMVSS. In Canada, Transport
Canada is responsible for transportation policies and programs such as the Motor Vehicle Safety Regula-
tions [6] and related acts. In the European Union (EU), the European Commission and member countries
are jointly responsible for safety regulations such as the General Safety Regulation [7] and related laws. In
addition, the European Commission administers the Rapid Alert System for non-food dangerous products
(RAPEX) to facilitate the rapid exchange of information to the consumer on safety-related issues.

Each of these agencies maintains datasets (databases) on automotive safety notifications, potential haz-
ards arising from the issues, and recommended corrective actions. Notifications in the datasets concern

Johnson et al 1



Year  List of: Vehicle (ECUs) [Source]

2004 VW Phaeton (61) [8], Current Upper Class (70) [9]

2005  Volvo cars (40) [10]

2006  Infiniti (11) [11], Toyota Prius (23) [11]

2007  Current Premium Car (70) [12]

2009 Current Premium Car (70-100) [13], Current Low-end Car (30-50) [13], Average Car (30-45) [14], Luxury Cars
(70) [14]

2010  Jeep (7) [11], Range Rover (41) [11], Basic vehicles (30) [15], Some Luxury Cars (100) [15]

2012  Most new vehicles (100) [16]

2014  Infiniti (34) [11], Dodge Viper (19) [11], Range Rover (98) [11], Jeep (17) [11], Toyota Prius (40) [11], Average
Vehicle (60) [17]

Table 1: Reported and estimated numbers of ECUs in cars. “Year” is the year of reporting.

hazards and risks when operating motor vehicles, particularly as they pertain to non-compliance with stan-
dards like FMVSS. For instance, the purpose of the FMVSS ESC standard mentioned previously is “..to
reduce the number of deaths and injuries that result from crashes in which the driver loses directional control
of the vehicle, including those resulting in vehicle rollover” [3, Standard No. 126, § 2]. A malfunctioning
component used in the ESC would then raise a hazard and thus a safety concern. A hazard is the possi-
bility of suffering harm or injury of road participants (users). Road participants include, for instance, the
driver, passengers, but also extends to pedestrians and cyclists. A hazard by itself is sufficient to cause an
investigation; for example, the NHTSA may start an investigation upon receiving complaints from owners
about defects. The level of risk of the hazard occurring during driving is a key element, with a risk being
a situation that involves exposure to danger. There are many dangers present in the operation of motor
vehicles, such as injuries due to collisions with other vehicles or objects, or burns due to engine fires or seat
heater failures. Often a defect in the design or the implementation of a safety-related system in the motor
vehicle will create an unanticipated risk that needs to be investigated. A safety-related defect in a motor
vehicle or system thereof exists when there is increased risk beyond an acceptable level. In this situation, the
defect causes the system to become unsafe and consequently corrective actions have to be taken, together
with a notification of the public through the regulatory agency.

This paper presents an analysis of electrical and electronic (E/E) notification datasets from government
regulatory agencies in the United States, Canada, and Europe. Since E/E encompasses software, notifications
related to software are also part of our analysis. With this data, we explored several questions, such as the
trend of E/E notifications over time in terms of the number of notifications and affected vehicles. We also
analyzed E/E notifications in relation to Non-E/E notifications, and investigated the risk types associated
with defects and the relationship between notifications and the model year for E/E vs. Non-E/E notifications.
The paper concludes with additional observations made during the analysis and provides a call-to-action for
researchers, the regulatory agencies, and also the automotive industry.

2 METHODS AND DATA SOURCES

This paper analyzes safety notification datasets from several data sources of regulatory agencies. The main
aim of the study is to determine the prevalence and quantity of E/E notifications and compare them to
Non-E/E notifications. To this end, we analyzed data from the NHTSA, Transport Canada, and RAPEX.
These datasets are publicly available and provide a rich and diverse view into the nature of safety-related
notifications and recalls in the three jurisdictions (the US; Canada, and Europe).

2.1 E/E Systems, Defects, and Notifications

We define our terminology following the vocabulary used in the ISO 26262 standard [4]. ISO 26262 is a
comprehensive standard on functional safety of components (i.e., items) built into road vehicles.

We analyze datasets from three data sources: “Complaints, Defect Investigations, Recalls, €& Technical
Service Bulletins” (NHTSA) [18], “Road Safety Recalls Database” (Transport Canada) [19], and “Rapid Alert
System for non-food dangerous products” (RAPEX) [20]. Each data source provides a dataset containing
notifications. A notification is an entry that results from the process associated with the dataset. Each data
source follows a different process for adding notifications to its datasets. Consequently a notification can be
a compulsory recall, but it can also just be a benign complaint that led to an investigation, and ended in
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Data No. Model Access

Source Dataset Contents Entries Years Date Source
« ” . 108 686 1960- FEB-

NHTSA Recalls Vehicle safety recalls (18768) 2015 2015 [21, 18]

Transport “Road Safety Recalls . 1970- JAN-

Canada. Database” Vehicle safety recalls 10596 2015 2015 [19]

European fRapzd _?le:lt System Motor vehicles category in 1246 2006— FEB- [20]

RAPEX or non-joo non-food dangerous products 2015 2015

dangerous products”

Table 2: Summary of the datasets analyzed including the information contained. The access date is the date
the dataset was downloaded for the analysis in this paper. While the datasets may already (as of February
2015) contain information for 2016 model year vehicles, only up to model year 2015 were included in the
analysis in this paper. The NHTSA number in parenthesis is the number of unique campaign numbers.

the voluntary action of a press release. Section 2.2 discusses the data sources and datasets in more detail.

Since this paper is concerned with E/E artifacts, we must distinguish between E/E and Non-E/E artifacts.
The ISO 26262 standard specifies item as the highest-level artifact. An item is then realized in systems,
which are further broken down into elements. To keep the paper accessible to the general reader and
because notifications in the datasets are usually related to specific artifacts, we will mostly use the term
system for these instead of a specific breakdown of item, system, or element as defined in the ISO 26262
standard. We call a notification an E/FE notification, if the reason for the notification originates from an E/E
system and is not of mechanical or chemical nature. The ISO standard defines an E/E system as one that
includes electrical or electronic elements, including (software) programmable electronic elements. Example
E/E systems include power supplies, sensors, and other input devices, communication paths, and actuators
and other output devices. For example, an E/E notification would be one related to stalls in hybrid vehicles
due to the control software overheating power transistors. All notifications related to other technology (as
defined for term 1.84 ISO 26262) are Non-E/FE notifications. For example, a holding bracket loosening due
to improper mounting is a Non-E/E notification.

2.2 Data Sources and Datasets

In our analysis, we use several datasets from the NHTSA, Transport Canada, and RAPEX from Europe to
classify E/E and Non-E/E notifications. Table 2 provides a summary of the datasets and their contained
information.

2.2.1 Complaints, Defect Investigations, Recalls, & Technical Service Bulletins (NHTSA)

The NHTSA maintains extensive datasets of vehicle and system recalls and complaints online [18]. These are
categorized into several major datasets including “Complaints,” “Defect Investigations,” “Recalls,” “Tech-
nical Service Bulletins” [18, 21], as well as “Foreign Campaigns” [22]. The NHTSA is part of the US
Department of Transportation, was established in 1970, and has a mission to reduce deaths, injuries, and
economic losses arising out of motor vehicle crashes. As part of these responsibilities, the NHTSA sets
and regulates safety performance standards for motor vehicles, such as through FMVSS [3], monitors and
investigates consumer complaints regarding motor vehicles, and also conducts research on driver behavior
and traffic safety, such as conducting crash tests [23].

The NHTSA maintains information about all safety-related defect and compliance campaigns that occur
in all models of motor vehicles in the US starting from notifications made in the year 1967. Defects are
defined in Section 1, and compliance means that a given motor vehicle and its systems comply with regulatory
standards, such as FMVSS. A system is non-compliant, if it violates a regulatory standard, so non-compliance
notifications correspond to violations of FMVSS and other regulations. As ISO 26262 is a voluntary standard,
only federal regulations like FMVSS are considered in the definition of compliance. The dataset also contains
information on model year vehicles before 1967, since defects reported in 1967 can affect older models. The
NHTSA stores different categories of information in its “Complaints”, “Defect Investigations”, “Recalls”, and
“Service Bulletins” datasets. Complaints are reports of problems from vehicle owners to the NHTSA, and
are investigated by the NHTSA and tracked in an investigation dataset. Service bulletins are instructions
from the manufacturer regarding how to correct defects. There is a process to be followed by a vehicle
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owner to report problems with their vehicles. When there is a problem with their vehicle or equipment, the
owner can file a complaint with the NHTSA, for example online at http://www.safercar.gov. As part of
a complaint, the owner may provide the vehicle’s VIN, the incident information including, if there was a
crash, fire, injury, or fatality as a result of the incident, and other information. Complaints are entered into
the NHTSA complaint dataset and will be used to determine, if a safety-related defect trend exists. These
complaints are searchable on the NHTSA’s website based on various criteria including the make, model, and
year of the vehicle. Investigations are taken up by the NHTSA as a result of complaints by vehicle owners,
and may result in a recall or other action if it is deemed necessary. The NHTSA also has the authority to fine
automakers. Additionally, a manufacturer may notify the NHTSA of a potential defect, if they become aware
of one, so the process of creating notifications may be driven either by the NHTSA or the manufacturer.

This paper uses the NHTSA “Recalls” dataset that contains all NHTSA safety-related defect and com-
pliance campaigns since 1967 [21]. A recall is described [24] as: “When a manufacturer or the National
Highway Traffic Safety Administration determines that a car or item of motor vehicle equipment creates an
unreasonable risk to safety or fails to meet minimum safety standards, the manufacturer is required to fix
that car or equipment.” A manufacturer will have to rectify or replace parts, if the recall is a safety recall.
The manufacturer will also have to inform the vehicle owner of the recall. More information about recalls
and how they are notified and how to find if a particular vehicle is under recall or not are in the Vehicle
Owners section [24]. The “Recalls” dataset consists of recall records. Information contained as part of a
recall record includes the vehicle make, models, model years, component description, beginning and end
dates of manufacturing, the potential number of affected vehicles, the date of notification to the owner, a
defect summary, a consequence summary, a correction summary, and recall notes [18].

2.2.2 Road Safety Recalls Database (Transport Canada)

In Canada, transportation policies and programs are the responsibility of Transport Canada [25]. Transport
Canada promotes safe, secure, efficient, and environmentally-responsible transportation. Transport Canada
reports to Canadian Parliament and the Minister of Transport. Transport Canada administers various pro-
grams related to safety of vehicles such as importation of vehicles, advanced vehicle technologies, commercial
vehicles, defect investigations, and vehicle recalls. The “Road Safety Recalls Database” in Canada is man-
aged and maintained by Transport Canada. Transport Canada also documents recall campaigns, update
the on-line recalls database, and monitor recall completion rates. Each record in the dataset contains the
date of recall, make, model, system, model year(s) affected, recall details, category of the vehicle, etc. [19].
The records start from 1970 model year vehicles in Transport Canada database. Transport Canada defines
safety-related defects as those that interfere with the safe functioning of the vehicle and are present in a
group of similar vehicles [25]. Such defects are not due to normal wear and tear, operator negligence, nor
inadequate maintenance, and may cause problems that occur with little or no warning that endanger the
safety of road users. If motor vehicle owners in Canada suspect safety-related defects in their vehicles, they
can report them to Transport Canada. Once a defect is reported, the defect complaint is entered into the
“Defect Complaints Database” and reviewed by an analyst. If warranted, Transport Canada will initiate an
investigation into the complaint that may result in recalls.

2.2.3 Rapid Alert System for non-food dangerous products (RAPEX)

RAPEX (“Rapid Alert System for non-food dangerous products”) was established in the EU as a rapid alert
system that facilitates rapid exchange of information between member states of the EU and the European
Commission on measures taken as a result of products posing risk to consumers. RAPEX relies on close
cooperation between the Commission and individual national authorities of participating member countries.

RAPEX has notifications going back to the year 2006. In this dataset, each notification record has a risk
level. The risk level can be “Serious” or “Other”. The risk level is also classified based on the type of user
distinguishing consumer or professional users. Each record has the week and year of notification, a reference
number, the country that notified, and detailed description of the product including the name, category,
type, batch number, and, in many cases, also a picture of the product. The notification also lists the risk
type, which is the kind of injury that can result from the hazard, and includes risk types such as burns,
electric shock, etc. [20]. Finally, a notification also includes information about the measures taken by the
notifying country to mitigate risks from the product.

The notification process for RAPEX starts with the identification of a risk with respect to a product.
The identification of risk can happen by a competent national authority, or the manufacturers and distrib-
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utors of the product. Manufacturers and distributors must inform the national authority of any dangerous
product, specifically consumer products that are on the market and present a risk to consumers (like electric
shock, injury, etc.) such that the product may not remain on the market [26]. In this case, manufactur-
ers and distributors should take appropriate preventative and corrective actions. When this identification
happens, either the appropriate authority or the responsible business takes relevant measures to eliminate
the risk. These measure can include withdrawing the product from the market, recalling the product from
consumers, or issuing warnings. As a next step, each RAPEX national contact point informs European
Commission about the product and all relevant information. The European Commission then disseminates
this information to all participating countries [26].

2.2.4 Differences between Datasets

Though the primary purpose of the data in these three datasets described above is to inform the consumer of
issues that may be affecting a particular model of a vehicle, there are differences in the amount and format
of data available in each dataset. The NHTSA and Transport Canada notifications do not contain columns
to indicate the risk level of the problem. On the other hand, RAPEX notifications indicate risk level by
classifying the notifications as serious or other. The NHTSA and Transport Canada datasets do not classify
the risk into a fixed type of risk, and instead, their notifications describe the consequences of the defect.
RAPEX classifies notifications based on a fixed number of risk types like asphyxiation, burns, chemical,
fire, injuries etc. Another difference is that the NHTSA and Transport Canada datasets do not identify the
country of origin of motor vehicle. However, RAPEX notifications have the country of origin of the vehicle.
NHTSA does not regulate vehicles that are primarily intended for off-road use such as all-terrain vehicles
(ATVs), snowmobiles, dirt bikes, etc.—which are regulated by the Consumer Product Safety Commission
[CPSC])—while the Transport Canada and RAPEX datasets each have notifications about off-road vehicles.

2.3 Classifying E/E Notifications

We analyzed the datasets through two separate means. The first method used a manual classification
involving two people and two reviewers and was performed for the Transport Canada, the RAPEX, and
partially for the NHTSA dataset. The second method was an automated classification using text-based
searches to classify notifications involving E/E systems and was performed for the NHTSA dataset.

A classified E/E notification is a false positive, if the actual cause of the corresponding defect was not
due to problems in the E/E system. For example, if a notification was classified as an E/E notification in the
tires that was in no way related to any E/E system (e.g., a tire pressure monitoring system) like improper
tire pressure labeling, this would be a false positive. An E/E notification would be a false negative, if it was
not identified. Any classification can include incorrect assignments, usually reported as precision and recall.
In our case, precision is the fraction of notifications that were labeled as E/E notification and should be
E/E notifications. Precision is degraded by false positives, which are notifications labeled as E/E, but that
only mention other technologies. Recall, as a quantitative metric, is the fraction of E/E notifications relative
to all E/E notifications. Recall targets characterizing false negatives, since recall is affected by classing
notifications as Non-E/E although they are E/E notifications. In the ideal case, there are no false positives
and no false negatives. There are several reasons this classification is performed for notifications and not
for defects. First, the datasets only contain information on notifications that may or may not be correlated
with known defects. This may occur in recent model year vehicles for which regulators and manufacturers
have not yet initiated notifications, as defects may still be unknown. In the ideal case, this classification
would find the set of all E/E defects and not the set of all E/E notifications, but this is impossible as
these defects may be unknown. Additionally, the datasets themselves could contain false positives and false
negatives, although the regulatory process should minimize these mis-classifications. Another reason for
mis-classifications is due to grammatical and spelling errors, which may be detected and corrected easily in
manual review, but is difficult to handle for automated classification, but may be handled with sophisticated
natural language processing (NLP) techniques.

2.3.1 Manual Classification and Review

We used full manual classification for the Transport Canada and RAPEX datasets, and partial manual
classification for the NHTSA dataset. Full manual classification involved two persons categorizing the noti-
fications into the categories of E/E or Non-E/E. For the RAPEX and the Transport Canada datasets, two
undergraduate students investigated one notification at a time and assigned an appropriate label to them.
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computer  software firmware electronic control unit  ecu engine control module
ecm re-flash re-program control module control unit bug
version update program overflow electronic electric

Table 3: Keywords used for automatic classification of the NHTSA dataset.

To ensure high precision and high recall, and thereby high quality, we used an independent validation
step after the manual classification. After the two undergraduate students completed the classification, one
of the co-authors randomly selected a small subset to validate the classification. Any found mis-classification
was subsequently corrected. On top of the validation, we also performed automated sanity checks to inspect
specific notifications. For example, we carefully reinspected all notifications that carried the system type
“Electrical” in the Transport Canada dataset, and double-checked all notifications that contained specific
keywords, such as, for instance, motor, ECU, short circuit, and software. For the NHTSA dataset, one of the
co-authors manually inspected the entries that we identified using a search-based classification. The purpose
for this inspection was to identify and eliminate false positives to improve precision. In particular, it also
highlighted certain bad keywords that resulted in high rates of false positives, such as “upgrade,” that were
excluded from subsequent keyword searches.

2.3.2 Automated Classification

Automated classification was used for the NHTSA dataset, followed by the manual review discussed in
Section 2.3.1. The NHTSA dataset contains several fields that have natural language data (i.e., English
sentences and text), such as the “Defect Summary” (DESC_DEFECT) field. Specifically, each notification
includes “Defect Description,” “Defect Consequence,” “Corrective Action,” and “Notes” fields contain natural
language descriptions of the defect, its correction, etc. that are used in classifying the notification as
an E/E notification. Additionally, the “Component Name” field contains a semi-categorical name of the
defective component (system) and was also used for classification. The “Component Name” field includes,
for example, categories such as “ELECTRICAL SYSTEM: SOFTWARE”. However, we did not classify by solely
the “Component Name” field because many E/E notifications are not precisely categorized. For instance,
some notifications for software defects, such as NHTSA notification 04V254000, are not correctly categorized
as “ELECTRICAL SYSTEM: SOFTWARE,” along with several others shown in Table 4. Each of these fields were
searched using regular expressions for the set of keywords in Table 3.

Spacing was required between short keywords (e.g., for “ecu”) and all standard permutations of keywords
were used (e.g., “re-flash,” “reflash,” “re flash,” etc.). If any substring in these fields matched any of these
keywords (case insensitive and allowing permutations for spacing), they were classified as candidate E/E
notifications that were then manually reviewed. Additionally, the NHTSA dataset contains many effectively
duplicate entries that were accounted for (when necessary) by using the campaign number to uniquely identify
the notifications to not duplicate counts of the number of affected vehicles or numbers of notifications.

3 RESULTS FROM ANALYSIS OF THE DATASETS

With access to these datasets, we could investigate a number of questions for E/E notifications. This section
describes four questions we looked at in detail. Additional observations are part of Section 5.1.

3.1 E/E Systems are Increasingly Becoming a Problem

The dataset analysis indicates that E/E notifications have been increasing in recent model year vehicles and
for notices issued in recent years. Specifically, E/E notifications are increasing over time in the Transport
Canada and the NHTSA datasets in terms of all of the following: (a) the percentage of E/E notifications
compared to Non-E/E notifications per model year (Figure 1), (b) the absolute numbers of vehicles and
systems affected by E/E notifications compared to those affected by Non-E/E per notification year (Figure 2),
and (c) the absolute number of notifications per vehicle model year (Figure 3). The RAPEX dataset also
confirms this when looking at the total number of notifications over the years (Figure 6).

3.2 E/E Notifications have Greater Delay than Non-E/E Notifications

An interesting question is to determine whether certain types of notifications reach further back in time than
others. We interpret this as being that the particular defect identified in the notification has taken longer
to be detected than notifications that reach back fewer years.
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Figure 1: Transport Canada and NHTSA percentage of E/E notification out of all notifications across all
makes and models versus model year.
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Figure 2: Transport Canada and NHTSA sum of the number of vehicles potentially affected by notifications
versus notification year, categorized into E/E and Non-E/E notifications.
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Figure 3: Transport Canada and NHTSA E/E and Non-E/E notification counts versus model year.

The delay of a notification is the date of the notification minus the starting manufacturing date. Figure 4
shows notification delays, categorized into E/E and Non-E/E notifications. In the Transport Canada dataset,
the dates of manufacturing are not available, so the notification delay is approximated as the year of the
notification minus the model year. If multiple models and model year vehicles are effected, the date or
earliest model year across all the affected models will be used. For example, if a notification covered three
models over different model years (2005 to 2010, 2007 to 2010, and 2005 to 2008), then the approximated
delay will be 2011 — 2005 = 6 years. While ideally the manufacturing date would be used instead of the
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model year date, the manufacturing date is not always available in the datasets, while the notification date,
affected models, and model years are more readily available.

Both datasets show that on average, E/E notifications reach back further than Non-E/E notifications.
Thus, recent model year vehicles may also be correlated with having additional E/E defects that have not
yet initiated notifications. In the Transport Canada dataset, the notification delay mean was 2.21 years for
E/E defects and 1.83 years for Non-E/E. In the NHTSA dataset, the notification delay mean was 2.23 years
for E/E defects and 2.14 years for Non-E/E. The differences between the notification delay was statistically
significant (Wilcoxon rank sum test) for both datasets. These results are highlighted by E/E notifications
such as NHTSA recalls 11V395000 and 14V047000 described in Table 4, that each had delays of around six
years.

Comparing Notification Delay (Transport Canada) Comparing Notification Delay (NHTSA)
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Figure 4: Transport Canada and NHTSA notification delay between E/E and Non-E/E notifications from
1970 to 2014 model years are illustrated as box plots.

3.3 E/E Notifications Appear for Electrical Components, Lights, and Airbags Most Fre-
quently

The dataset from Transport Canada and the NHTSA categorized the notifications based on the vehicle
subsystem that was affected. Transport Canada splits the data into 20 categories. The NHTSA uses 26
categories with additional sub-categories. The interesting question is which subsystems are prevalent in E/E
notifications. Based on the datasets, we can identify the subsystems that are most likely affected by E/E
problems within each jurisdiction. Figure 5 shows the frequency to which subsystem category the notification
was assigned to in the different datasets.

A direct comparison is impossible, because the different datasets split up the notifications into different
categories, and also the dataset from Transport Canada has generic category called “Electrical” that domi-
nates the notifications related to E/E systems. Furthermore, due to regional influences, the datasets contain
different data (see Section 2 for these differences). Nevertheless we can still provide a subjective, qualitative
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Figure 5: Subsystems specified for notifications related to E/E problems.

interpretation of the data in Figure 5. Subsystems that seem to rank highly when comparing notifications
related to E/E problems are (in no particular order): air bags, lights and instruments, engines, brakes, and
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the power train. For this categorization, we combined: brakes (i.e., “Service Brakes Hydraulic”, “Service
Brakes Air” in the NHTSA and “Brakes” in the Transport Canada dataset), power train (i.e., “Throttle Con-
trol”, “Power train”, “Transmission Control”), and instruments (i.e., “Lights and Instruments”, “Lights”,
and “Instrument Cluster”).

3.4 E/E Notifications Dominate Others with Respect to Fire Hazards

RAPEX provides detailed information on the risk types for the components involved in the notification.
The dataset uses four distinct categories for the types of risk: burns, fire, injuries, and chemical. Some
notifications list a combination of risk. For example, RAPEX notification 0615/11 lists a hazard involving
a potential fuel leak and the ECU causing a fire by means of a short circuit. The notification therefore has
the risk labels “Fire|Injuries”. In our analysis, we will count this notification twice: once for the risk type
being “Fire” and once for the risk type being “Injuries”.

The RAPEX dataset distinguishes between the fire and burn hazards. The risk of a burn is one where a
participant can get inured, but the failing component will not start a fire. As an example, two notifications
that have the risk type “Burns,” but not “Fire,” are motorbike exhaust pipes that may lose their enclosure
or seat heating elements that are overheating and charring the seat. Specific notifications in the RAPEX
dataset are A12/1541/12, 0007/10, and 0767/11.

Notifications Per Year (RAPEX) Risks Mentioned Per Type (RAPEX)
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Figure 6: E/E and Non-E/E notifications in the RAPEX database (left). Comparison of the risk types for
E/E vs. other components. Note: some notifications mention several risk types, so the total is not 1 (right).

Analyzing the RAPEX dataset, we discovered that E/E notifications dominate the risk type “Fire”.
Figure 6 shows a breakdown of the percentages for each risk type. About 25 percent of all notifications
related to E/E systems specify a fire hazard, while only 15 percent of other notifications carry the risk type
“Fire”. Conversely, fewer E/E notifications are tagged with the risk type “Injury”.

4 SPECIFIC E/E NOTIFICATIONS

This section describes specific E/E notifications identified in our analysis. Summaries of several specific E/E
notifications appear in Table 4. As illustrated by Table 4, E/E notifications have involved nearly all types
of motor vehicles, including buses, ambulances, motorcycles, passenger vehicles, passenger trucks, and cargo
trucks. Additionally, E/E notifications have involved a diversity of energy sources, including gasoline, diesel,
all electric, hybrid electric/gasoline, and natural gas. The affected systems involved in E/E notifications
include airbags, seatbelt pretensioners, cruise control systems, electronic stability control systems, battery
charging controllers, brakes, engine overheating, transmissions, engine and powertrain control, tire pressure
monitoring systems, and many others. Additionally, there have been several instances of E/E notifications
for unintended acceleration as summarized in Table 5. Of particular interest currently are notifications that
involve computers and software. The root problems are also diverse, albeit somewhat difficult to ascertain
from the data available, but certainly include wrong values specified in software (including calibration values),
timing errors, wrong values computed by software, sign errors, among others. The earliest notification
mentioning “computer” was in 1975 for 75V117000, the earliest notification mentioning “software” was in
1996 for 96V007000, and the earliest notification mentioning “over-the-air software update” was in 2014 for
14V006000. Additionally, while specific makes and models were explicitly not listed to avoid singling out
particularly makers, models of all makes have been the subject of E/E notifications. Other authors have
compiled interesting motor vehicle E/E issues previously [27].
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Camp. No. Date Pot. Aff. Type Model  Problem Resolution
Years
75V117000 JUN 23, 8500 Cargo truck 1971- Brake loss due to anti-lock Replace computer
1975 1975 computer malfunction
85V134000 OCT 22, 3988 Passenger 1985 ECU timing problem Replace ECU
1985 car
96V007000 JAN 16, 10600 Passenger 1996 Climate control module software Replace module
1996 car failure
00V374000 NOV 13, 492 Electric 1998 Battery pack overheating Battery pack module soft-
2000 passenger ware update
truck
01V025000 FEB 03, 353 Passenger 1999 Brake warning light does not display Update software in instru-
2001 car due to software problem ment cluster
99E023000 JUL 29, 1362 Engine 1999 Engine stall because of software Update ECU software
1999
00V131003 MAY 30, 3 Cargo truck 2000 Wrong gear selection in transmission Replace autoshift transmis-
2000 due to software problem sions
13V 040000 FEB 06, 3644 Passenger 2003- Unintended airbag deployment Replace controller
2013 car 2004
04V254000 MAY 27, 8189 Motorcycle 2004 Wrong speedometer reading Software update
2004
05V208000 APR 27, 153 Natural gas 2002- Unexpected throttle surge due to Update ECU software
2005 bus 2005 compressed natural gas ECU
05V153000 APR 15, 216 Ambulance 2002- Electric power sequencing problem Install new transistor board
2005 2005 causing overheating and fire risk
11V395000 AUG 04, 1512107 Passenger 2005- Stalls due to transmission damage Update automatic transmis-
2011 car 2010 sion control module software
14V047000 FEB 10, 2190934 Passenger 2005- Engine and airbag disabling due to Replace ignition switch
2014 car 2011 ignition switch disconnection
06V220000 JUN 19, 433 Passenger 2006 Certain operating conditions lead to Improve engine compart-
2006 car engine compartment temperature ment cooling, modify ECU,
increase that may damage alternator  and install new alternator
06V493000 DEC 29, 50 665 Passenger 2007- Brake lockup Reprogram the ABS ECU
2006 car 2008
13V500000 NOV 01, 344187 Passenger 2007- Unintended braking by Vehicle Instal new yaw rate sensor
2013 car 2008 Safety Assist System (VSA)
08V595000 NOV 14, 2500 Passenger 2008 Transmission software may perform Reprogram engine and trans-
2008 car a multistage downshift that could mission control unit software
stall the car
11V534000 NOV 04, 38444 Passenger 2008- Delay of 30ms between first and Reprogram sensing and diag-
2011 car 2009 second dual-stage airbag deployment nostic module
resulting in head injury criteria
requirements non-compliance
12V 064000 FEB 17, 20512 Motorcycle 2008- Insufficient battery charging leading Replace voltage regulator
2012 2011 to stalls
13V233000 JUN 04, 254 396 Passenger 2010- Seatbelt pretensioner and airbag Software update
2013 car 2012 non-deployment in crash
14V 053000 FEB 12, 698 457 Hybrid 2010- Stalls due to power electronics Software update for motor/-
2014 passenger 2014 shorting generator control ECU and
car hybrid control ECU
14V522000 SEP 02, 1810 Electric car 2010- Brake vacuum pump malfunction Reprogram or replace brake
2014 2014 vacuum pump controller
13V283000 JUL 02, 224264 Passenger 2013 Wrong side airbag deployment Flash occupant restraint
2013 car control module
13V328000 JUL 29, 11097 Motorcycle 2013 Stall under deceleration Replace ECU
2013
14V 006000 JAN 13, 29222 Electric car 2013 Overheating power cables while Over-the-air software update
2014 charging
14V138000 MAR 25, 989701 Passenger 2013 Occupant classification system Update OCS software
2014 car (OCS) may classify seat as empty
when occupied
13V506000 OCT 17, 207 Passenger 2013- Remaining fuel overestimation Update instrument cluster
2013 car 2014 leading to possible stalls software
14V173000 APR 03, 5700 Passenger 2014- Power Control Module (PCM) stops Reprogram PCM
2014 car 2015 charging battery
14V551000 SEP 10, 19 Diesel cargo 2015 Engine stalls due to incorrect Reprogram ECU
2014 truck parameter setting in software

Table 4: Specific E/E notifications from the NHTSA dataset, where “Camp. No.” is the NHTSA campaign
number, “Date” is the notification date, and “Pot. Aff.” is the number of potentially affected units.
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http://www-odi.nhtsa.dot.gov/owners/SearchResults?searchType=ID&targetCategory=R&searchCriteria.nhtsa_ids=99E023000
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http://www-odi.nhtsa.dot.gov/owners/SearchResults?searchType=ID&targetCategory=R&searchCriteria.nhtsa_ids=13V040000
http://www-odi.nhtsa.dot.gov/owners/SearchResults?searchType=ID&targetCategory=R&searchCriteria.nhtsa_ids=04V254000
http://www-odi.nhtsa.dot.gov/owners/SearchResults?searchType=ID&targetCategory=R&searchCriteria.nhtsa_ids=05V208000
http://www-odi.nhtsa.dot.gov/owners/SearchResults?searchType=ID&targetCategory=R&searchCriteria.nhtsa_ids=05V153000
http://www-odi.nhtsa.dot.gov/owners/SearchResults?searchType=ID&targetCategory=R&searchCriteria.nhtsa_ids=11V395000
http://www-odi.nhtsa.dot.gov/owners/SearchResults?searchType=ID&targetCategory=R&searchCriteria.nhtsa_ids=14V047000
http://www-odi.nhtsa.dot.gov/owners/SearchResults?searchType=ID&targetCategory=R&searchCriteria.nhtsa_ids=06V220000
http://www-odi.nhtsa.dot.gov/owners/SearchResults?searchType=ID&targetCategory=R&searchCriteria.nhtsa_ids=06V493000
http://www-odi.nhtsa.dot.gov/owners/SearchResults?searchType=ID&targetCategory=R&searchCriteria.nhtsa_ids=13V500000
http://www-odi.nhtsa.dot.gov/owners/SearchResults?searchType=ID&targetCategory=R&searchCriteria.nhtsa_ids=08V595000
http://www-odi.nhtsa.dot.gov/owners/SearchResults?searchType=ID&targetCategory=R&searchCriteria.nhtsa_ids=11V534000
http://www-odi.nhtsa.dot.gov/owners/SearchResults?searchType=ID&targetCategory=R&searchCriteria.nhtsa_ids=12V064000
http://www-odi.nhtsa.dot.gov/owners/SearchResults?searchType=ID&targetCategory=R&searchCriteria.nhtsa_ids=13V233000
http://www-odi.nhtsa.dot.gov/owners/SearchResults?searchType=ID&targetCategory=R&searchCriteria.nhtsa_ids=14V053000
http://www-odi.nhtsa.dot.gov/owners/SearchResults?searchType=ID&targetCategory=R&searchCriteria.nhtsa_ids=14V522000
http://www-odi.nhtsa.dot.gov/owners/SearchResults?searchType=ID&targetCategory=R&searchCriteria.nhtsa_ids=13V283000
http://www-odi.nhtsa.dot.gov/owners/SearchResults?searchType=ID&targetCategory=R&searchCriteria.nhtsa_ids=13V328000
http://www-odi.nhtsa.dot.gov/owners/SearchResults?searchType=ID&targetCategory=R&searchCriteria.nhtsa_ids=14V006000
http://www-odi.nhtsa.dot.gov/owners/SearchResults?searchType=ID&targetCategory=R&searchCriteria.nhtsa_ids=14V138000
http://www-odi.nhtsa.dot.gov/owners/SearchResults?searchType=ID&targetCategory=R&searchCriteria.nhtsa_ids=13V506000
http://www-odi.nhtsa.dot.gov/owners/SearchResults?searchType=ID&targetCategory=R&searchCriteria.nhtsa_ids=14V173000
http://www-odi.nhtsa.dot.gov/owners/SearchResults?searchType=ID&targetCategory=R&searchCriteria.nhtsa_ids=14V551000

Camp. No. Date Pot. Aff. Type Model Resolution

Years
03V033000 FEB 05, 2003 19500 Passenger truck 2003 Reprogram ECU
10V231000 JUN 01, 2010 372 Low speed vehicle 2010 Accelerator pedal replacement
13E068000 DEC 12, 2013 496 Transmission 2010-2013 Update hybrid control module software
13V633000 DEC 16, 2013 29 Bus 2013 Update hybrid transmission software
14V 026000 JAN 30, 2014 22 Bus 2014 Update hybrid transmission software
14V 042000 FEB 07, 2014 114 Bus 2014 Update hybrid control module software
14V303000 MAY 28, 2014 2 Bus 2014 Update hybrid control module software
14V583000 SEP 22, 2014 6562 Passenger car 2015 Reprogram engine control module (ECM)

Table 5: E/E notifications for unintended acceleration, where “Camp. No.” is the NHTSA campaign
number, “Date” is the notification date, and “Pot. Aff.” is the number of potentially affected units.

5 DISCUSSION AND LIMITATIONS

During the analysis of the different datasets, we made several observations that are relevant to put the work
into context and should be interesting for work that repeats our analysis with future data.

5.1 Observations

The datasets show a clear upward trend in the number of E/E notifications. This trend has an obvious
correlation with the number of ECUs reported for motor vehicles (Table 1). Our conjecture is that since
recent motor vehicles have significantly more and more complex E/E systems (e.g., computerized control of
all subsystems is standard and active driver assistance systems are becoming available), this inherently leads
to more problems related to E/E systems. Consequently, the absolute number of E/E notifications increases
over the years. Additionally, it is common to reuse E/E systems across vehicles, so the number of vehicles
potentially affected by an E/E notification is also typically higher than for Non-E/E notifications.

Not all countries make their datasets accessible. We tried to obtain datasets from many different sources,
however, the quality of the data available and the access methods vary. For example, the NHTSA and
Transport Canada make the complete dataset available for download in one database file. The UK also
provides a dataset that may be downloaded as one file, but that we did not analyze in this study [28].
RAPEX only provides an online interface that permits exports of at most 1000 entries at a time. The
Kraftfahrt-Bundesamt (German) provides no download option and intentionally limits (as confirmed with
the Kraftfahrt-Bundesamt) searching for notifications to only specific entries after entering brand, model,
year, and type of notification (e.g., brakes). Australia provides static web pages with very limited ability to
search [29]. Furthermore, the Australian site only lists rudimentary information about each notification. We
contacted the Australian organization (the Australian Competition and Consumer Commission [ACCC]) to
acquire the dataset, but at the time of this writing, we have not received a response. The inaccessibility of
datasets limits the ability to perform an analysis of notifications on a global scale. We hope that in the future,
more governments will embrace an open data mentality, and make the data easily accessible. Additionally,
we hope that the regulatory authorities will make permanent URLSs available for all notifications (e.g., using
the campaign numbers), as the URLs we give in Table 4 and 5 may break over time.

Some datasets do not use a controlled vocabulary to ensure consistent labeling. Libraries use a con-
trolled vocabulary, usually called thesaurus, to ensure that entries in the dataset are labeled consistently.
The NHTSA and Transport Canada seem to use a controlled vocabulary, because we did not find many
inconsistencies between entries. RAPEX does not seem to use a controlled vocabulary. Consequently, no-
tifications concerning vehicle safety can be filed under, for instance, “passenger vehicle” or “passenger car”.
Furthermore, the lack of a controlled vocabulary permits spelling mistakes and makes certain notifications
difficult to find. For example, we found one entry that misspelled the word “vehicle” and was consequently
not found with the original search terms. Finally, the RAPEX database seems to contain a number of
spelling mistakes across different columns in the notifications, as well as inconsistent style. For example,
in the column on measures adopted by the notifying country, some entries have a colon symbol at the end
(e.g., “Voluntary measures: Voluntary corrective action taken by the manufacturer:”); or just a typo as in
“Voluntary measures: Voluntary corrective actions take by the importer”. We have informed the maintainer
of the dataset of these inconsistencies, but at the time of the submission have not heard whether they will
address them.
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The datasets provide different content and consequently a direct comparison to evaluate bias becomes
impossible. Each dataset contains data that is not contained in the other datasets. For example, the RAPEX
dataset contains a significant number of notifications for motorcycles, while the dataset from Transport
Canada includes recreational vehicles, all-terrain vehicles (ATVs), and snowmobiles. Finally, the NHTSA
dataset includes detailed supplemental information (e.g., how to fix the problem and the response from the
manufacturer and access to significant supplementary documentation), while the other datasets only include
short text fields. The significant differences between the type of data stored in the datasets unfortunately
prevented us from more sophisticated comparisons. It would have been interesting to relate the data and
identify potential bias of the different agencies involved in processing and publishing the notifications.

5.2 Threats to Validity

We actively tried to reduce classification errors in our manual classification. The classification completed by
the two undergraduate students was reviewed by one of the co-authors of the paper. The review consisted of
two phases. The first phase involved automated sanity checks on the data. For example, do all notifications
with the same notification ID, but assigned to different vehicle models, have the same overall classification.
In other words, we checked whether a notification has inconsistent labeling. Any elements found during the
sanity checking were returned to the undergraduate students for re-classification. The second phase involved
a review of a subset of the classified notifications to confirm that they are correctly labeled. Nonetheless,
mis-classifications can still happen and judging whether a notification is an E/E notification based on a short
textual description is subjective in several cases. Additionally, all analysis presented included all entries in
the datasets, which may also cover systems like tires, child seats, etc., so many E/E results presented may
be conservative estimates since tires and child seats are generally Non-E/E, although the total numbers of
these notifications represent at most a few percent of the notifications.

An additional criticism of the analysis presented in this paper is that it could be subject to confirmation
bias. As an attempt to avoid confirmation bias, we used multiple independent datasets, and the Transport
Canada and RAPEX datasets were analyzed independently from the NHTSA dataset. The datasets were
also compared for consistency to publicly available aggregate reports, such as the 2012 NHTSA Annual
Report [30]. For the aggregate analyses presented in the figures in this paper, the Transport Canada and
RAPEX datasets were analyzed using R and the NHTSA dataset was analyzed using MATLAB. All figures
in this paper were created using R. Additionally, we do not make any claims that increasing numbers of E/E
systems in motor vehicles is correlated with or decreases overall safety, such as measured using numbers of
fatalities, injuries, or crashes.

Since the datasets can contain spelling mistakes, our data might be incomplete. For example, for the
RAPEX dataset, we used specific search terms to extract notifications for motor vehicles. Spelling mistakes
in the original dataset (e.g., “vehilce” instead of “vehicle”) are not picked up by the search terms and
consequently excluded from the list. Also in the automated classification performed on the NHTSA dataset,
spelling mistakes will have significant consequences. We tried to counteract this by searching for slightly
misspelled versions of the text, however, naturally, we might have missed something. A better solution would
be to use natural language processing (NLP) tools, which we plan to do in the future. We still believe that
our dataset is comprehensive and representative, because in the occasions where we found misspelled words,
the search produced only a single or a few matching records.

5.3 Takeaway Messages: A Call to Action

Next, we discuss several takeaway messages from this survey of E/E notifications for motor vehicles.

Fixing things late is expensive. This discussion would be remiss without mentioning the recent Toyota
unintended acceleration problems, which did not have E/E notifications in the datasets analyzed. Sudden
unintended acceleration is the unintended, unexpected, uncontrolled acceleration of a motor vehicle [31]. Asis
well-known in software and systems engineering, correcting problems late in the development process, or after
deployment, can be expensive (financially, in manpower, delays to market, reputation, etc.) [32, 33]. These
unintended acceleration investigations highlight this observation, albeit in an extraordinary way beyond the
typical finding a defect late in the development cycle and having to redesign and retest to fix it. This
scenario did have two related Non-E/E notifications, together affecting over 4.5 million vehicles with model
years from 2004 to 2010 of several models, for pedal sticking and floor mats (09V383000 and 07E082000).
NASA and the NHTSA conducted a ten month study of the Electronic Throttle Control System (ETCS)
and failed to find any definitive electronic or software causes for the unintended acceleration [34, 35, 36]. The
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investigations concluded that the unintended accelerations were likely due to three possible reasons: operator
misapplication, accelerator pedals sticking, or accelerator pedal entrapment in the floor mat. However, the
2013 Bookout v. Toyota case was premised partly on there being problems in the ECTS architecture and
software [37]. During the testimony in this case, problems in the ETCS architecture and real-time software
were explored, and a conclusion was drawn that some best practices were not followed that made the ETCS
be another possible source of unintended acceleration [38, 39, 40].

In 2014, the US Department of Justice (DOJ) made a USD $1.2 billion criminal penalty charge as a
part of the unintended acceleration problems [40, 41]. The NHTSA also levied the maximum fines, for a
total cost of $48.8 million [42]. Additionally, in 2013, related class action lawsuits were settled for a total
cost of USD $1.6 billion [40, 43]. Publicly available reports [34, 36] and additional details that arose in the
Bookout v. Toyota case [38, 39, 40] suggest that the software codebase covered in the ETCS was on the
order of 1 million source lines of code (LOC) [44, Table A.7-1]. Combining solely these three large legal
costs to a total of approximately USD $2.85 billion suggests a per-LOC cost of between $285 to $2 850. This
estimate of the per-LOC cost excludes other real costs such as those from development, testing, etc., but of
course also excludes both (a) liability of the other possible sources of unintended acceleration (user error,
pedal sticking, and floor mat entrapment), and (b) the cost of other (non-software related) aspects of the
engineering, manufacturing, and other processes. Typical estimates of software development cost per-LOC
range from around USD $10 in general embedded systems to USD $50 in aerospace and medical devices [45].
From this purely financial standpoint, perhaps additional investment in the earlier development, engineering,
and verification and validation stages are warranted in motor vehicle engineering, particularly with regard
to E/E systems and software, especially with the move toward autonomy and connected vehicles that will
rely on more complex E/E systems.

Need for better validation and verification methods. With the surge of active driver assistance
systems (ADAS), the number and complexity of E/E systems in cars will increase drastically. Consequently,
the validation and verification methods used for E/E systems must scale with this surge. Furthermore, the
integration of these new ADAS will require additional attention as the testing effort will grow exponentially
with the increased number of E/E systems. Finally, the current methods will need to be adapted to cope
with new challenges such as sensor fusion [46] and machine learning for ADAS.

Improved collaboration between international data sources. The datasets provided by the different
regulatory agencies (the data sources) are not directly comparable. Additionally, while the NHTSA maintains
information on foreign notifications (http://www-odi.nhtsa.dot.gov/frecalls/), this does not include
the same information and is not in the same format as the US domestic notification information. The
regulatory burden could perhaps be more easily spread across nations, or at least the information collected
should be consistent.

Security problems are ignored at the moment. An interesting aspect is that the notification datasets
lack information on security risks (other than some instances for vehicle entry and theft). Security is a
serious threat to modern vehicles and can affect safety [47, 48, 11]. As vehicles become increasingly connected
(such as through communications like vehicle-to-vehicle and vehicle-to-infrastructure [49]), security will play
an increasing role in generating E/E notifications. It is not clear if including security notifications in the
(primarily safety-related) datasets analyzed in this study is the right action plan. Creation of a motor vehicle
security notification dataset and reporting service—similar to those operated by various companies and the
US government through the US Computer Emergency Readiness Team, https://www.us-cert.gov/—may
be the right path forward for tracking and reporting security defects in vehicles. Regardless, regulation
of security in vehicles is likely to occur in the coming years (as indicated by recent legislative reports [50]
and ongoing lawsuits [51]), and regulatory agencies should monitor security defects in motor vehicles and
maintain notifications for them.

6 CONCLUSION

This paper used datasets on safety-related notifications for motor vehicles from three different jurisdictions
(the United States, Canada, and Europe) to identify facts and trends related to E/E systems. We have
identified the trend that E/E-related problems are increasing over time, shown evidence that E/E defects
are latent for a longer time than Non-E/E defects, identified that E/E systems are more prone than Non-
E/E systems to fire hazards when defective, and finally provided a ranking of the systems related to E/E
notifications. Based on this analysis, a couple additional observations, and the compelling concrete examples,
we formulated a call to action for researchers, regulators, and manufacturers. The analysis presented in this
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paper is only the first step. In future work, we plan to further refine the labeling in the database, for example
using NLP [52], and build prediction models based on the data.
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ABSTRACT

Intelligent vehicle systems such as ADAS, ITS and automated driving systems consist of increasing numbers of
sensor technologies as well as increasingly advanced algorithms for sensor fusion, object tracking, object
classification, risk estimation, driver status recognition and vehicle control. It is rapidly becoming infeasible to
check the performance of each new (sensor) system in the traditional way: By performing test drives, storing data,
manually labelling the data for reference, and manually evaluating the results. One of the approaches to address
these difficulties is to install a reference sensor system on the test vehicle in addition to the prototype sensor system
(device under test). The recorded data from the reference sensor system are processed — partly or fully -
automatically to create reference scenarios, based on automatic object labelling and automatic event identification.
Based on these reference data, the device under test can be automatically and objectively evaluated. The reference
data from the reference sensor system can now be converted into a set of virtual scenarios which can be used within
a CAE environment. These simulated “ground-truth reference scenarios” offer a platform for engineers to quickly
check the consequences of design changes to the device under test, and allow engineers to subject the device under
test to a wide variation of virtual traffic scenarios.

INTRODUCTION

In recent years, automotive active safety systems have become more prevalent. Furthermore, these systems will be
used as the foundation for the roll-out of autonomous vehicles. There are a variety of applications that encompass
active safety including: Adaptive Cruise Control (ACC), Forward Collision Warning (FCW), Automatic Emergency
Braking (AEB), Lane Departure Warning (LDW), Blind Spot Warning (BLSW), Lane Keeping Assistance (LKA),
Pedestrian Avoidance (PA), Intelligent Headlight Systems (IHS) and Cooperative Driving Systems (CDS).

With the rising level of automation onboard vehicles, intelligent vehicle systems have to deal with an increasing
amount of complex traffic scenarios. In turn, the intelligent systems themselves are also becoming more
complicated. They consist of more and more different sensor technologies as well as increasingly advanced
algorithms for sensor fusion, object tracking, classification, risk estimation, driver status recognition and vehicle
control. As a result, it is rapidly becoming infeasible to check the performance of each new (sensor) system in the
traditional way by driving around, storing data, manually labeling the data for reference, and manually evaluating
the results.

ADAS TESTING & REFERENCE SENSING

One of the approaches to address these difficulties is to install an additional reference sensor system (RSS) on the
vehicle which is already equipped with the prototype sensor system that is going to be tested (DUT — device under
test). The recorded data from the reference sensor system are processed to automatically create reference scenarios,
based on automatic labeling of relevant road users and background environment description. Based on these
reference data, the device-under-test can be automatically and objectively verified [1,2].



Laser Scanner Advancements

Several advancements in the field of laser scanning [3] allow the sensor technology to be used as a reference sensor
system for automatically generating reference scenarios from laser scan data. The current generation of laser
scanners can detect objects with a high precision relative to the scanner. If a digital map is available which contains
landmarks with centimeter accuracy, then the absolute position of the laser scanner can be determined to within a
few centimeters, thus improving the accuracy of all tracked objects. The scanner is effectively used as a differential
sensor, analogous to Differential GPS (DGPS), but without the need for a base station or for a clear view of the sky.

Forward-Backward Tracking & Best Situation Classification

A further improvement is the use of offline processing to analyze the scenario. State of the art online tracking
algorithms are inherently limited by the requirement to run in real time. If the data is reprocessed offline, it becomes
possible to look ahead for all observations of an object and associate them with the first instant that the object is
visible, which allows the system to be used as a true reference, since no online sensor can look into the future. This
also allows the use of a Best Situation Classifier (BSC). The point in time where an object is most clearly visible can
be used to classify the object, and this classification can be extended to the lifetime of the object. Additional benefits
are improved robustness to occlusions, reduced uncertainty of the ego vehicle position between landmarks, and
increased accuracy of object trajectories.

As an example, consider the scenario in Figure 1a. A sign and an oncoming vehicle are just visible by the laser
scanner. Figure 1b and 1c show the results of two tracking approaches. In the online approach (Figure 1b), the
approaching vehicle is initially detected, but it is not yet classified and the outline is not clear. As the vehicle gets
closer, the outline can be clearly seen and it is classified as a car. In the offline approach (Figure 1c), this
information is associated with the object in the first instant that it is visible, allowing a more accurate reconstruction
of the scenario.
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Figure 1a: Online object tracking at time TO.
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Figure 1c: Forward-Backward Tracking principle.

Figure 1b: Online object tracking at time TX.




This process, which provides object information in full detail already at the time of the first detection of the object at
high distance, is called Forward-Backward Tracking (FBT). This ensures that the laser scanners, used as a reference
sensor system, provide detailed object information very early and with high precision at any time, as shown in the

following example (Figure 2).
1B il

eol ibeol
Figure 2: Application example of post-processing using Best Situation Classification (BSC) and Forward Backward
Tracking (FBT).

VIRTUAL DRIVING SCENARIOS FROM REAL WORLD TEST DRIVES

While test driving is still the main method for ADAS system, the resulting data rarely contain events that would be
truly tax the active safety system evaluation; even with a million miles driven. Crashes are rare and difficult to
capture. Even near crashes are rare. Hence, we end up with much of the collected data being simple false alarm data
(i.e. driving with no difficult decision to make). Many of the drawbacks of hardware testing of ADA systems [4] are
not present for a virtual test environment. Virtual testing with simulation software provides an efficient and safe
environment to design and evaluate ADA systems. Moreover, simulated scenarios are completely quantifiable,
controllable and reproducible.

However, the creation of many virtual driving scenarios can be a time-consuming and laborious activity; in
particular, when real testing scenarios and conditions must be manually converted into virtual scenarios for further
testing. It is thus extremely valuable to be able to automatically obtain virtual scenarios from real world test drives.

The reference data from the reference sensor system as presented in previous section are well-suited to serve as basis
for automatic creation of virtual scenarios. They can be converted into a set of simulated scenarios which can be
used within a CAE environment. These simulated “ground-truth reference scenarios” offer a platform for engineers
to quickly check the consequences of design changes to the device under test, or even to try out completely new
system concepts.



RESULTS

The concept of creation of virtual driving scenarios from real-world test drives was evaluated using an Ibeo laser
scanner setup with two lasers scanners (see Figure 3).

Figure 3: Ibeo Sensor System mounted on a test vehicle. Red circles indicate two Lux scanners from a 2- Sensor fusion
system mounted on the front bumper of the car.

The recorded data is automatically labelled with a post-processing tool. These labels are then provided for the
processing and evaluation of a device under test, and the conversion to virtual driving scenarios in the simulation
software PreScan [5]. Figure 4a and 4b show a sample result in which a passenger car and pedestrians are detected,

classified, and converted to a virtual environment. The applied laser system is able to classify passenger cars, trucks,
motorcycles, bicyclists and pedestrians.

Figure 4b: Virtual driving scenarios derived from real world test data.



CONCLUSIONS

This paper presented the use of advanced perception systems for obtaining reference data for the automated
generation of simulated driving scenarios. We described our advances in the fields of laser scanning processing
for reference generation, and illustrated the use of reference data for constructing simulated virtual scenarios
that can be loaded, manipulated and used within a commercial simulator.
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ABSTRACT

Driver related evaluation of Advanced Driver Assistance Systems (ADAS) needs to address controllability, effectiveness
and user acceptance, which are to some extend interfering with each other. The state of the art in the controllability
assessment is currently defined by the Code of Practice of the RESPONSE 3 project which focuses on the driver-system-
interaction with single assistance functions like ACC or LKA. However, the controllability evaluation of new assistance
functionalities such as ADAS of automation level 2 or automated driving on level 3 (according to SAE definitions)
requires a review of the existing methods and tools with regard to necessary adaptations and new developments.

For controllability evaluation of future ADAS and systems of higher automation levels the existing methodology needs to
be adapted. Aspects to be considered in this context are the increasing amount of information with regards to the
automation level. This information needs to be perceived and processed by the driver when interacting with multiple
parallel operating assistance functions and complex information and communication systems.

The controllability of urban assistance functions and their failures is subject of discussion especially focusing on tools and
methods for an urban controllability assessment. To that end, driving simulator experiments, vehicle-in-the-loop and real
vehicle studies are conducted analyzing existing controllability methods on their suitability for urban assistance functions.
The results show the specific advantages of each applied testing tools and suggest that an overall system evaluation
addressing controllability, effectiveness and acceptance combines the advantages of the different testing environments.

Next to acceptance and effectiveness the controllability analysis is embedded in the overall evaluation process with focus
on the driver and the interaction with the vehicle. The controllability analysis process for higher levels of automation is
described. An overview of state of the art controllability evaluation is provided. The problem for future systems is
analyzed and possible methods and tools are proposed. The necessary methods and tools are described focusing on next
generation ADAS and higher levels of automated driving.

The results are limited to the driver interaction with assisted driving. For the assessment of the driver reaction to higher
automation levels the use of a high-fidelity driving simulator seems reasonable to achieve a high reproducibility of the
driving scenario and a good representation of the driving dynamics.

INTRODUCTION

Recently, various national organizations have proposed classification levels for vehicle automation (BASt,
VDA, SAE, NHTSA). Within this paper the degree of vehicle automation is defined according to SAE [1] into
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6 different automation levels ranging from manual driving (level 0) to fully automated driving (level 5).
Necessary legal adaptations for the use of assistance functonalities of higher automation level are currently
ongoing to build up the legal framework for their implementation. Beside this basic legal adaption evaluation
methods for these functions need to be adjusted or extended since level 2 and 3 systems require the human
driver as a fallback solution. Thus, an interaction between system and driver is still necessary, but may differ
from previously known systems with a limited scope of system actions and system limitations. Figure 1 shows
the different interaction dimensions in the control loop driver - vehicle - environment according to [2]. These are to
be taken into account for the evaluation of the system. Especially the controllability evaluation at system
limitations and boundary conditions or technical failures needs to be considered in order to ensure safe
operation.

Effectiveness =overall goal

Target conflict

Acceptance Requirement Interaction  =directly measurable
safety dimension
Controllability =necessary prerequisite

Figure 1. Interaction dimensions for ADAS and automated driving function evaluation [2]

In the following state of the art tools and methods for the controllability assessment are discussed with regards
to their applicability for future assistance and automation functionalities. To that end, the current state of the
art is highlighted and compared to the requirements arising from the wider operation scope of new
functionalities. Necessary adaptations and new developments are highlighted and deduced to meet the new
challenges.

REQUIREMENTS DUE TO NEW ASSISTANCE FUNCTIONS AND HIGHER AUTOAMTION
LEVELS

The increasing automation level in new production vehicles leads to a change in the role of the driver. The
SAE definition of different automation levels is therefore closely related to the responsibilities of the human
driver and the system in their (timely parallel) interaction which is necessary on level 1 to 3 (see Figure 2).
Level 1 assistance systems are directly addressed by the current state of the art methodical framework. In level
2 and 3 the human driver is still considered for the fallback performance of the dynamic driving task in case of
system errors, failures or system limitations. Thus, for these systems the controllability by average skilled
drivers has still to be proven. Systems of even higher automation levels (4 and 5) do not require the human
driver as fallback solution by definition and therefore necessitate a purely technical approach in terms of the
controllability even in critical situations.
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Figure 2. Definition of different automation levels

Even though the driver is still considered for the fallback performance of level 2 and 3 systems the system
takes over more responsibilities which lead to a change in the driver role from an active element of the control
loop to a passive supervisor. While systems of level 2 (combination of at least two ADAS such as LKS and
ACC) expect the driver to constantly monitor the driving environment, level 3 systems also take over this task.
In reverse, automated driving systems (level 3) provide a transition time between system and human driver so
that the driver can resume to the driving task. Here, the questions arise if the driver is able to serve as a
fallback solution in situations in which he is not continuously “in the loop” anymore and the overall duration
necessary for a safe transition between system and driver. First insights on the necessary time frames for the
takeover by the driver can be found in [3], [4], [5], [6] and indicate time spans in the range of 5 to 10 s.
However, if the situation does not provide the required time for the driver to perceive and process all relevant
information for a safe takeover, the driver may react inappropriately due to a panic reaction. From the human
factors prospective it seems therefore doubtful, whether a safe transition between system and driver may be
realizable in all conditions in automation level 3.

In addition, the increasing level of automation requires automated driving systems to cope with scenarios that
require system actions in high dynamic driving situations. Thus, the system capabilities have to be widened
with regard to intervention intensity and short time frames targeting an appropriate system behavior in
emergency situations in which a transition time between system and driver cannot be realized. The enhanced
capabilities on the other hand reduce the driver’s controllability in case of a system failure resulting in a target
conflict between system effectiveness and controllability. Controllability by the driver may therefore not be
achievable at any time. In this case the applied controllability criteria and even the term “controllability” need
to be chosen with care. In a worst case scenario a system failure may occur while driving in automated mode
and therefore while the driver is inattentive. Even in a test environment such a situation may be critical since it
cannot be estimated, if the driver will react in an inappropriate manner worsening the current situation. Hence,
appropriate testing tools have to assure testing of automated driving scenarios without physical risk for test
subjects and prototypes.

The requirements due to new assistance functions can be summarized to:

1. New role of the driver (especially for level 3 automation and higher)
a.  What are controllabilty criteria for a system that has to provide a transition time between
system and driver? Is controllabilty by the driver achievable if the driver does not have to
monitor the driving process?



b. Driver do not have to monitor driving environment and therefore the driver might be
inattentive. The current methodical framework for controllabilty assessment does not
sufficiently consider the driver state.

c. Testing with inattentive driver may lead to critical situations due to unexpected driver
reactions and therefore test with inattentive drivers is necessary in a environment without
physical risk.

2. Enhanced system capabilities

a. Systems need to be able to act with higher dynamics and therefore a target conflict between
effectiveness and controllabilty increases.

b. Controllabilty by the driver may not be achievable at any time. Therefore criteria and
definition for controllabilty have to be adapted.

3. Multiple parallel acting functions

a. Driver has to consider lateral and longitudinal control at the same time which may cause
difficulty for drivers to operate both parallel (especically in critical situations)

b. Priorization of controllability criteria for lateral and longitudinal control

STATE OF THE ART IN CONTROLLABILITY ASSESSMENT

In the following available tools as well as the methodical framework for controllability assessment are
described. The objective is to provide an overview of state of the art controllability evaluation, analyze
possible problems for future systems and higher automation levels and evaluate the methodical framework and
applied tools on their suitability for these systems.

Methods

The methodical state of the art in the controllability assessment of assistance functionalities is currently
defined by the methods given in the ISO 26262 [7] for functional safety and the Code of Practice of the
RESPONSE 3 project [8]. While the ISO 26262 has a wider scope with regards to functional safety, the CoP
directly addresses the controllability evaluation of ADAS (level 2).

ISO 26262

The norm ISO 26262 addresses the functional safety of electrical and/or electronic (E/E) systems of series
production passenger cars. Hence, assistance functionalities are also in the scope of the norm. In part 3 the
hazard analysis and the risk assessment during the concept phase is elaborated giving methods for the
identification and classification of potential hazard events. To that end, hazardous events are classified in
automotive safety integrity levels (ASIL) by evaluating the severity of a potential harm, the probability of
exposure regarding the operational situation and the controllability of the hazardous event.

Controllability is defined as “the probability that the driver or other persons potentially at risk are able to gain
sufficient control of the hazardous event, such that they are able to avoid the specific harm” ([7]). Therefore,
controllability classes are linked to the percentage of the driver collective that are able to “control” the
specified situation based on pre-defined criteria (see Table 1). With regard to the content of the RESPONSE 3
Code of Practice the norm annotates that C2 classification can also be achieved by a controllability level of
85% in a practical testing experience with 20 valid data sets.

Important in context of this paper is that the norm considers the driver condition by assuming that the driver
(a) is in an appropriate condition to drive (not tired), (b) has the appropriate driver training and (c) is
complying with all applicable legal regulations, including due care requirements to avoid risks to other traffic
participants.



Table 1. Definition of controllability classes according to 1SO 26262 [7]

Class of controllability

Co C1 C2 C3
99% or more of all drivers 90% or more of all drivers Less than 90% of all drivers
Controllable in general or other traffic participants or other traffic participants or other traffic participants
are usually able to avoid are usually able to avoid are usually able, or barely
harm harm able, to avoid harm

RESPONSE 3 - Code of Practice

Other than the ISO 26262 the RESPONSE 3 Code of Practice is not a mandatory norm but a guideline with
principles that are considered by car manufactures on a voluntary basis. Also, its scope is tighter by referring
only to Advanced Driver Assistance Systems (ADAS). By CoP-definition these systems “assist the driver and
do not take over the driving task completely, thus the responsibility always remains with the driver” [8].

Key requirement of the CoP is the controllability which is stated to be dependent on (a) the possibility and
driver’s capability, to perceive the criticality of a situation, (b) the driver’s capability to decide on appropriate
countermeasures and (c) the driver’s ability to perform the chosen countermeasure (see [8]). In contrast to the
ISO 26262 the CoP gives three concrete approaches to proof the controllability of an ADAS (Proof by an
interdisciplinary expert panel, by a test with naive subjects or by direct recommendation by the ADAS
development team). For the final proof by a test with naive subjects the CoP states that “absolute
controllability does not exist” [8]. Based on practical experience a test scenario is considered as passed if at
least 85% of at least 20 test subjects meet the previously anticipated behavior or react in an adequate way to
control the situation.

In the AdaptIVe project [9] the RESPONSE 4 subproject defines requirements and next steps for an adaptation
of the Code of Practice towards higher automation levels. Especially the legal requirements and liability issues
are in focus of RESPONSE 4. A new CoP for automated driving might be developed in a possible RESPONSE
5 project in the future.

Tools / Test environments

Different test tool / test environments are currently known to assess the controllability of assistance functions.
They vary in their complexity of the representation of the vehicle and its environment and can contribute their
specific advantages at different development stages of the function development. Generally, they can be
subdivided into simulative testing which uses a virtual environment for the vehicle environment and the
vehicle’s movement and in real world testing that enables investigations in controlled test fields or even on
public roads. Instead of a detailed description of the various types of simulative and real-world testing tools
their specific advantages and disadvantages with regard to their suitability for the controllability evaluation for
future assistance functions will be discussed in the following.

Simulative testing

Simulative testing tools (see Figure 3) provide the possibility to investigate the interaction between a human
driver and the system especially at an early stage in the development process. Therefore, the function (or
functional aspects) can be experienced by the driver even before the system is implemented in its final
environment [10]. This is of high importance for system of level 3 since those systems are currently under
development. At the same time, also the driver reaction to system actions can be analyzed in critical situations
and critical driver behavior can be estimated without actual physical risk for test subjects and prototypes. In



addition, all types of simulative testing tools have the key advantage of high reproducibility regarding the
scenario experienced by the test subjects.

The required complexity of the driver surrounding and the motion feedback suggests which type of simulative
test environment is best suited for the investigation depending on the analyzed aspect. Choosing a test
environment is therefore a trade-off between needed resources for the investigation and external validity.
While results from laboratory studies are not directly transferable to the human behavior in real world driving
they enable to estimate particular aspects of the driver reaction (e.g. reaction time in specific situations) and
require only few resources. If however the aspect under investigation is influenced by the motion feedback
from the vehicle dynamics the use of a dynamic or high-fidelity driving simulator becomes necessary.

Dynamic driving simulator High-fidelty driving simulator

Laboratory X Static driving simulator

l low Increase of validity high =

Figure 3. ika simulative tools for controllability assessment

Main disadvantage of the simulative testing tools is the missing or lower validity of the motion cuing for
investigations of scenarios in which the vehicle dynamics are important for the driver reaction or the
evaluation of the resulting vehicle motion. This problem is addressed by the implementation of high-fidelity
driving simulators (see Figure 3): With the help of a rail system on which a hexapod with the simulator dome
is mounted the transversal motion of the vehicle can be realized more accurately than with a single fixed base
hexapod as it commonly used in dynamic driving simulators.

In comparison to real world testing tools in driving simulators scenarios of automated driving are
comparatively easy to realize because of the not necessary environment perception and the already integrated
driver models. This is relevant for investigation of level 3 systems that have to proof their controllability also
during automated driving.

Real world testing

Real world testing enables not just the qualitative evaluation of the driver behavior, but also the quantitative
analysis of its outcome with a high validity. To that end, relevant driving scenarios are realized in controlled
test fields. Figure 4 shows an example of a controllability assessment of an emergency steering assist that was
conducted within the research project UR:BAN [11] with the ika test vehicle which is equipped with various
sensors, actuators and processors on the ika test track. In this study the driver reaction to system initiated
steering interventions in different use cases (erroneous interventions as well as normal system use) was
investigated with regard to the influence of driving situation [12] [13]. Due to the triggering of the
interventions by a high precision positioning a high reproducibility regarding the driving scenario was
achieved.
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Figure 4. ika real world testing for the controllability assessment in research project UR:BAN [13]

While for most tests of systems operating on the assistance level also smaller test tracks are sufficient,
controllability assessment of systems that enable automated driving require a larger test field on which these
driving scenarios can be simulated without physical risk. One example for such a controlled test field is the
Aldenhoven Testing Center which comprises a vehicle dynamics area, a high speed oval, a handling track and
further elements (see Figure 5). Especially the high speed oval with its highway characteristic enables testing
of automated systems (e.g. traffic jam assist or highway pilot) under controlled test conditions. Thus, also
critical situations in automated driving scenarios can be investigated and controllability evaluation of level 3
systems can be conducted under realistic test conditions.
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Figure 5. ATC test track layout [14]

SPECIFICATION OF NECESSARY ADAPTATIONS / FUTURE TEST METHODS AND TOOLS

Introduction of systems of higher automation levels provides challenges regarding the methodical approach for
the controllability assessment. Especially at the step between level 2 and level 3 there are currently open
research questions concerning the capabilities of the driver to serve as fallback solution in situations when he
is not continuously involved in the driving task. Those are mainly related to the required time for a safe



transition between system and driver and the consequences if this time cannot be provided due to a critical
situation. Thus, the driver state and its impact for the driver performance in controllability situations need to be
considered in the methodical framework. The current assumption of an attentive driver as in the ISO 26262 is
conflicting with the definition of driver’s role for level 3 systems.

Due to the fact that level 3 systems need to provide a certain transition time for the takeover to the driver the
systems have to deal with (critical) situations that require system interventions with high vehicle dynamics in
short time frames. The enhanced system capabilities (and the related increase in effectiveness) reduce on the
other hand the controllability by the driver - in particular, if the driver is inattentive in this situation. If the
driver is still ought to be a fallback solution the applied controllability criteria need to the adjusted to the
changed driver role. Traditional controllability criteria will not be suited for evaluation of those scenarios.

Beside the methods also the tools for the controllability assessment of higher automation systems need to be
reconsidered. Like for the previously discussed methodical aspects the role of the driver influences the
suitability of the presented testing tools for controllability scenarios. One of the key factors is to enable the
driver to experience automated driving situations and induced a realistic driving situation with regard to the
driver state at the same time. Here, driving simulators show their advantage to offer the possibility to
experience automated driving at a very early stage of the development when physical prototypes not yet exist.
As mentioned before systems of level 3 require the representation of high vehicle dynamics which puts the
focus on the motion system of the driving simulator. Since common driving simulators are somewhat limited in
the implementation of translational motion this shortcoming has to be addressed by test tools for the
controllability assessment of level 3 systems (e.g. by use of high-fidelity driving simulators). If however also
the motion representation of a high-fidelity driving simulator is not sufficient or thresholds have to be defined,
large test fields are required to build up realistic scenarios of automated driving.

CONCLUSIONS
The increasing automation level of driving assistance functionalities suggest to review to currently applied

methods and testing tools for the controllability assessment on their suitability for those systems. To that end,
the paper summarized the state of the art methods and tools and compared them to the requirements for the
valid evaluation of these systems. In doing so, the step from automation level 2 to 3 has been identified to
provide the biggest challenges from the human factor prospective. While the methods and tools are mainly
well suited for level 2 (beside system that intervene in time critical situations, e.g. automated steering in
emergency situations) the change in the driver role between level 2 and 3 induces necessary adaptations,
especially in the methodical framework. ISO 26262 and CoP were intended to scenarios in which the driver is
actively involved in the driving task, either by fulfilling it himself or by constantly monitoring it. On level 3
the driver however can delegate the driving task to the system and has therefore not to be attentive at all times.
The proposed transition time between system and driver may lead to situations in which the driver is not able
to react in an adequate manner due to a critical situation.

In addition to the methods, also the testing tools for the controllability assessment were review. In general,
driving simulators seem best suited for representation of automated driving scenarios since they provide the
possibility to experience the automation system at an early stage in the development without physical risk for
prototypes and test subjects. Here, the ability for a good representation of the vehicle dynamics was identified
as one key factor since the systems capabilities have to be widened to handle also time critical driving
scenarios. If a common motion system is not sufficient high-fidelity driving simulators enable to consider also
scenarios that were previously only tested in controlled test fields.
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ABSTRACT

Design, optimization, and assessment of integrated safety systems (combining active and passive elements) pose
considerable challenges. For example, the spectrum of potential situations in the field in which active elements might be
triggered is considerably larger than one can achieve under controlled testing conditions.

In this context, it is crucial to evaluate quantitative metrics relating as closely as possible to human risks and benefits, such
as avoidance of injuries or reduction of injury severity. The consequences of unnecessary interventions and other side
effects on passengers or traffic also need to be quantified. This paper describes a generic approach to assessment of field
effectiveness and evaluation of active and integrated safety systems. The approach, based on virtual experiments, is
holistic, in that both active and passive safety elements are evaluated using a common metric while seeking the most
effective solutions regarding overall improvement of vehicle safety. The complexity of process models and their
interactions utilizes an advanced knowledge base. In order to achieve this goal, the whole sequence of events in a
hazardous situation is virtually implemented in a tool chain. The tool chain includes stochastic (or “Monte-Carlo”) traffic
simulation, generating large samples of accident sequences but also near-misses, as well as detailed, high-resolution crash
simulations of resulting accidents. The methods are useful not only for assessment of existing integrated safety designs,
but also for comparing different system concepts or optimizing performance within a complex design concept. The
potential of this approach is illustrated for several key accident scenarios.

INTRODUCTION

Although prevention of all accidents is still out of reach, integrated approaches, combining elements of active
and passive safety, appear quite promising in terms of human benefits. Active safety components are designed
to reduce crash severity or avoid a crash entirely in situations with high collision risk, while minimizing
unnecessary interventions. In accidents that cannot be prevented entirely by active strategies, it may still be
possible to reduce severity of injuries by passive safety elements. However, design, optimization, and
assessment of integrated safety systems pose considerable challenges. For example, the spectrum of potential
hazardous situations in the field in which active elements might be triggered is considerably larger than one
can achieve under controlled testing conditions.

In this context, it is crucial to define and evaluate appropriate quantitative metrics relating (as closely as
possible) to human risks and benefits, such as avoidance of injuries or reduction of injury severity. These
metrics are generally quite difficult to measure directly in field operating tests (FOT) or naturalistic driving
studies (NDS), even retrospectively, because the number of injury accidents required for statistically
significant injury probability differences to emerge is typically in the hundreds or thousands; the total accident
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rate is, for example, a few hundred per billion kilometers on German autobahns. FOT and NDS are appropriate
for evaluating the impacts of safety systems on normal driving situations and driving errors that occur with
much higher frequency, such as lapses of attention or unintended lane crossings. These observations can play
an important role in accident risk modeling, but they do not directly provide the required metrics.

This paper describes the application of a generic safety evaluation algorithm to integrated safety systems. The
basic idea is to estimate field effectiveness by virtual experiments carried out on a large sample of representative
situations. The experimental design generally compares a safety system to a reference or basis situation without the
system; a typical metric for comparison is the relative reduction in frequency and/or severity of accident injuries.
The frequency and consequences of unnecessary interventions and other side effects on passengers or traffic
can also be quantified in this approach. The virtual experiments are performed in the framework of a tool
chain, which is illustrated below for several scenarios and safety systems of interest.

Knowledge base for virtual experiments on integrated safety systems

In order to perform virtual experiments, an advanced knowledge base is required. The knowledge base contains
detailed models of all safety relevant processes in the traffic scenarios under consideration. In this context,
“processes” include vehicle and traffic dynamics, as well as human sensory and physiological performance.

In addition, the possible influences of a proposed safety system on all these processes need to be modeled. To
this end, specifications of sensors, algorithms, and actuators are required, as well as models of the human
machine interface. The level of detail needs to be adequate to predict if and when a system would trigger
during a simulated critical situation and how the system could influence the driver. Active safety modes of
influence include acoustic or visual warnings, haptic feedback, pre-filling brakes or changing brake assist
thresholds, direct intervention in longitudinal or lateral vehicle control, etc.

For evaluation of integrated safety systems including systems both of active and passive safety (such as pre-
tensioning restraint systems or airbag deployment), the approach described below is to implement the
knowledge base models within a virtual tool chain for virtual experiments.

TooOL CHAIN ELEMENTS FOR INTEGRATED SAFETY SYSTEMS

Figure 1 illustrates the process steps within a virtual tool chain for pedestrian safety systems:
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Figure 1: Virtual Tool Chain (for the case of a pedestrian crossing scenario)

The virtual tool chain for a typical integrated safety system includes several steps:
1. Stochastic traffic simulation including preventive safety systems
2. Multibody simulations determining precise collision constellations

3. Finite-element simulation of representative collision constellations
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4. Surrogate models for injury criteria in collisions (for example support vector machines)
5. Determination of injury risk based on injury criteria, such as Head Injury Criterion (HIC) etc.

The processes represented by the simulation models include behavioral and physical characteristics of all traffic
participants, the environment, the vehicle, the safety function, and all possible interactions. A key characteristic of
most models in traffic safety is the inherently stochastic nature of the processes, particularly those that depend on
human factors. Collisions are generally rare events, even in potentially risky situations. Hence, in order to simulate a
sufficiently large sample of “true” virtual accident situations, a correspondingly large number of potential conflicts
or hazardous situations need to be simulated, requiring high computational efficiency during the stochastic
simulation step.

When evaluating overall safety performance in case of unavoidable accidents, a detailed representation of the
vehicle, occupants (dummies, human models) or pedestrians/cyclists (impactors, human models) is necessary. For
example, detailed determination of injury characteristics and their improvement due to passive safety systems (e.g.,
active bonnet for pedestrian safety, reversible belt pre-tensioning during pre-crash phase) usually demand finite-
element simulations. The highly dynamic processes during the relatively short crash phase require higher resolution
and thus several orders of magnitude more computational time per virtual accident than the pre-crash phase although
being significantly longer (usually several seconds of pre-crash phase are followed by only some hundred
milliseconds during the crash phase). For virtual statistical evaluation of a particular system configuration, several
hundred accidents need to be generated and simulated. Considering the many possible variants within a system,
surrogate models, which allow rapid calculations, offer a useful approach to achieving manageable overall
computing times.

Regarding kinematic occupant behavior in the pre-crash phase (such as during braking), standard finite
element models have only limited validity: first of all, crash test dummies (both, numerical and hardware
dummies) are validated for massive crash impacts and are quite rigid under low-g impacts. The second
limitation is that under low impacts, the occupants have the ability to actively control their behavior.
Therefore, active human models seem to have a more realistic behavior in these scenarios, [KH14].

CONFLICT SCENARIOS ADDRESSED BY INTEGRATED SAFETY SYSTEMS

In the following, we focus on methods for evaluating integrated systems including automatic emergency braking
(AEB) features in three conflict scenarios:

1. Pedestrian/vehicle conflicts (= AEB pedestrian)
2. Cyclist/vehicle conflicts (= AEB cyclist)
3. Vehicle/vehicle rear-end conflicts (= AEB city/AEB interurban)

For these AEB systems, the traffic contexts are different (highway traffic vs. city scenarios, rear-end braking
scenarios, lane changing, crossing/turning, occlusion), the driver models are in general similar but may differ
regarding their parameterization (e.g., regarding awareness, response times), and also the behavior of pedestrians is
completely different from that of cyclists (regarding for example acceleration/deceleration, inertia, evasion).
Therefore each traffic scenario needs careful and detailed modeling. The AEB systems under investigation have
typical key characteristics which are the similar for all systems mentioned above: sensor opening angles (horizontal,
vertical), sensor range, latency, sensor quality, brake ramp, maximal deceleration. Beside these similarities, the
algorithms (e.g. the underlying intelligence) are completely different and independent and therefore result in
differing behavior.

Regarding cases where the accident cannot be avoided completely or the accidents which happen without an AEB
system, the collisions cyclist/vehicle, pedestrian/vehicle, and vehicle/vehicle each have different kinematics and
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require validated multibody or suitable finite-element models to determine the exact collision constellation and
injury outcomes.

In case of an active or integrated cyclist safety system the tool chain itself is identical to the one which is described
below for the pedestrian. Evidently, every single module requires different models. The stochastic traffic simulation
must be able to reproduce all critical cyclist conflict scenarios (crossing, turning, overtaking...). The multibody
models have to be validated for the cyclists (different bicycle geometries, cyclists’ body forms (children, adults...)).
In addition, the determination of the injury criteria is not trivial, since the model choice is not predetermined
(impactors vs. hybrid dummy models vs. active/passive human models). The tool chain for active and integrated
cyclist safety systems is under current development.

Similarly, the tool chain for vehicle/vehicle active safety systems is currently under further development. The first
module, the stochastic traffic simulation of highway scenarios with and without automatic emergency braking
systems is available (highway scenarios including lane change, traffic jams; city scenarios) and presented in this
paper. In case of an accident, the injury risks can be estimated based on the resulting crash-constellations (impact
speed, masses, impact direction); however, detailed models for vehicle/vehicle crashes at different angles, speeds
etc. are still subject of research (available finite-element-models are too time-intensive in computation for this field
of application). In the future we will also provide appropriate models for the pre-crash phase (including active safety
systems) and surrogate models for the crash phase so that the comparison of passive safety systems is also possible
within the tool chain.

TOOL CHAIN FOR INTEGRATED PEDESTRIAN SAFETY SYSTEMS
Stochastic traffic simulation of pedestrian crossing scenarios

Effectiveness analysis for preventive safety systems starts with the generation of representative initial conditions for
potentially critical situations using appropriate exposure models. An exposure model describes the distribution of
key characteristics that are likely to affect the probability of a conflict (and consequently that of an accident or a
system response).

Consider for example an inherently hazardous crossing scenario known as the “midblock dash”: a pedestrian decides
to cross an urban street (from the passenger side) at an unregulated spot between intersections, i.e., without traffic
lights, crosswalks, or any other form of infrastructure support, see figure 2. For the example presented in this paper,
we consider one-way traffic on a single, straight, one-lane road and assume that there are no obstructions, such as
parked delivery trucks, to obstruct the drivers’ view of the roadway and the traffic stream. For other applications
different street layouts, obstructions etc. are also available.

In the paradigm of virtual testing by stochastic simulation, the aim is to obtain and simulate large, representative
samples of virtual sequences of traffic situations. As an example, the pedestrian model consists of various key
characteristics; specific parameters are drawn from multivariate distributions, such as:

- Context variables: distribution of pedestrian crossing volume during the course of the day (by age and
gender)

- Pedestrian attributes, such as age- and gender-adjusted distributions of height and weight, as well as fatigue
and alcohol levels (both related to time of day)

- Distributions of cognitive characteristics, such as alertness, visual and reactional performance (related to
age, gender, alcohol, fatigue)
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Figure 2: Stochastic Simulation of a pedestrian crossing: the midblock

Exposure also deals with generation of realistic traffic contexts and representative drivers, who might be confronted
with an unexpected crossing pedestrian. The model distributions involve:

- traffic volume and average traffic flow speed during the course of a day
- speeds and gaps within a traffic stream

Once a representative virtual pedestrian has been “created”, processes governing the dynamics of the pedestrian are
simulated. These include, for example:

- Gap acceptance to begin crossing of the road
- Decision to walk or run

- Initial walking or running speed

- Initial heading

- Angular gaze distribution

- Possible speed and course correction

The willingness of the pedestrian to wait for an acceptable gap decreases with increased waiting time. As a
consequence, the pedestrian “becomes impatient” and will accept smaller gaps. More generally, there are several
mechanisms of cognitive error for estimating gaps and crossing times, all of which can contribute to a particularly
hazardous crossing. An additional characteristic that needs to be respected is the response of the pedestrian, once he
perceived a critical situation: possible reactions include freezing on the spot, jumping forwards, or moving
backwards; all responses are associated with cognitive processing demands.

Similarly, driver performance including alertness, visual acuity, perception of hazards, cognitive processing
(reactions), and response (such as braking) are also modeled in detail using appropriate probability distributions.
These depend in turn on relevant driver attributes, e.g., age or fatigue, but may also depend on context (e.g. lighting
conditions). A detailed model description is given in [HSSEK11] and [HNRGKK12].

In the scenarios considered here, available driver responses to a critical situation are limited to braking, but in
general, emergency evasive steering would be another option for the driver.

Preventive safety systems — such as AEB systems — have different options for influencing the situation, such as
driver information and warning, automatic braking, or rather indirect strategies, such as adaptation of brake assist
thresholds. Thus, system safety performance is clearly mediated in many cases by the driver’s actions, and these in
turn depend on individual characteristics. As a consequence, performance evaluation requires stochastic models that
include the relevant individual driver characteristics.

In addition, safety performance is affected by the range of cognitive and dynamic responses of pedestrians: for
example, there are two mechanisms for avoiding collisions by braking of the vehicle: The first is obvious, i.e., the
vehicle stops before crossing the pedestrian’s path. The second is less obvious: even if a vehicle cannot stop before
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crossing the pedestrian’s path, some pedestrians might move fast enough to get out of the vehicle’s path (an extra
300 ms at 3 m/s means 90 cm, or about half the width of a vehicle).

In case of ideal weather and illumination conditions camera systems used for automotive applications show a good
performance concerning object detection and classification. Nevertheless in order to ensure a realistic model of the
AEB system, probability of failure and limited functionality are also considered.

The possibilities of the virtual simulation are currently extended by considering more crossing scenarios (far side,
obstructed), other vulnerable road users (cyclists), other traffic scenarios (turning, oncoming traffic, etc.) and more
elaborate preventive safety systems (such as the fusion of camera and radar sensors).

Most active safety algorithms have to deal with uncertainties related to human performance. Effective prevention or
mitigation of an accident may require system response before the accident is 100% certain to occur. For example, an
acutely endangered pedestrian could jump back at the last minute. The result is that an active safety device can
trigger even if no collision would have occurred without it. Because the exposure models generate situations that do
not necessarily lead to accidents (even without a safety system), virtual stochastic simulation enables quantification
of how often such “unnecessary” responses occur in relation to the “necessary” ones. Moreover, possible side effects
of AEB systems, such as secondary rear-end collisions, can be quantified for all responses, not just the necessary
ones. In this way, the advantages and disadvantages of a triggering decision under uncertainty can be quantified and
incorporated into system optimization.

Since the virtual simulations provide data such as gender, age, height, and weight in addition to collision speed and
position, it is possible to model the effectiveness of the AEB systems not only in terms of speed reduction, but also
with respect to changes in injury severity. One approach is to interface the stochastic simulation with empirically
generated injury probability models. This approach does not require detailed vehicle models and provides a good
assessment of the effectiveness of the active system. However, whenever conclusions for specific vehicles and their
passive safety systems are required, one has to follow the subsequent steps of the described tool chain.

Collision constellation via multibody simulation for pedestrian impact

In cases where the accident cannot be avoided completely, or for the basis simulation without any active safety
systems, the collision constellations need to be determined. Stochastic traffic simulation, as described above,
calculates the trajectories of involved traffic participants, but is not designed for delivering exact collision
details, such as exact points of impact (especially of specific body parts), exact impact speed etc. These
parameters can be simulated using fast, multibody simulation models. The pedestrian is modeled by 4 body
elements (head, torso, femur, and tibia) joined by 3 joints (neck, hip, knee); the models are scalable for
different body heights (children, adults). The pedestrian models have been validated based on available PMHS
tests (Post Mortem Human Subjects), [KMDKBCO05].

The vehicle is modeled as a rigid surface. Since these models are fast calculating (i.e. few seconds per run), it
is possible to determine the exact collision constellation for a considerable number of accidents.

Current developments include enhancement of multibody models for cyclists. In this case, the validation is
more difficult, since cyclist data is scarce. It is planned to use the results of finite element simulations for the
validation of the multibody kinematics.
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Figure 3: Kinematics Comparison PMHS vs. Multibody Simulation

Injury criteria via finite element simulation for pedestrian impacts

The next step is the determination of the injury criteria of the pedestrians based on the exact collision
constellations. These depend not only on parameters like speed, acceleration or the exact point of impact, but
also on the stiffness and geometry of the vehicle and its passive safety features, like active hoods etc.

The finite element models of the vehicle and the pedestrian (THUMS, finite element dummy, head impactor,
TRL leg impactor, flex pli ...) have the main disadvantage of requiring long calculation times in order to
deliver accurate responses. Of course, there are some ways to optimize these calculation times, like reducing
the models to the absolutely required model parts and omitting everything which is not needed directly.
Nevertheless, depending on the IT-infrastructure, each simulation still requires at least some hours.

For example, considering one million stochastic simulations without preventive safety systems, probably
thousands of collision scenarios would have to be simulated using these models (either THUMS Simulation for
the whole body or head & leg impact); this would require about 1-2 months calculation times, which is not
feasible in this developmental context. To overcome these long waiting times, surrogate models for each
vehicle/impactor combination have been developed.

Surrogate models for injury criteria

Surrogate models are mathematical, non-physical models describing input/output relations of given data pairs.
There are several, well known approaches, such as fuzzy models, linear models, support vector machines, local
linear model trees... Since these models are non-physical, one has to calibrate them for each problem and
check carefully, if they are truly valid by considering appropriate error measurements, [WBHF15]. When the
underlying physical problem changes (e.g., new vehicle geometry), the model has to be rebuilt or at least re-
parameterized.

When building surrogate models, the first step is the selection of training data. Beside the appropriate
distribution of chosen points, the number of training points is crucial. Too few result in imprecise surrogate
models; too many require long calculation times. Regarding the distribution, we found that accounting the
problem structure sometimes improves the result quality, for example the use of more training data in areas of
higher in-homogeneity. In case of pedestrian protection, all available information has been considered, when
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choosing training data. For example, in areas with known changes in stiffness, more data have been chosen
than in areas with little changes. Our goal was to achieve acceptable results using data of about 100 head-
impacts and 100 leg-impacts. The head- and leg-impacts didn't necessarily belong to the same collision.
Calibration of the surrogate models can be done using different methods for example by using differential
evolution algorithms to find optimal model parameters. We tested different regression methods namely
LOLIMOT (Local Linear Model Tree), support vector machines and Kriging. These standard methods are
available in different (commercial) optimization and machine learning software. We found that different injury
criteria demand different surrogate models.

Injury risk

Based on the calculated and predicted injury criteria (in our case HIC-values of the head impactor and leg
acceleration, shear- and bending forces of the TRL impactor), injury risk curves are used to determine the risk
of injury with and without the integrated safety system or in order to compare different systems.

These impactor values give a first impression of the passive safety performance of a certain vehicle and have
the advantage of being established measurement criteria. Further enhancements of the tool chain for cyclists
and occupants will also imply the use of biofidelic human models and the deduction of suitable injury criteria.

Example: Stochastic Simulation of the pedestrian crossing scenario with an integrated safety system

The next example uses the complete tool chain for effectiveness analysis of an exemplary active pedestrian
safety system compared with an active bonnet.

The active pedestrian safety system is camera-based with very limited functionality during night and a
maximal automatic deceleration of 4 m/s2.

For this example about 1 million stochastic runs of the crossing scenario were performed (pedestrian crosses a
single lane street from the right side without traffic signs or obstructions) with and without the preventive
pedestrian safety system. The remaining collisions (head to bonnet impacts) were simulated with and without
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Figure 4: Impacts on vehicle in pedestrian/vehicle collisions

an active bonnet.

In order to avoid long calculation times, a surrogate model was used for the prognosis of the injury criteria.
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In this example, the preventive safety system succeeds in avoiding 46% of the accidents. In the remaining
accidents, the integrated safety system achieves the following injury risk reductions based on HIC15 and lower
leg acceleration, bending and shear forces:

- 16% reduced injury risk through the active bonnet
- 29% reduced injury risk through the preventive pedestrian safety system
- 39% reduced injury risk through the combination of both systems

For the interpretation of these figures, one should note that:

- The driver reactions vary due to the underlying probability distributions, so that some drivers show
very fast reaction and some show no reaction at all.

- The active bonnet has some effect on the head to bonnet impacts but of course none on the other
impact locations (windshield, A-pillar, leg impacts).

- The preventive pedestrian system considered in the stochastic simulation is camera-based and has very
limited functionality during nighttime. Additionally, accidents occurring at night are usually with
faster vehicle speeds than during daytime.

EFFECTIVENESS ANALYSIS FOR AEB SYSTEMS DESIGNED FOR VEHICLE/VEHICLE SCENARIOS
Stochastic Simulation of rear-end conflict scenarios

Another important application of AEB systems is the prevention or mitigation of rear-end vehicle/vehicle conflicts.
On highways for example, rear-end conflicts are particularly common when drivers encounter a strong negative
gradient in traffic flow speed (a sharp slowdown) that they fail to anticipate. An acutely hazardous scenario can
occur for example if traffic flows at a speed requiring a sight distance that exceeds the true visibility distance, for
example due to a curve or hilltop, and if a vehicle does not observe the actual braking of traffic ahead. In addition,
even if the first driver approaching a slowdown does manage to brake sharply, a second driver who has not been
able to observe the primary conflict is also at high risk for a rear-end collision. If there is one collision, then
secondary or tertiary collisions become even more likely, for example due to extreme decelerations and loss of
control. In either case, avoidance of a collision in an unequipped vehicle (without AEB) depends critically on driver
response. The driver must perceive the conflict or the brake lights of a preceding vehicle, properly orient and
understand the potential severity, and apply the brakes quickly and decisively. Obviously, if we consider a typical
distribution of drivers on a highway, some will not be looking directly forward at the crucial moment. Even without
“distractions”, there are many visual cues competing for the driver’s attention.

Under these circumstances, it is intuitively clear that sensor-supported AEB systems could help prevent or mitigate
rear-end collisions. The clear advantage is that an AEB sensor (e.g., radar) will not be subject to the same
distractions as the driver.

We have developed a knowledge base including stochastic models appropriate for describing traffic flow in rear-end
conflict scenarios such as those described above. As in the case of pedestrian protection, the knowledge base begins
with appropriate exposition models. For example, an important parameter is the frequency of negative speed
gradients as a function of severity — large negative gradients are the most dangerous, but occur less often. Exposition
models also describe representative initial conditions for a sequence of vehicles with realistic initial TTC (time to
collision) and spatial headways, based on analysis of highway vehicle data. It is also possible to model the effects of
traffic context (e.g., traffic volume). The knowledge base further includes observation-based models of the
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distributions of the key human factors that determine driver braking performance in an acute rear-end conflict.
Possible driver swerving will also be taken into account.

A particularly important feature is the percentage of drivers not looking directly ahead. The human factor models
take into account the fact that these drivers will tend to have longer reaction times and that they tend to brake more
abruptly when they do finally perceive a conflict.

In a typical AEB system, the sensor information can be combined with additional signals from the vehicle. For
example, it is an advantage if the algorithm can classify whether the driver is in fact “in the loop” or not. If the
driver is in the loop, a delayed system response can avoid unnecessary interventions, [KFSO04]. If the driver appears
not to be attentive, then an early system response may be advantageous. The stochastic simulation methodology
provides a virtual experimental framework for tuning these algorithms and determining an appropriate operating
point.

Another key aspect concerns possible secondary or following accidents. It might be assumed that AEB systems will
induce more following accidents due to the sharp braking of the system, than would occur without AEB. However,
note that in an acute rear-end conflict without AEB, if a rear-end collision does occur, then the effective deceleration
is also quite large, and, moreover loss of control can induce a spectrum of additional conflicts. Hence, for a
comprehensive analysis, it is important to take following vehicles and their human drivers into account to model the
complete situation.

PERSPECTIVE: EXPANSION OF THE VIRTUAL TOOL CHAIN FOR CYCLIST SAFETY AND OCCUPANT SAFETY

The virtual tool chain including stochastic simulation for the effectiveness analysis of integrated pedestrian safety
systems has been designed to provide a valid representation of real-world accident occurrence and system behavior.

The outlined tool chain will be extended for other vulnerable road users, mainly cyclists. The extensions will include
a broader spectrum of traffic scenarios for stochastic simulation (turning scenarios...) including several street
layouts and a more complex preventive safety system. The cyclist’s behavior must be carefully modeled (maximum
deceleration rates, swerving). Challenges include validation of the cyclist dynamics and modeling of bicycle-vehicle
collisions, including injury characteristics. In addition, surrogate models must be calibrated for each case separately.

Regarding rear-end collision and AEB systems, occupant behavior in these scenarios must also be carefully
validated, since it could have a major impact on crash results. Since crash test dummies are too stiff under low g
impacts, other models have to be used, such as active human models.

CONCLUSIONS

This paper has illustrated some recent advances in virtual design and effectiveness evaluation of integrated safety
systems, using the example of AEB systems for pedestrians. The approach described above is holistic, in that both
active and passive safety elements can be assessed on a common basis. The methods are useful not only for
assessment of existing integrated safety designs, but also for comparing different system concepts or optimizing
performance within a complex design concept. In order to achieve this goal, the whole sequence of events in a
hazardous situation is virtually implemented in a tool chain. The tool chain includes stochastic (or “Monte-Carlo”)
traffic simulation, generating large samples of accident sequences but also near-misses, as well as detailed, high-
resolution crash simulations of resulting accidents. The approach was illustrated in detail for key accident scenarios
in pedestrian protection. The virtual-experiment approach using a tool chain generates assessment metrics relating to
human risks and benefits, such as avoidance of severe injuries. Comparative evaluation of human-oriented metrics
provides important information for stakeholders in safety system development.
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ABSTRACT

In recent years, automakers have introduced the PCS (Pre-Collision System) which is designed to warn a driver or to brake
automatically to help avoid or mitigate accidents. One of the significant aspects of this system is to help protect vulnerable
road users such as pedestrians and bicyclists. In this paper, the research is introduced which analyzes normal bicyclist
behavior in order to design and evaluate PCS systems. The attributes of normal bicyclist behavior investigated are: TTC
(Time-To-Collision), lateral position, vehicle speed and bicycle speed. This behavior was analyzed using TAST’s IUPUI’s
Transportation Active Safety Institute) naturalistic driving data from 110 cars.

INTRODUCTION

The PCS (Pre-Collision System) is designed to warn a driver or brake automatically to help avoid or mitigate
potential accidents. This system is needed to detect and robustly classify surrounding objects. Therefore, a broad
range of sensors are utilized for PCS systems such as: millimeter-wave radar [1], LIDAR [2], camera [3] and the
combination of some sensors [4][5]. Each sensor choice has pros and cons. For instance, radar is good at detecting
distances and relative speeds of an object, but not good at classifying the type of an object. On the other hand, a
camera is good at classifying the type of an object, but not good at detecting distances and relative speeds of an
object. Therefore, those sensors are selected by manufacturers to classify target objects such as vehicles, pedestrians
and bicyclists. The number of targets is expanding with improved sensor technology. Consequently, one of the
significant aspects of PCS systems is considered to help protect vulnerable road users such as pedestrians and
bicyclists. In fact, a non-negligible number of fatalities in regard to pedestrians and bicyclists are reported by
NHTSA (National Highway Traffic Safety Administration) [6][7]. According to [6] and [7], of all traffic fatalities in
2012, 14% were pedestrian deaths and 2% were pedalcyclist deaths.

This research is targeting normal bicyclist behavior in order to help design and evaluate PCS systems. By knowing
what is considered normal, the PCS can concentrate on the abnormal behavior and react in the dangerous situations.
Of course, bicyclist accident data analysis is also important for PCS design and testing. However, the accident data
lacks some detailed parameters in general. Some bicyclist parameters which are needed to design or evaluate PCS
systems should be analyzed in both accident analysis and normal bicyclist behavior analysis. For normal behavior
analysis, an enormous data set, called TASI 110-Car Naturalistic Driving Data [8], is utilized for understanding
bicyclist behavior relative to the driving vehicles. This data set includes 120 degree viewing angle videos observing
traffic in front of the vehicles, together with Global Positioning System (GPS) location data and G-sensor
information of the vehicles. From this data set, bicyclists were extracted using machine learning and pattern
recognition techniques [9]. Pattern recognition enables the computer to find specified objects automatically. From
these bicycle video clips, the bicyclist movement was tracked using visual tracking techniques [10]. Once an initial
position is given, the tracking follows a bicyclist. From these tracking results and the GPS information, the TTC
(Time-To-Collision), lateral position, vehicle speed and bicycle speed were calculated. Several important and
intriguing findings were observed.
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METHOD
Data Set and Tracking of Bicyclists

The TASI 110-Car Naturalistic Driving Data [8] was utilized and more than 10,000 videos containing bicyclists
were extracted. The data has 120 degree viewing angle videos of observed traffic in front of the vehicles, GPS
location, speed data and G sensor information. The data collection was conducted mainly in Indiana, United States
from 2012 to 2013. The data consist of a total of 1.1 million miles (2T bites) in length. This data set was first used to
analyze pedestrian behavior in a naturalistic driving condition. This paper presents the bicyclist research from this
huge data set. Subject vehicles drove in the downtown area where many bicyclists were found.

Bicyclists were extracted from all the recorded videos using pattern recognition techniques in [9]. The results
contained false positives (unsolicited detection), which were eliminated manually. Bicyclist position in an image
was specified as a rectangle, but the detected position was not necessarily accurate. Therefore, the bicyclist position
was corrected manually. This correction was conducted at one video-frame for one bicyclist video clip of 5 seconds.
Once an accurate bicyclist position at one video-frame was obtained, that bicyclist was tracked using the referenced
visual tracking techniques [10]. Bicyclist movement was represented as a sequence of a size-varying rectangle. The
rectangle size information was used for calculation of TTC, lateral position, vehicle speed and bicycle speed.

TTC Calculation

TTC is one of the most significant variables for PCS systems since this signifies the level of danger in a convincing
and direct manner. This section details TTC calculation method as the ratio of the depth over the first derivative of
the depth. TTC is defined as Equation (1) provided that the distance from the camera is defined as Z.

TTC = —g Eq. (1).

However, one problem of using this method is inaccuracy of Z. Generally, camera recognition is good at detecting
object angle, but not good at detecting object distances. Since the TTC calculation is central to PCS systems, a
different method was utilized to calculate TTC as described in [11]. In Figure 1, X, Y and Z denote world
coordinates, S denotes the size of the bicyclist, s denotes the size of the bicyclist in the image, and F denotes the
focal length.

-

Image plane
.
.
-

Bicyclist (in the image)

X

Figure 1. Geometrical relationship between a bicyclist and the projection to the image plane.

Equation (2) is derived from the geometrical relationship.
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S5 Eq. (2).
Substituting Equation (1) for Equation (2), TTC is calculated as Equation (3).

TTC =§ Eq. 3).
In Equation (3), the only value necessary to calculate TTC is the size of the bicycle in the image. This size was
detected using tracking techniques as stated above.

Lateral position calculation

Although TTC is central to PCS systems, TTC is not enough information to analyze bicyclist behavior since TTC
signifies only longitudinal relative movement. This research also analyzed the lateral position of the bicyclist to the
vehicle. In order to calculate the lateral position, the distance to the bicyclist was calculated first as described in
[12], and then lateral position was calculated next.

In Figure 2, H denotes the height of the camera, Z. denotes the distance between the camera and the bicyclist on the
road, 85 denotes the vertical angle of the horizon in the camera axis, and 6,,, denotes the vertical angle of the
bicyclist’s bottom in the camera axis. Provided that the horizon and bicyclist bottom are specified in the image, the
angles of 8, and 6,,, can be obtained. Horizon position was specified with human operators examining the videos,
and bicyclist bottom was obtained from a rectangle which is the result of the tracking discussed above. Equation (4)
details how to calculate the distance, Z..

_ .- Camera axis
- -

Camera PR \
=" h Horizon

0
bv icyclipt
H
Road T
1
Ze
Figure 2. Geometry of a bicyclist (side view).

H

¢~ tan(0pp—06p) EQ- ).
The camera height H should be a fixed value of each vehicle. However, there were some cases in which cameras
dropped and were attached again in the naturalistic driving. That is why the camera height H was not able to be

maintained strictly. One fixed value per vehicle was chosen that was considered to be the most likely.

In Figure 3, X, and Z_ denote the bicyclist position in the camera coordinate system, X,, and Z,, denote the bicyclist
position in the vehicle coordinate system, 8, denotes the angle between the camera axis and the vehicle moving
direction, and 8, denotes the horizontal angle of the bicyclist in the camera coordinate. The vehicle moving
direction was specified with human operators examining the videos, and the angle 8, was obtained from a
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rectangle which is the result of the tracking stated above. Equation (5) and (6) detail a rotation of the coordinate
system, which was used to calculate the lateral position X,,.

Vehicle moving direction

Camera axis
Bicyclist
Zyt-mmmmmems .
_--" 1
_--" \
- (BN
--1" [
Z; LN
1 \
\
6, Lo
1
Opn, X,
1
)
Xy
Camera

Figure 3. Geometry of a bicyclist (top view).

XC = ZC tan th Eq (5)
X,] _ [cos6, —sin Bc] [XC]
[Z,,] - [sin 6, cos6, |2, Eq. (6).

Vehicle and bicycle speed calculation

Vehicle speed was obtained by the GPS devices. The speed information was extracted from the videos in which the
subject vehicles encountered bicyclists.

Bicycle speed is also an important variable to design and evaluate PCS systems. Since bicyclist distance Z, is
calculated as in Equation (6), longitudinal bicyclist speed V;,, relative to a vehicle is calculated by differentiating this
value. Using the vehicle longitudinal speed 1;, which is obtained by GPS, the longitudinal bicyclist speed V,, is
calculated as in Equation (7).

Vy =Vyr +V, Eq. (7).

In light of the fact that vehicle turning motion is not recorded in this data set, lateral bicyclist speed is difficult to
calculate because the lateral position X and its speed are strongly affected by the vehicle turning. Therefore, we
chose not to calculate the horizontal bicyclist speed.

RESULT

The pattern recognition techniques stated above extracted bicyclists from all the videos corresponding 1.1 million
miles, and the false positives were eliminated manually. The total of 4,259 cases has been processed so far. Then,
the tracking was applied to them, and the results were narrowed down to 1,969 cases since some of them were
excluded because of the stopped subject vehicles or false tracking. Cases in which subject vehicles were stopped are
out of the scope of the PCS actions.
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Figure 4 is a heatmap which shows TTC on a vertical axis and lateral position of the bicyclists on a horizontal axis.
Each blue point shows the existence of a bicyclist in that position, and each red point shows it as well and means a
bicyclist heading toward the vehicle. If the bicyclist direction was heading within 4+/- 1.5 m at TTC of 0 second, it
was deemed heading toward the vehicle. Therefore, red points can be considered more dangerous than blue points.
The darkness of the color signifies the frequency of appearances in that position. Therefore, the darker the color is,
the higher the probability of existence of a bicyclist in that position. Moreover, the pink dashed line is depicted in
Figure 4. This line shows the approximate boundaries between red point areas and the vehicle side.

TTC vs lateral position, # of files = 1969
5 ; ; — ‘ T :
1 . |
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—_
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Figure 4. Heatmap of TTC and lateral position.

Several findings are observed from Figure 4. First, bicyclists were found more on the right side of the vehicles. This
is due to US traffic rules which adopt right-hand traffic. This is why the bicyclists were captured by the cameras
more on the right side. Second, the minimum TTC at each lateral position looks larger when lateral position is
relatively small, e.g. within +/- 1.5 m. This might be understood as follows. Even if the TTC is small, a far lateral
position from the vehicle does not cause dangerous situation. That is why a small TTC is quite normal outside the
region where the lateral position is small. However, if a bicyclist is near the center of the vehicle, small TTC might
lead to dangerous situation. Incidentally, there is no bicyclist whose TTC is less than 0.6 second in Figure 4. This
comes from the limitation of the camera viewing angle. Third, red points imply that collision between a vehicle and
a bicyclist might happen if either of them does not take an evasive action. In addition, there was no bicyclist heading
toward a vehicle in the bell-shaped region specified by the pink line in this huge naturalistic driving data. This
makes sense, as there were no traffic accidents in the entire data set. One conclusion we can find is that if a bicyclist
is in this region and heading toward a vehicle, it can be considered abnormal and dangerous. The summit of this
region is 1.6 seconds in TTC.

Those findings could be used to design PCS systems. For instance, if a bicyclist heading toward the vehicle is
detected inside the region specified by the pink lines, the system may start warning since it can be considered
dangerous. On the other hand, if a bicyclist is situated outside the region, PCS warning may be suppressed. Frequent
warning should be avoided since it causes drivers to consider PCS systems annoying and switch them off.

Figure 5 shows a histogram of bicyclist lateral position. Only bicyclists moving in the direction parallel to the

vehicle path were extracted. The cases were narrowed down to 478. The median of the right side was 3.9 m, and that
of the left side was 4.4 m. Those data might be useful to establish PCS testing scenarios.
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Figure 5. Histogram of bicyclist lateral position (parallel cases).

Figure 6 (a) shows a histogram of vehicle speed. Speed was detected by GPS device. The total of 17.4 hours in
which the vehicles encountered bicyclists was used for this calculation. The median of the vehicle speed was 32
km/h. As described at the beginning of this section, cases in which vehicles were stopped were excluded since these
are out of the scope of the PCS actions.

Figure 6 (b) shows a histogram of vehicle speed. Only bicyclists which satisfy following two conditions were
extracted. First condition is that the bicycle is moving in the direction parallel to the vehicle path. Second condition
is that the vehicle is moving at constant speed. The data set includes vehicle speed information using the GPS
devices, but it contains time-varying delay. In order to evade the erroneous speed estimation, only the referenced-
above cases were used. The cases were narrowed down to 198. The median of the bicycle speed was 7.5 m/s. This
information might be useful to establish PCS testing scenarios. It has to be brought to attention that the direction of
the bicyclists is parallel to the vehicle. In other words, the speed of bicyclists in cross traffic might be different.

Histogram of vehicle spd., total driving hours = 17.4 [h] Histogram of bike spd.(parallel), total # of cases = 198
: : ‘ : : ‘ ; ; 25 ‘ ‘
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vehicle speed [km/h] Bicycle speed [m/s]
(a) Histogram of vehicle speed (b) Histogram of bicycle speed

Figure 6. Histogram of vehicle & bicycle speed (parallel cases).
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CONCLUSIONS

This research analyzed normal bicyclist behavior to help design and evaluate PCS systems. TTC (Time-To-
Collision), lateral position, vehicle speed and bicycle speed were calculated using TASI 110-Car Naturalistic
Driving Data. Several important and intriguing findings were observed. First, there is bell-shaped region in front of
the vehicle which can be considered abnormal and dangerous. This region might be used when PCS systems are
designed. Second, lateral position of the bicyclists when they move in the direction parallel to the vehicle path was
estimated. The median of the right side was 3.9 m, and that of the left side was 4.4 m. Those data could be useful to
establish PCS testing scenarios. Third, vehicle and bicycle speed were estimated in limited conditions. The median
of the vehicle speed was 32 km/h and that of bicycle speed was 7.5 m/s. This information might be useful to
establish PCS testing scenarios. The results uncovered in this paper are based exclusively on US data. Those results
might differ depending on the country or region.
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ABSTRACT

Objective

The safety enhancement of road users has begun to gain more attention, in particular the innovation and
application of ADAS. The accurate and timely detection of the risk of accident has become an active area of
research, with the focus on the drivers and other vulnerable road users.

The neuromorphic visual information processing method, inspired by Hubel and Wiesel’s experiments on
mammalian visual cortex, is proposed as a possible solution to these tasks. The proposed method replicates the
performance of visual cortex in practical computing settings. By applying the orientation feature extraction
and subsequently applying the neural network ensured robustness and accuracy.

Method

The proposed system has been evaluated on pedestrians/cyclists detection and driver monitoring, with a
particular focus on emotion/stress detection. The tests have been carried out with video data sets of various
conditions, with the experimentation and data set generation at public roads in every day settings.

The neuromorphic visual monitoring of drivers for the attentive or emotional status has been also evaluated, as
approximately 15% of road accidents have been caused by the dangerous driving in ‘anger and or/frustration’.
The driver monitoring system by detecting the emotional state from the limited facial image of driver would
make the measures of early warning against possible dangerous or inattentive driving. The neuromorphic
system was evaluated to determine the warning signal based on the emotional state detection, based on the key
feature extracted from the face images. The test was based on the facial database (JAFFE) of six basic
emotional states.

Results and Conclusion
The performances of neuromorphic visual information system were measured to the success rate 99% of
pedestrian/cyclist detection, and the successful recognition 91% of facial emotional states. The real-time
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performance was evaluated with the neuromorphic ASIC, fabricated by the automotive CMOS technology.
The processing speed of neuromorphic ASIC alone was tested for the speed of 30 frames per second, without
the latency or external memory.

KEYWORDS

Pedestrian Detection, Cyclist Detection, Driver Status Monitoring, Advanced Driver Assistance Systems
(ADAS), Image Processing, Neuromorphic Vision

INTRODUCTION & BACKGROUND

In this paper, the elements of neuromorphic implementation of visual cortex are introduced with the orientation
tuned function of synaptic connections and the spiking neuron, based on the electronically programmable MOSFET
conductance (Hubel & Wiesel 1959, | Han 2006). The proposed neuromorphic visual signal processing is
investgated for enhancing the vehicle safety by the pedestrian detection or the passenger detection as well as
monitoring the driver status .

Vulnerable Road Users (VRU)

Alongside pedestrians, cyclists and motorcyclists make up the category of road users regarded as vulnerable. These
individuals are most exposed to the dangers of serious injury or fatality from a road accident. Furthermore,
according to the CARE (Community database on Accidents on the Roads in Europe), as there is a 1-in-4 chance of
having to be admitted to the hospital in case of a road accident, the risk doubles for pedestrian.

Statistics on cyclists also show similar trend. While the overall number of fatality is in a steady decline, the cyclists’
ratio of road fatalities is now growing, with the percentage making up more than 21% in certain European countries.

These higher risks are also coupled with the fact that a pedestrian casualty of road accident would have the longest
length of stay (10+ days) in hospital compared to any other groups, signifying the vulnerability of the pedestrians in
road accident situations. In fact, 63% of non-fatal road casualties were from VRU, emphasising the need for
improving safety for this group.

Advanced Driver Assistance System (ADAS)

An increasing proportion of cars include ADAS to maximize the safety of road users (drivers, passengers, and
pedestrians). European New Car Assessment Program (Euro-NCAP) initiatives support this trend by attributing a
higher safety rating to cars that incorporate ADAS. Currently the NCAP ranking metrics focus on increased ADAS
system performance. It is expected that after 2016, NCAP will introduce additional metrics that focus mainly on
extending system functionality through the addition of pedestrian detection and automatic emergency braking, as
well as lengthening operational up-time by requiring continued system functioning at night and during adverse
weather conditions. This is logical as almost 60% of all road accidents happen in poor lighting conditions.

Driver Monitoring/Emotion on Concentration and Driving

One of the issues of prime importance to traffic and transport psychologists is the possible effect that a particular
emotional state would have on concentration in driving situations. Relationship between anger and the subsequent
aggressive behaviour manifested in ‘road rage’ have been investigated in depth. And recently, more researches have
been carried out on effect of other emotional states such as fear, anxiety, and surprise on driver’s performance.
Emotion affecting driving behaviour is widespread, with studies sometimes finding almost 90% of the questioned
admitting to engage in behaviour motivated by their emotion. These behaviours ranged from sounding the horns to
indicate annoyance, to chasing down other drivers as a display of hostility, and they were quite often regarded as a
reckless or risky driving. This accentuates a need for monitoring the driver, and forewarning of any change in
emotional status as a measure to improve road safety.

NEUROMORPIC VISUAL INFORMATION PROCESSING
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The proposed method of neuromorphic visual information processing has its basis on how we, humans process
visual information. As the light enters the eye, it stimulates the sensors at the back of the retina, which in turn
triggers a complex chemical reaction that results in electrical signals being sent to the brain through optical
nerves. These signals travel through the optical nerve, and eventually reach the visual cortex at the back of the
brain to be analysed. While visual cortex itself is still far from being fully understood, extensive studies of the
mammalian brain including the 1960s research from Hubel and Wiesel have gave us basic understanding of
how the visual cortex functions, as well as picture the physiology of the low-level human/mammalian visual
systems (Fig. Al) (Hubel & Wiesel 1969).

Primary Visual Cortex

Hubel and Wiesel’s research on cat’s striate cortex have established the concept of the simple cell within the
visual cortex. The simple cell responds to the orientated edges, and each types of cell responded specifically to
the different inputs. Observations showed orientation based behavior evoked the reflection while the spike-
based neuron signal is also an essential feature. Several theories and algorithms in image processing, object
recognition and computer vision have been developed from this experiment and its findings (Risenhuber &
Poggio 1999).

Neuromorphic Neuron and Visual Information Processing

The proposed neuromorphic visual information processing replicates the orientation selectivity of the simple
cell. The neuromorphic neuron of visual cortex can be implemented by simulating the behavior of neuron in
the Hubel and Wiesel’s experimentation. The spike neural signal is explained by the widely adopted Hodgkin-
Huxley formalism, based on the neurophysiological model of controlled conductance (Hauser 2000). The
neuromorphic system of neuron and synaptic network was designed for evaluating the feasibility of mimicking
the primitive behavior of brain neural system in electronic hardware using the CMOS neuromorphic circuit (I
Han 2006, WS Han & | Han 2010, WS Han & | Han 2014). With the neuromorphic neuron formed the various
stimuli of six 50 x 50 pixel sized rectangles at different angles are applied as the similar stimulus input to the
cat in Hubel and Wiesel’s experiment. The simulated result of neuromorphic neuron is demonstrated to be
consistent to the outcomes from the Hubel and Wiesel’s experiment, as shown in Fig. A1, where the tuned
feature orientations are represented as the spike signal outputs (WS Han & | Han 2014].

The neuromorphic neuron of simple cell enables  the neuromorphic vision system in Fig. A2, with the
various orientation selective features. The system has three steps in its process which are: (1) orientation
feature extraction using neuromorphic neuron, (2) neural network is then applied to the orientation extracted
image and finally (3) the human head detection is made to detect the driver or the pedestrian depending on the
system’s application.

The proposed neuromorphic orientation feature extraction has the advantage of robust abstract image
generation, under the limited situation like fuzzy human object image in the veil or in the dark/bad weather.
The neuromorphic vision is based on the orientation feature processing using the scalar filter, where the filter
shape is rotated with the designated orientation selectivity. Contrary to the complex computation of Gabor
filter for the similar purposes, the neuromorphic visual signal processing has the feasibility of effective
implementation for automotive applications because of its simpler integer computation.

Detection of Vulnerable Road Users

One of the major challenges in the pedestrian detection for the enhanced vehicle safety is that the reliability of
the detection is strongly affected by illuminace conditions. For example, most pedestrian detection algorithms
have significant drop in its detection rate at the night time or indoors compared to the day time or when
operating in the bad weather such as rain or snow. The neuromorphic vision system is based on the orientation
selectivity of simple cell, instead of the immediate pattern matching or complex figure pattern. The robustness
in substantially weak illumination is observed by the successful detection at the indoor parking lot or the night
time drive with the head light.

The test result has been summarized in Table. 1, and Fig. 3 demonstrates the process of detecting various types
of VRUs. The data set is the captured video by on-board camera of passenger vehicle, on the turning road with
slop at KAIST campus.
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In addition to the pedestrian detection at various environments, the robustness of heuromorphic visual
information processing is demonstrated by the successful cyclist detection in the crossing road as seen in Fig.
A3. The data set for cyclist detection has been captured video by on-board DVR (a car blackbox with the lens
of wide FOV) of moving passenger vehicle, on the cross road at KAIST campus.

The illumination for the pedestrian detection at night time is limited by the head light of passenger vehicle,
with the low beam direction in the urban area. The earliest appearance of pedestrian is the lower part of body
in this case, rather than the upper body of head and torso. The orientation feature at the scene of night time
accident displays a clearly defined region of interest. The template of neural network detector is designed for
detecting the lower body, as it is apparently required in this particular case. The saliency map is evaluated with
the lower body template and, the result illustrates the condition required for lower body detector in the night
time.

Driver Monitoring System

The proposed neuromorphic vision system is also applied inside the vehicle for the purpose of driver
monitoring. For this purpose, only a minimal modification to the parameter is necessary to accommodate the
difference of environment. The sensor used was identical, and the same template of head-torso and orientation
features was reused. For the pedestrian detection, the environment at which the detection must be made is
when the vehicle and/or pedestrian is in motion thus there is lot of change in the background such that frame
difference cannot be used to reduce noise. The driver detection is in the quasi-stationary background
condition, as the background of driver is mostly the vehicles stationary passenger cabin with minor variations
in the window outlook. Hence, the frame difference of orientation features can be used to minimize noise
detected during process.

To determine the head (equivalently face) of the driver, the template of head and torso is applied after
evaluating the difference of orientation features extracted between the current frame and the previous frame.
The processed orientation features in subsequent images yielded the clearer feature detection of head and
particular object like driver’s eye (W. J. Han & I. Han, 2013)

Emotion Detection for Attentiveness Monitoring

For the purpose of inattentiveness detection, we investigated on detecting emotive states from the abstract
facial expression, based on neuromorphic processing as shown in in Fig. A4. This is due to the fact that the
anger is the principal emotional state most linked to automobile accidents.

In order to detect emotional states, we have established three regions of interest (ROI) which would be
obtained and processed. These regions are eye brows, cheeks and mouth. While the regions can be further
divided into left and right eye brows and cheeks, since the expression would be similar within both sides of the
face in most situations, we have processed each pair of them as one ROI.

The success rate for detecting happy emotion is 98%. This translates to one input being incorrectly classified
from the 43 test images (from 5 individuals of JAFFE data set) used to evaluate the proposed framework. The
one instance of detection failure occurred primarily due to the large displacement of face in the test image
comparing to the reference point of neutral image.

The neural network of multi-layer perceptron (MLP) is applied for the autonomous or trainable detection of
emotion state, instead of detection algorithm based on the statistical threshold value for evaluating orientation
features.

The overall successful recognition of 91.4% is achieved, and has been presented in the confusion matrix of
MLP classification of facial emotional states using JAFFE data set.

Blind Spot Cyclist Detection
The cyclist detection in the blind spot emerges as a serious issue as the population of cyclists grows rapidly
due to its eco-friendly nature. It is particularly demanded for the commercial vehicles, as the tall and long
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commercial vehicle is subject to the relatively limited sight of view. The neuromorphic processing is applied
to the cyclist detection in the blind spot area of commercial vehicle. The captured video in Fig. A6 is for the
test data, which was recorded from the upper deck of double decker bus (the public transportation in London).
The orientation features extracted, which is illustrated in the second image of Fig. A6, has been evaluated by
the same neuromorphic pedestrian detection system we have proposed in this paper. The nature of blind spot
cyclist detection demands further enhancement as it is based on the view from the higher sensor location. The
additional detector template is introduced to enhance the cyclist detection with the expected appearance in the
blind spot analysis. The additional template of frontal part of cycle is designed and applied together in parallel
with the existing human detector.

Bottom image of Fig. A5 show the successful cyclist detection in the shadow and blind spot area, simulated by
the captured video from the double deck bus.

REAL-TIME NEUROMORPHIC INFORMATION PROCESSING

The neuromorphic visual information processing is based on the multiple orientation filters mimicking the
simple cell neuron of visual cortex, which are similar to the convolutional neural networks. The real-time
operation requires the simple computational elements but parallel operation.

The processing speed of neuromorphic ASIC developed by the industry collaborator is the 30 frames per
second for the orientation processing up to the HD video quality, without the latency or the external memory.
The neuromorphic ASIC was fabricated in automotive CMOS 0.18um technology, and it performed the same
orientation selective processing as simulated in the software.

CONCLUSION

In this paper, the pedestrian/cyclist detection or driver monitoring by neuromorphic visual information
processing is presented with the successful and robust performance in various application environments. The
neuromorphic system demonstrated its versatile application to different objects and operation environments,
with only the parameter tuning and the addition of necessary templates.

The overall performance of the pedestrian/cyclist detection in both under the nominal and the limited
illumination shows that the robustness is sustained without the loss of accuracy as the 99% of successful
detection rate. The neuromorphic vision processing demonstrated the 91% recognition rate of emotion
detection for driver state monitoring.

In addition, the bio-inspired approach involved forming the neuron electronically using CMOS VLSI ASIC
technology, which allows for financially advantageous implementation compared to using high-powered chips
and computers that the computer vision algorithms requires frequently. The stand-alone neuromorphic ASIC
demonstrated the speed performance of 30 frames per second and its practical advantage of working without
any memory or complex programming,

The neuromorphic vision system is demonstrated by using a single camera, which suggests the further
improvement in performance quality by employing the stereo camera or IR camera in harsh environment or
more precise operation
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APPENDICES

FigureAl. Response of the cat’s cortex when a rectangular slit of light of different orientations is shown

1A/

Figure A2. Neuromorphic vision for human head figure detection, inspired by visual cortex.

Success Undetected Posilive
Test Total
Rate Failure Rate | Failure Rate
Data Set | Frame s
Frame s[%] | Frames|%] | Frames[%]
1 60 58 [96.6%] 0 2 [3.3%]
2 36 36 [1009%] 0 0
3 150 150 [100%]1 |0 0
4 162 160 [98.8%]1 |2 [1.2%] 0
Total 408 404 [99%] 2 10.5%] |2 [0.5%]

Table 1. Test Result Summary for VRU detection.

Han |7



Figure A3: Cyclist detection (bottom), (anti-clockwise from top left) input image with the box of detected cyclist, saliency map by
neural network detector, and detected cyclist, crossing the road.

. i p 1 —

Figure A4. Example of orientation processed images for subject “NA” (JAFFE) in various expressions: (top) original images -
neutral, happy and angry, from left to right (bottom) orientation processed images —neutral, happy, and angry, from left to right.
Notice the movements of mouth and cheeks in ‘happy’ image and lack of it in ‘angry’.

Figure A5. (top-left)Video image captured by a smartphone, on the upper deck of London bus in the U.K.

(top-right) Neuromorphic orientation features of the image in Figure 18.

(bottom-left) Blind spot cyclist template enhancement (left) additional template configuration - the frontal part of cycle (right)
saliency map processed by the parallel detectors applied.

(bottom-right). Resulting blind spot cyclist detection of Figure 18 (left) the detected cyclist in the red box, (right) the detail image
inside the red box.
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ABSTRACT

The objective of this work is to test freely available system for active pedestrian protection. Tests are based
on real fatal accidents that happened in the past with passenger cars that were not equipped with active safety
systems. Tests have been conducted in order to evaluate what the real benefit of the active safety system is, and not
to gain only a methodological prediction. The testing procedure was the first independent testing in the world which
was based on real fatal pedestrian accidents. The aim of the tests is to evaluate the effectiveness of Volvo pedestrian
detection system.

An in-depth accident database contains about 300 fatal pedestrian traffic accidents in urban areas. Eighteen
cases of pedestrians hit by the front end of the passenger vehicle were extracted from this database. Cases covering
an average traffic scenario have been reconstructed to obtain detailed model situations for testing. Simulations of
accidents have been made in PC Crash 10.0 using a multibody object and a mesh model of vehicles. Active safety
testing scenario was built on the basis of reconstructed accidents with Volvo V40 cc and a new dummy simulating a
pedestrian. Before the tests the dummy was evaluated in anechoic room to gain required radar reflection properties
which would be the same as those of a human body. The movement of the dummy was driven by the autonomous
ultraflat overrunable robot (UFO) for experimental ADAS testing and synchronized with Volvo motion by D-GPS
with high accuracy of motion.

INTRODUCTION

The study is based on the measurements made under the leadership of Peter Vertal’ in 2014 in Linz, Austria, in
cooperation Institute of Forensic Engineering Brno University of technology, Vehicle Safety Institute Technische
Universitit Graz, DSD Dr. Stefann Datentechnik and Institute of Forensic Engineering University of Zilina.

SOFT DUMMY

The most important element in the experimental measurement of the conditions for the activation of the
pedestrian detection system is a dummy representing a pedestrian. For the purposes of this paper, a pedestrian’s
movement was simulated using a dummy placed on an autonomous platform. The platform called “UFO” had a
built-in D-GPS module for orientation in space and it was powered by two servomotors. The pedestrian dummy
placed on the UFO platform had to undergo an evaluation process. The evaluation process guaranteed the
achievement of the required reflective properties of the dummy identical to the human body. The reflective
properties of the dummy for the short-range 24 GHz radar had to correspond to the reflective properties of the
human body in order to avoid confusion of the dummy for an object that does not correspond to the properties of the
human body.

For the purposes of reconstruction and expert activities related to the analysis of accident events, it was
necessary to evaluate and re-create an ideal dummy whose reflective properties correspond to those of the human
body. For the purposes of this paper, three basic positions of the dummy were determined that had to be evaluated
by measurement for the subsequent use. The position of a standing person facing the radar source, the sideways



position and the position of a standing person with the back to the source. The dummy’s positions were compared
with the reflective properties of a test subject. For the purposes of this paper, the simulation involved only dry-
weather conditions without the presence of significant moisture on the clothing of the pedestrian/dummy. During the
measurements, it was necessary to compare the properties of the dummy with a human who is undressed, partially
dressed and dressed in several layers in order to take into account all possible conditions of the pedestrian-car
system.

Figure 1 shows a comparison of an empty anechoic chamber, with a test subject, a dummy before adjustments
and after adjustments. The graph shows that the dummy without adjustments has approx. 15 dB lower values of
reflection properties. The adjustments of the dummy resulted in identical properties to those of the human body. The
value approx. 50 dB matches the test subject’s value.
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Figure 1 Reflection of the person, basic dummy and changed dummy in anechoic chamber.

After an in-depth analysis and measurements made in the anechoic chamber, it was possible to finalise the
form of the dummy. During the experimental measurements, the dummy was adjusted using adhesive aluminium
tape. The use of the aluminium tape increased and decreased the intensity of the reflected radar waves. After
repeated measurements, tests and adjustments of the dummy, it was possible to a create dummy whose intensity of
the reflected radar waves corresponded to the human body. This dummy was used for the experimental
measurements with a Volvo vehicle.

PROCESSING OF THE RESULTS

The measurements consisted of a series of tests based on selected real traffic accidents. For a complete test
of the active safety system, it was necessary to choose accidents where the movement of the vehicle and the
pedestrians cover the entire range of traffic accident situations. A full overview of the case studies and vehicle
speeds at the time of collision resulting from the analysis of the accident studies is shown in Tab.l. Tests were
performed under the conditions corresponding to the five characteristic types of traffic accidents with pedestrians.
During the measurements, the following traffic situations were simulated: a pedestrian crossing the road in the
perpendicular direction, in the oblique direction and in the direction towards the vehicle, a pedestrian standing on the
roadside, a pedestrian coming from behind an object, a lying person, day and night conditions and situations
combining the above.



Tablel. Overview of vehicles from traffic accidents and pedestrian motion

Registration ] Direction of a | pedestrian
§ Brand Model year /y 1:::ident f;_ll;?}i;ovzl(m peiﬁzigﬁm age (years)
1 Opel Astra 1999 /2003 23 - straight — W 69
2 Citroen AX 1990 / 2003 47 - straight — W7l
3 Opel Corsa 1990 / 2003 12 — cornering L — W78
4 Peugeot 306 1994 /2003 50 - straight — M 96
5 Volvo S70 1997 /2004 32 - straight — W 89
6 VW Multivan 1989 /2004 19 - straight — W 84
7 BMW 3 1995 /2004 41 — cornering L — M 91
8 Honda Civic 1990 /2005 55 — overtaking R — M 43
9 VW Sharan 2006 /2006 18 — cornering R — W69
10 VW 70D 1993 /2007 39 - straight standing M 12
11 | Mitshubishi Pajero 1992 /2008 32 - straight — M6l
12 Ford Transit 1999 /2004 36 — cornering L — W 45
13 Toyota Avensis 2001 /2003 45 - straight lying W62
14 Mazda Demio 1999 /2004 42 - straight N 30° M 81
15 Renault Twingo 1993 /2004 46 - straight N 60° w77
16 Opel Corsa 2003 /2004 39- straight — M 28
17 VW Passat 1993 /2005 30 - straight — W92
18 VW Transporter | 2000 / 2005 47 - straight vz 15° M 84

The analysis of the data was used to identify the moment prior to a vehicle’s contact with a pedestrian of
the initial acoustic and visual warning of the driver against a potential barrier in the direction of the vehicle’s
movement. The measurements identified that the acoustic signal is always activated together with the visual
warning. The visual warning of the driver is accompanied by a flashing light alarm which is located between the
speedometer and the windscreen. It is a place with very good visibility for the driver. The light strip is approx. 15
cm long and its size is sufficient to alert the driver.

During the initial measurements, the vehicle was tested for the detection of pedestrians in the setting sun,
i.e. when the sun is low over the horizon and dazzles the driver and also the camera. The measurements showed that
when the sun is low over the horizon (15° and less), the functionality of the system will not deteriorate when driving
in the direction of the sunlight + 30 degrees (measured range) from the direction of the vehicle’s movement.

Night measurements with no light source other than the vehicle’s lighting showed that the system is unable
to detect and react to a pedestrian. The system is able to detect a pedestrian at night up to the speed of approx. 20
km/h and brake subsequently. The system activates and identifies this manoeuvre based on a barrier (vehicle) and
not based on the detection of a human figure. This fact was supported by a message “City Safety was activated”,
which appears upon the system’s activation based on a critical situation ahead of the vehicle due to the presence of
another vehicle. This conclusion follows from the functionality of the City Safety system, which is designed for
driving the vehicle in traffic jams at low speeds, where the system reacts to objects or vehicles in the vehicle’s traffic
corridor and not to pedestrians.

During the tests with a lying dummy, the system was not activated in any event. The technical manual of
the vehicle states that the system reacts to figures taller than 80 cm.



An Example Case Study Analysis

The study includes the acceleration curve derived from the measured data. It was subsequently converted to

a video sequence which simplified video evaluation. It involved a vehicle moving at the speed of approx. 47 km/h at
the time of the real collision. A pedestrian moving at approx. 4 km/h entered the vehicle’s corridor from the left. The
vehicle and the pedestrian were synchronised based on the result of an exact simulation of the PC Crash 10.0
programme. The visual representation of the course of case study No. 2.

1.

The simulation started at the moment of a vehicle’s passage through the light gate 5 s and 70 m before the
collision with a pedestrian. The dummy is still standing at this moment. At the moment of the vehicle’s
passage through the light gate, UFO’s control unit evaluates the right moment for the activation of UFO
(pedestrian) based on the current speed of the Volvo vehicle.

The vehicle moves on at a constant speed of 47 km/h and at the time 4.3 s before the collision with the
dummy, UFO is activated with an acceleration of 1 m/s*>. A fully automated and synchronised action
reproduces a real accident.

At the time 2 s and 19 m ahead of the dummy movement corridor (Fig.2), the acoustic and visual warning
of the driver is activated at the moment when the dummy is located at a distance approx. 0.7 m from the
movement corridor of the Volvo vehicle driving at approx. 45 km/h. The Volvo does not brake
autonomously at this moment.
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Figure 2 Activation of the visual and acoustic alarm

After less than 0.8 s from the activation of the alarm, the autonomous braking of the vehicle is activated at
a distance of approx. 13 meters from the pedestrian movement corridor (Fig. 3). The vehicle brakes with an
average deceleration of approx. 10ms?. The driver did not interfere in the vehicle’s driving when the
autonomous braking was activated. During the autonomous braking, the brake pedal goes down to the floor
as with normal braking.
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Figure 3 Beginning of the autonomous braking

After approx. 2 seconds from the initial acoustic signal, the vehicle collides with the dummy. The speed at
the time of collision (Fig. 4) was approx. 12 km/h (base on acc and GPS) compared to 48 km/h in the real
accident where the driver fails to react to a pedestrian.
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Figure 4 Time of the first contact with dummy



The course of the tested study allows us to clearly describe the entire accident depending on the time and
distance of the vehicle from the dummy. If there was a collision with a pedestrian (a person weighing more than 15
kg), it is quite possible that the contact with the person would activate the active bonnet. This action would expand
the clear space between the components in the engine compartment and the bonnet, which would contribute to a
reduction in the pedestrian’s injuries caused by solid parts. It is unlikely and questionable that the pedestrian airbag
would be activated because the vehicle’s speed at the moment of collision with the pedestrian was only approx. 12
km/h. These hypotheses are potential objectives for future research steps of the author of this paper.

Acoustic and Visual Signalization of the System

The analysis of the recorded data showed that in 69% of cases where the vehicle detected a pedestrian and
evaluated it as an obstacle — “pedestrian”, the driver was warned in time intervals before the collision with the
pedestrian. The driver was warned more than 1 second (1-2,0s) before the collision in nine case studies from the
total number of measurements. It is a matter of further research to determine what is the time required for the
driver’s reaction to this alarm and the subsequent driver’s action (dodging, braking etc.).

From the forensic point of view, it is important to identify the dependence of speed, distance and time of
activation of the acoustic and visual alarm. In some case studies, the alarm was activated nevertheless a vehicle
collided with a dummy. For a more accurate representation of the dependence, Figure 5 distinguishes the conditions
for the activation of the alarm depending on the dummy’s crash into a vehicle’s outside corner, the middle or the
inside corner. Except for one case, the points shown in the graph represent a vehicle driving straight. It is technically
feasible that when driving in a curve the system’s behaviour depends on the turn radius; hence, it may react to a
dummy earlier.
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Figure 5 Activation of the alarm depending on the speed and distance of a vehicle from the dummy’s movement corridor,
distance of the dummy from the vehicle axis and the subsequent contact of the vehicle with the dummy (the inside corner,
the middle of the vehicle or the outside corner)

Autonomous Braking of the System

Autonomous braking of the vehicle occurred in 63% case studies after the lapse of the acoustic warning of
the driver. The time interval from the system’s first acoustic and visual reaction until the initial moment of braking
ranged from 0.1 to 0.8 seconds. Braking was initiated without prior acoustic warning in one study case.



The measurements showed that the driver’s sharp intervention with the vehicle’s control at the time of
warning or braking ends the process of warning and autonomous braking. It is the objective of further studies to
determine what time interval after the initial warning is necessary for a distracted driver to react to objects in the
driving corridor and, subsequently, to make the right manoeuvre to avoid collision with such object.

BENEFITS OF AUTONOMOUS BRAKING FOR THE COURSE OF AN ACCIDENT EVENT

The analysis of the test studies identified that Volvo’s pedestrian detection system in Volvo V40 of the
model year 2014 can stop the vehicle autonomously in front of a pedestrian at low speeds up to 30 km/h if the
pedestrian’s movement is sufficiently predictable and the system is able to monitor the pedestrian with no object
impeding the camera’s view of the pedestrian. It is necessary to note in such cases where the system can stop the
vehicle from low speed that there is no jump or a sudden change in the direction of the pedestrian’s movement
towards the road. At speeds above 30 km/h, there is always a significant reduction in the vehicle’s speed before the
actual collision with a pedestrian, but by a maximum of approx. 30 km/h compared to the vehicle’s speed at the time
of the initial reaction of the system. The overall summary of the reduction in speed as a result of the vehicle’s
autonomous intervention is shown in Table 2.

Table 2 Decreasing of velocity the Volvo car during simulated scenarios

Case no. 1 2 3 4 (5|6 |7 8 9 |10 | 11 (12 |13 | 14| 15| 16 | 17 | 18
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All videos from measurements are available on youtube:
www.youtube.com — than write “Peter Vertal” to the search line
or
https://www.youtube.com/channel/UCN6U-u4nQVjyCvSr8nmSeFg

CONCLUSIONS

In the near future, our expert deeds will increasingly often involve vehicles that are equipped with modern
and sophisticated systems. These systems are intended to facilitate and secure the movement of vehicles on roads,
but they also cause complications when dealing with such accidents from professional or expert perspective.

The measurements made with a highly sophisticated vehicle model Volvo V40 CC identified the vehicle’s
behaviour in different traffic situations, whose range covers normal movement of pedestrians and vehicles in urban
traffic. These measurements can be summarised in a few points.

e The system does not react to a lying pedestrian.



The system does not react to a standing pedestrian shorter than 80 cm.

The system does not react to a pedestrian in the dark if the pedestrian is only illuminated with the
vehicle’s dipped or main beam.

In good light conditions (until dusk), the system detects a person regardless of whether the pedestrian
is wearing a reflective vest or not.

When driving the vehicle into the sun that is low above the horizon, the system reacts to such situation
and can detect a pedestrian (the camera is not dazzled).

In daytime conditions, the system reacts to a pedestrian moving from 3.6 to 7.5 km/h (the speed from
real tested accidents). Higher speeds of a pedestrian’s movement were not tested.

The system reacts to a pedestrian who is standing in the driving corridor of the vehicle.

The system reacts to a pedestrian who is moving perpendicular to the direction of the vehicle’s
movement.

The system reacts to a pedestrian who is moving at an angle in the direction or in the opposite
direction of the vehicle’s movement, but only up to an angle of the pedestrian’s movement of +/- 45°
from the plane perpendicular to the plane of the vehicle’s movement.

The driver was warned more than 1 second (1-2,0s) before the collision in nine case studies from the
total number of measurements. It is a matter of further research to determine what is the time required
for the driver’s reaction to this alarm and the subsequent driver’s action (dodging, braking etc.).

The time interval from the system’s first acoustic and visual reaction until the initial moment of
braking ranged from 0.1 to 0.8 seconds. Braking was initiated without prior acoustic warning in one
study case.

The brakes lag time takes about 0.5 seconds. Standart brakes lag time during a driver braking is 0.2s
The system does not react to a traffic situation where the vehicle is moving in a laevorotatory corner
and a pedestrian is moving into the road from the left.

The system does not react to a traffic situation where the vehicle is moving in a dextrorotatory corner
and a pedestrian is moving into the road from the right.

The system that has detected a pedestrian can stop the vehicle completely only if the vehicle is
moving at a speed up to 30 km/h and the pedestrian’s movement is smooth and predictable.

The system that has detected a pedestrian can reduce the vehicle’s speed if the vehicle moves at a
speed over 30 km/h and the pedestrian’s movement is smooth and predictable.

The vehicle’s speed at the detection of a pedestrian can be reduced by a maximum of 30 km/h.

If the driver intervenes with the vehicle’s control during its autonomous intervention, the system
deactivates autonomous braking.

The measurements show that the benefits of the system are noticeable and it is a good step to reducing the
severity of pedestrian injuries caused by a collision with a car. Although a Volvo driving over 30 km/h will not stop
in front of a pedestrian, the time interval when the driver is warned of an obstacle in front of the vehicle ranges up to
2.0 seconds, which may have a positive impact on the course of an accident event.

This paper was created with the support of the OP Education for the project ''Promoting quality education and
research for the transport sector as the engine of the economy'' (ITMS: 26110230076), which is co-funded by the
European Social Fund.

*

Europska unia

\
vy \‘

* X % »*
* * . Agentura
v Ministerstva Skolstva, vedy, vyskumu a §portu SR
pre Strukturalne fondy EU
*

Operaénj program

H*
* * I
e l\rVZDELMANI\E -,i

\,\{—

Eurépsky socidlny fond

Moderné vzdeldvanie pre vedomostnu spoloénost/Projekt je spolufinancovany zo zdrojov EU



ASPECTS OF AGE RELATED ACCIDENT CAUSATION FACTORS AND IMPLICATION OF
SAFETY MEASURES

Michael Jéinsch

Heiko Johannsen

Dietmar Otte

Accident Research Unit of Hanover Medical School, Germany

Bernd Pund
TUV Hessen, Germany

Paper Number 15-0354
ABSTRACT

Research Question/Objective

The ageing society increases the requirements to focus on safe mobility for elderlies. It is

expected that in Germany the population with an age above 65 years will reach more than 30% of
the total population by 2060. In the same time the number of people above 80 years will double.

In addition the relative share of driving license holder amongst the elderly will increase. In order to
maintain the active role in mobility it is essential to identify specific risk factors of elderly and to
develop countermeasures. The objective of this paper is to analyse specific accidents causes of
elderly car drivers and to assess different measures such as improvement of the infrastructure,
training measures, driver assistance systems etc.

Methods and Data Sources

For this study accident data of the Accident Research Unit Hannover (part of the GIDAS data
sample) were used. The analysis focuses on the detailed 3 digit accident type and the Accident
Causation Analysis System (ACAS) to identify functional problems in traffic situations with high
accident risk for elderly. The driving task is derived from the detailed accident type, which
describes the conflict that caused the accident and in more detail the positions and intended
directions of the opponents.

ACAS as a hierarchic classification system and a sequence model is based on an in-depth data
collection of predominantly directly event-related causation factors which were crucial in the
accident emergence as situational resulting events and influences. The paradigm underlying this
method refers to the findings of the psychological traffic accident research that most causally
relevant features of the system components human, infrastructure and vehicle technology are
found directly in the situation shortly before the accident. The focus in the immediate pre-crashphase
lies on the human failures which are classified into five categories of basic human

functions which are necessary to perform the driving task. With the detailed knowledge of the
causes of the accident the causation factors are further specified into criteria of the categories

and indicators of these criteria.

Results

The analyzed data shows that there are considerable age related deficits in the assessment of
multiple information, e.g., reorientation after entering a crossing, observation of road users
approaching from bypasses (e.g., cyclists) etc. Most of these deficits can be compensated by
improved infrastructure, specific training modules and driver assistance systems. Predominantly
information systems and active assistance systems for elderly drivers with the driving task
“turning in intersections” can be useful.

Discussion and Limitations

Due to a limited number of elderly car drivers with ACAS codes in the GIDAS data set for most of
the scenarios the number of cases is too low to analyse the data without grouping similar

accident types and using main categories of the ACAS code. However, the data is consistent with
knowledge from literature.
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Conclusion and Relevance to session submitted

The paper presents data that judges which safety measures (mainly focusing on driver assistance
systems) are beneficial for elderly car drivers on the one hand and describes relevant scenarios
for the assessment of these safety measures on the other hand.

INTRODUCTION

The demographic change in Germany is a well-known phenomenon which is leading to a distribution of
population, where the share of older people in society is continuously increasing [1]. On the other hand human
life expectancy is continuously increasing in Germany but the appearance of age related diseases such as
dementia or poor eye sight is not delayed in the same manner. In contrast to other age groups accidents caused
by elderly traffic participants have specific features that have been identified e.g. for car drivers in the past by
means of accident research [2]. To preserve the ability for the elderly traffic participants to use a car it is sensible
to provide cars with technical assistance systems to allow for a safe use even for eldery car drivers.

The research methodology (ACAS Accident Causation Analysis System) used in this study revealed that drivers
aged 65+ have particular difficulties in reliably collecting relevant traffic information, especially if there are
multiple simultaneously recorded external stimuli. For faster reaction sequences, such as those required in
complex traffic situations, older drivers are more stressed than their younger counterparts. Between individuals
the compensation for this loss of performance are widely scattered [3].

Therefore the question is, on the one hand what training and support measures for safe mobility of aged drivers
are useful and on the other hand which technical assistance systems for the specific problems of older drivers are
available.

RELEVANCE OF THE STUDY

The study focuses on elderly car drivers that were involved in an accident with at least one person injured. To
evaluate the relevance of the study on the accident situation of elderly car drivers in Germany, in a first step the
German National Data was analyzed to display the occurrence of accidents with elderly car drivers in Germany.
This analysis revealed that older drivers in fact are not more often involved in traffic accidents, which is assumed
to be a result of the fact that older drivers use their car less and for shorter trips than younger drivers.

Therefore from the statistical data the share of drivers that caused an accident was compared to the share of
drivers that where involved in an accident (being the causer or not), see Figure 1.

Share of main causers in all car drivers involved in accidents

for different age groups
(Accidents with injuries; DESTATIS 2013)

100%
90%
80% 76%
70% 64%

60%
? "'-'"5'5?/3“53%"nsr'a'gv“xgbr'sw-' ------- -

50% All ages: 56%
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10%
0%

Age Age Age Age Age Age Age Age Age Age Age Age Age
18-20 21-24 25-29 30-34 35-39 40-44 45-49 50-54 55-59 60-64 65-69 70-74 75+

Figure 1: Share of accident causers in the group of all car drivers involved in an accident for different age
groups in Germany.
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It was then presumed, that if the share of causers in a certain age group is higher than in another age group, this
indicates that the accent rate in this age group is higher. In general 56% of the car drivers involved in an accident
were the main causers of the accident. When looking at different age groups however, the frequency of being an
accident causer varies significantly. In the group of novice drivers (aged 18-20), which are known to have little
experience and a high acceptance for taking risks in traffic, 71% involved in an accident had caused the accident.
This portion drops to 62% in the age group 21-24 but is still over the portion of all age groups. Experienced
drivers aged between 30 and 60 less often cause an accident compared to the average of 56%. However at the
age group 65 to 69 the share of causers starts to rise again above the average of all age groups. With older ages
the amount of drivers that had caused an accident compared to the amount of involved drivers constantly rises
with 76% for the drivers aged 75 years or older to a point where this share is even higher than in the group of
novice drivers.

Thus the analysis of the German national data shows that older drivers are at higher risk of causing an accident
than the experienced younger drivers.

DATA ANALYSIS

To analyze the accident situation and of older car drivers, The data collected by the accident research unit of the
Hanover Medical School (MHH) was analyzed for the years 2008-2013, including available cases from 2014
(Figure 2).

6486 car drivers

3778 car drivers as main causers
of the accident Analysis of accident types:
Car drivers aged < 65 years: 3154

Car drivers aged 65-74 years: 339

X Car drivers aged > 74 years: 215
Car drivers aged < 65 years: 3154

Car drivers aged 65-74 years: 339

Car drivers aged > 74 years: 215

Car drivers with age unknown 70 Human causation factors (ACAS-Codes) with
known human category:

PKW-Fahrer, Alter <65 Jahre: 3512

PKW-Fahrer, Alter 65-74 Jahre: 374
PKW-Fahrer, Alter > 74 Jahre: 267

Figure 2: Case numbers available for the in-depth accident analysis of older car drivers

6486 car drivers were available in the database for analysis from the above mentioned space of time. To analyze
the accident situation only the main causers of the accidents were included in the analysis, which led to 3778
drivers. Of these 339 were aged 65-74 years and 215 were aged over 75 years. Due to the rather low number of
cases of older drivers the age groups “65-74 years” and “over 75 years” were merged to one group of older
drivers aged 65+, containing 554 drivers.

Analysis of the Accident Type

In a first step the accident type according to the GDV was evaluated. The accidents type is classified by the
initial conflict situation which led to the crash. There are 7 main categories of accident types (driving accidents,
accidents caused by turning-off the road, accident caused by turning into a road or by crossing it, accident caused
by crossing pedestrian, accidents involving stationary vehicles, Accident between vehicles moving along in
carriageway and “other” accidents) which are further specified by nearly 300 subtypes in those categories.

To display specific accident features of older car drivers the distribution of the main categories of accident types
of older drivers is compared to the distribution of car drivers younger than 65 years in Figure 3.
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Accident types for car drivers that caused the accident
M Age <65 (n=3154) ® Age 65+ (n=554)
40%
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Type 1 Type 2 Type 3 Type 4 Type 5 Type 6 Type 7
Driving accident Turning accident  Crossing Accident with  Accident with  Longitudinal Other accidents
accident pedestrian parking traffic traffic

Figure 3: Distribution of accidents types (main categories) for younger and older car drivers.

For the age group comparison of the accident types the following criteria was determined:
* The frequency of each type of accident should be higher for the group of older drivers than for the
drivers aged less than 65 years in order to consider specific accident characteristics for this age group
* These differences must be at least statistically significant to be included in the analysis process.
These criteria were met for the accident types 2, 3 and 4.

Accident type 2 includes accidents which occurred due to a conflict between a road user turning off from a
priority road and a road user coming from the same direction or the opposite direction (pedestrians included!) at
crossings, junctions, access to properties or parking lots. 23% of accidents caused by older car drivers aged 65+
are of this accidents type in contrast to only 17% from younger control group. The most common sub types in
this category for the drivers aged 65+ are displayed in Figure 4 together with the subgroup of drivers aged 75
years or older. For the drivers aged 65 years or older 31% of the turning-off-accidents are accidents where the
driver collides with oncoming traffic on his road when turning left and in 13% of the turning off accidents the
older car drivers has a conflict with a road user coming from ahead on a sidewalk or bicycle path respectively.
Interestingly, the drivers which are even older (age 75+) show a very similar distribution of most frequent

accident-subtypes.
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Figure 4: Most common accident types of older car drivers aged 65+ in category 2 (turning accidents) and of
car drivers aged 75+

Accident type 3 describes accidents that occurred due to a conflict between a turning in or a crossing road user
without priority and a vehicle with priority at crossings, junctions, access to properties or parking lots. In
contrast to younger car drivers with only under 30% the elderly car drivers cause accidents of this type in 34% of
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the cases and therefore these accidents are the most common type of accidents caused by elderly car drivers for
both age groups 65+ and 75+. Figure 5 shows that within this category again no major differences are found
between the age groups 65+ and 75+ concerning the most frequent specific accident types. The small differences
in the percentages can well be explained with the low numbers of cases. So for the eldery car drivers the most
common subtypes are accidents with cyclists coming from the right when entering a crossing as a non-priority
vehicle in 24% of cases and in 22% of cases respectively. Also frequent are accidents based on the conflict with
traffic from the left when entering the priority road either to go straight (type 301 in 12% of cases for the drivers
aged 65+) or to turn in to the left (type 302 in 20% of cases for the drivers aged 65+) or with traffic from the
right when crossing the priority road (accident type 321).
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Figure 5: Most common accident types of older car drivers in category 3 (crossing accidents)

Accident type 4 includes accidents which occurred due to a conflict between a vehicle and a pedestrian crossing
the road (not applicable if he was walking in lateral direction and if the vehicle was turning in). This type is also
applicable if the pedestrian was not hit. Even tough, these types of accidents are not the most common accident
types, this category is relevant for describing the accidents situation of older car drivers because the incidence is
more than double among the older car drivers aged 65+ with 6% in comparison to the car drivers younger than
65 years with only 2.5%. As seen in Figure 6, in this category the most frequent sub-types are accidents with a
pedestrian crossing a road from the left or from the right without obstruction of sight either on a straight stretch
of road (24% respectively 15%) or before a crossing (18% respectively 15%). Even though there are only 14
pedestrian accidents in the sub-group of drivers aged 75 years or older, the most frequent types also have a very
similar distribution like the drivers aged 65+.

401 451 421 431
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F F
B "'I f B i’ B
A A B
Age 75+ (n=14) 36 % 21 % 14 %

Figure 6: Most common accident types of older car drivers in category 4 (pedestrian crossing the road)
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Analysis of human causation factors

The theoretical framework for the analysis of human causes is given with ACAS (Accident Causation Analysis
System) which is a hierarchical classification scheme of five categories of basic human functions and errors in
those that were effective in the emergence of an accident [4]. Except for the first step, information access, the
next steps refer to human functional qualities in a sequential manner, which were active during the accident
emergence either individually or in combination and contributed to the causation. These following steps are:
Information admission, information processing, goal setting/planning and operation (see Table 1).

It has to be noted that, if relevant, multiple causation factors can be assigned to one accident participant. In
addition accident participants which are not the main causers may also have been assigned with causation
factors. For the present study however the focus lays the main causers of the accident, therefore only causation
factors of the main accident causers were analyzed.

Category Examples

1. Information access ...limited or hindered

e Human influences (diseases)

* Information hidden due to obstruction of sight
* Information masking due to darkness or fog

2. Information admission ... inattentive or recognition failure

e Distraction (internal/external)

*  Activation (too high/too low e.g. stress, fatigue)
*  Alcohol/drugs

*  Wrong focus of attention

3. Information ... misjudgment or wrong expectation
processing/evaluation * Insufficient ability to judge a situation
e Communication error

*  Misjudgment of speed or distance

4. Planning ...decision error / intentional breach of rules
*  Wrong maneuver planned

*  Driving above speed limit

5. Operation ...errors while executing the planned action
*  Overreaction while steering

*  Mix-up of pedals

Table 1: Human failure categories according to ACAS

In the next step the categories of human failures of older car drivers were analyzed for the 3 relevant categories
of the accident types which were identified in the previous step. Due to relatively low case numbers of causation
factors it has to be noted that for the very specific accident types, this analysis can only be conducted as a
qualitative description of the accident situation of older car drivers aged 65+ instead of a quantitative statistical
analysis. For this reason, no distinction could be made between the drivers aged 75 years or older from the
drivers aged 65+.

The Human failures at turning accidents (accident type 2) can be divided into two groups of turning
accidents: There are the accidents when turning left and having a conflict with oncoming traffic, accidents types
211 and 224, and there are the accidents when turning right and having a conflict with a participant from a
parallel path such as a bicycle path (accident types 243 and 244). The distribution of human failure categories for
those two groups of accident types is displayed in Table 2. In both cases common causes of those accidents were
human failures from the category “information admission” (causation factors 36 and 17 respectively). These
were mostly from the field of a wrong strategy of observation e.g. a failed reorientation or a missed reassuring
view. Additionally for conflicts while turning left (accident types 211 and 224) a relative high number of failures
due to visual sight obstruction due to other vehicles was reported.
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Frequency distribution at Frequency distribution at
accident types 211 and 224 accident types 243 and 244
Jzn L 224 - _J244 2437
L | W 1
1. Information access 12
2. Information admission 36 17
3. Information evaluation 12 3
4. Planning 3 1
5. Operation 0 0

Table 2: Distribution of categories of human failures for frequent types of turning accidents of older car

drivers

The Human failures at crossing accidents (accident type 3) are also divided into two groups: The accident
type 342 where the car driver has a conflict with a cyclist from the right, travelling on the priority road and
where the car driver has a conflict with a road user travelling on the priority road (accident types 302, 321, 301).
The distribution of human failure categories here also shows a maximum of causation factors from the
information admission (36 respectively 57 factors — see Table 3). The key aspects for the accident type 342 are a
“focus on the other road user” (missing the relevant road user — in this case the cyclist) and a wrong strategy of
observation e.g. a failed reorientation or a missed reassuring view for the accidents types 302, 321 and 301.
Problems with the information access seem to be relevant as well for the older car drivers which often stated that
they were dazzled by the sun in 21 cases when entering a crossing.

Frequency distribution at Frequency distribution at accident
accident type 342 types 302, 321 and 301
J342L __JEORL _J 321 w | -
B—.‘] ] B B—O
A

7 Atw i5:306) A
1. Information access 7
2. Information admission 36 57
3. Information evaluation 3 18
4. Planning 0 10
5. Operation 1 1

Table 3: Distribution of categories of human failures for frequent types of crossing accidents of older car
drivers

The Human failures at pedestrian accidents (accident type 5) when pedestrians cross a road for older car
drivers are categorized by the accidents where a pedestrian crosses the road on a straight stretch of road (types
401 and 421) and by the accidents where the pedestrians crosses the road just before an intersection (431 and
451). Again both groups of accident types were mostly caused by information access failures with 8 respectively
9 causation factors (see Table 4). While on the straight stretch of road the causes of the accidents were often
distraction (external or internal), those accidents that happened just before an intersection were often caused by a
wrong focus of attention.
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Frequency distribution at Frequency distribution at

accident types 401 and 421 accident types 431 and 451
401 421 431

'

Tl

1. Information access 4 1
2. Information admission 8 9
3. Information evaluation 2 1
4. Planning 0 0
5. Operation 1 0

Table 4: Distribution of categories of human failures for frequent types of pedestrian accidents of older
car drivers

CONCLUSION

With older car drivers accidents at intersections seem to be represented more often than with younger drivers.
This suggests that driving assistance systems should primarily focus on providing information about vehicles
with priority and cyclists on bicycle lanes crossing the intended path of the older driver. Camera systems in the
peripheral area or lateral short-range radar systems with blind-spot detection can be integrated into an
intersection assistance system. An accident avoidance potential for the turning accidents at intersections can be
expected from the detection oncoming traffic in combination with a brake assistance system (e.g. building up
brake pressure when leaving the accelerator pedal). A closer look into the accidents caused by the older drivers
aged 75 years or older in comparison to the drivers aged 65 years older revealed no significant differences for all
three analysed types of accidents

Specific training for elderly drivers should be aimed at raising awareness of risks from side roads such as bicycle
paths just before and at intersections including corresponding visual behavior training. Specific requirements of
the "information collection/admission strategy" (e.g. frequency of attention towards different relevant road users)
or the chosen speed when turning at an intersection could represent appropriate training modules.

Infrastructural improvements refer to the availability of clearly identifiable stop lines for turning maneuvers at
intersections. But also conventional solutions such as the installation of mirrors for enhanced observability
during turning maneuvers to the right (better recognition of cyclists approaching from behind) can prevent
"overlooked" road users with priority. Especially when turning right, adaptive rear view mirrors of the car could
provide an appropriate sight towards relevant road users on a parallel bicycle/pedestrian path.

The most common types of accidents with pedestrians crossing the road are on a straight stretch of road with
conflicts with pedestrians coming from the left (24%) and right (15%). Here again the lack of information
acquisition plays the biggest role. The combination of pedestrian detection using, for example, camera- or radar-
based systems with an engaging brake assistant promises to be useful to prevent such accidents from happening.
Since the driver distraction is a problem with this type of traffic conflicts, means to detect the attention condition
of drivers (such as camera-based detection of lost sight of relevant objects) should be implemented. Training for
older drivers should consider a specific module "dealing with and preventing distractions".

Innovative technical developments go towards a recognition of pedestrian intention via camera systems with a
probability calculation for pedestrians crossing the path.
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ABSTRACT

Despite great technical progress in vehicle safety, according to the WHO approximately 1.2 million fatalities
occur on the world’s roads every year. Thus great efforts are undertaken to reduce the number of road fatalities
and serious accidents, or at least to mitigate their impact on road users. The introduction of environment
perception based Advanced Driver Assistance Systems (ADAS) in road vehicles is expected to improve traffic
safety significantly. In today’s vehicles, the prevalent ADAS focus primarily on the longitudinal driving
direction, e.g. Autonomous Emergency Braking (AEB) systems and Adaptive Cruise Control. Whilst the
functional range of these systems continues to expand, there exists a very large portion of critical vehicle
crashes which are not addressed, mainly caused by vehicles leaving the roadway laterally.

Today, Electronic Stability Control (ESC) is one of the only established Active Safety Systems covering
emergency situations in the lateral direction, and always dealing within the physical limits of vehicle
dynamics. Despite the very high effectiveness of ESC systems, there remain many cases in which it is not
possible to prevent unintended lateral roadway departures, especially in cases of driver drowsiness or
inattention, e.g. on American highways or European rural roads. Preventing roadway departure crashes, which
cannot be covered by today’s lateral guidance/lane keeping ADAS, is motivation behind developing a system
for road departure protection. Road Departure Protection systems expand today’s lateral ADAS by active road
keeping in emergency situations before reaching the physical limits of wvehicle dynamics. Based on
environment perception means like road edge detection or road course preview, the system should actively
intervene when unintentionally leaving the roadway. By automated vehicle control, the system keeps the
vehicle on the roadway, thereby protecting against roll-over accidents or collisions with roadside obstacles or
oncoming traffic.

This paper presents the roadway departure problem we face today via accident data and different use cases and
gives insight into the state of the art Active Safety functions and research activities. The functionalities to
address the selected use cases will be described, including functional architectures, a road edge detection
algorithm, approaches to preview the course of the road, sensor fusion concepts, a function cascade, and
activation strategies. First test data will illustrate the function and working area of a Road Departure Protection
system.

A reliable and real-time capable perception algorithm will be demonstrated. For this algorithm, different image
processing techniques are applied to mono camera images to estimate the parameters of a geometric model of
the road edge. It works without any supplementary knowledge about the road infrastructure.



Two system architectures will be presented, which differ in the used surrounding sensors, actuators, functional
capabilities, and system cost. One variant uses a radar sensor, stereo camera and an Electric Power Steering
(EPS) system, whereas another solution uses a mono camera and an ESC system. The vehicle steering
capabilities and limitations of the ESC based steering are discussed in the paper. Finally, an outlook to future
work and possible extensions will be given.

INTRODUCTION

Despite a tangible increase in the volume of traffic in the United States (US), European Union and Japan for
more than a decade, the numbers of fatalities in the same time have been significantly reduced. Along with
traffic policy and road-safety education measures, the main contributory factors here have been safety
technology measures such as the continuous improvement of active and passive vehicle safety.

Continental has demonstrated with the integral safety system ContiGuard that further development in traffic
safety must include — in addition to the individual active/passive safety domains — in particular the complete
network and the integration of vehicle surrounding information, including as well the Human Machine
Interface (HMI). ContiGuard therefore covers all safety functions by integration of crash prevention and injury
mitigation measures, vehicle surrounding sensors, HMI and Safety Telematics, including driver assistance
functions. Instead of “Comfort ADAS”, which addresses mainly enhanced driving comfort, this paper
considers “Safety ADAS” to address challenging driving situations where the safety of vehicle occupants and
other road users is endangered. To identify relevant use cases for new “Safety ADAS”, US and German
accident data is examined in the paragraphs below.

For the United States, the NHTSA “Traffic Safety Facts” 2011 and 2012 [NHTSA11, NHTSA12] report that
approximately 1.6 million and 1.75 million single vehicle accidents happened in 2011 and 2012 respectively,
of which nearly 55% were related to road departure crashes, out of which 36% caused fatalities or injuries.
This amounts to approximately 6% of all accidents in the U.S. in 2011 and 2012. In 2011, of all road departure
crashes, 311,000 crashes with fatalities or injuries were due to a collision with fixed objects, such as parked
vehicles, poles, or trees. The same data shows, once a vehicle has left the road the risk of fatalities and injuries
raises significantly.

On looking further, [NHTSAO2] presents more data on crashes related to off-roadway and classifies them into
different crash scenarios and their frequencies. As shown in Figure 1, departing road edge without losing the
control of the vehicle (straight: 36%, curve: 17%, maneuver: 7%), a scenario which can easily be avoided,
totaled to 55% (525,000) of all off-roadway related crashes.
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US Off-Roadway
Crashes
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W Maneuver + departed road edge Maneuver + lost control

Figure 1: Off-Roadway crashes on US roads

In Germany, 60% of road accidents with fatalities and 25% of road accidents with non-fatal injuries occur on
rural roads. In 2012, this accounted for 2,151 killed and 25,766 seriously injured persons. Out of all accident
victims on rural roads, more than 60% are car occupants [DESTATIS13]. This makes the rural road a focus for
developing new safety systems, particularly in passenger cars.

As demonstrated in Figure 2, a first more detailed analysis of rural road accidents shows that 47% of accidents
are driving accidents that are caused by car drivers losing control of their vehicle. 86% of these driving
accidents lead to the vehicles run-off the carriageway to either side (46% right, 40% left) [GIDAS13]. Car
safety systems could address these accidents by stabilizing the vehicles or by protecting them from road
departure.
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Figure 2: Accident types on German rural roads (left figure) and accident kinds of driving accidents on
German rural roads (right figure) [GIDAS13]

In a second step, all car accidents on rural roads are analyzed, where the vehicle runs-off the road resulting
from a driving accident, i.e. the driver losing control of the vehicle [GIDAS13]. Hereby, accidents with ESC-
fitted vehicles are considered only, as those are regarded state of the art. The causes of accidents with fatalities
or seriously injured are examined as this information delivers necessary input for the system development.

As shown in Figure 3, 38% of all driving accidents on rural roads with the vehicle running of the road are
caused by “other mistake made by the driver” (e.g. inattention, drowsiness), 27% are caused by inappropriate
speed (within speed limits) and 14% are caused by excessive speed (speeding).

Driving accidents with run-off on rural roads
0% 20% 40% 60% 80% 100%

Fatalities or

seriously m 38% 8% Total: 34

injured

M Inappropriate Speed M Excessive Speed
M nfluence of alcohol Other mistake made by driver

Figure 3: Accidents caused by cars on rural roads (accident type = driving accident, accident kind = run-off
road, ESC fitted) [GIDAS13]

Similar to the provided US statistics, the German accident data demonstrates that there is a lack in vehicle
safety regarding the protection from unintended road departure. Regarding vehicle dynamics, the relevant
accidents can be divided into two main groups:

1.) Reaching the physical limits (“lost control”, “speed”) which counts for 45% (US) resp. 41% (GER) of
relevant accidents (Figure 1, Figure 3).

2.) Not reaching the physical limits (“departed road edge”, “other mistake”) which counts for 55% (US)
resp. 38% (GER) of relevant accidents (Figure 1, Figure 3).

To address the second group of these dangerous off-roadway related accidents, in this paper a comprehensive
Road Departure Protection system is presented. The goal of such a function is to protect against unintended
departure of a vehicle from the used roadway. If the risk of roadway departure is high, the driver will be
warned. Should the driver not react to the warning, the Road Departure Protection system will intervene by
automatically adjusting the vehicle course towards a safer, road departure avoidance path.

STATE OF THE ART

The first Lane Departure Warning (LDW) systems were introduced into the market in 2000. Lane Keeping
Support (LKS) systems followed two years later [Winner09]. Since that time, the market increased and these
systems are available for a magnitude of vehicles. Both types of systems monitor the lane boundaries to protect
from lane departure. A study by the Highway Loss Data Institute finds LDW ineffective at preventing
collisions in the field [HLDI12]. The authors of that study assume that drivers are getting too many false
alarms, which could make them tune out the warnings or turn them off completely. Whatever the actual reason,



it seems that warning only systems are not effective and therefore active systems, which are not reacting solely
on lanes, must be considered.

Among other topics, the European research project interactlVVe (accident avoidance by active intervention for
Intelligent Vehicles) investigated such systems. Towards the goal of accident-free traffic, the so-called run-off
road prevention took a key role inside the project activities [interactlVel4].

A serial system addressing road departure accidents was announced by Volvo. In case of a detected run-off
road accident, this system tightens the front safety belts to keep the occupants in position [Volvol14].

SYSTEM OVERVIEW
System Functionality

Road Departure Protection expands today’s lateral ADAS by active road keeping in emergency situations
before reaching the physical limits of vehicle dynamics. The system continuously monitors the road ahead
looking for road edges along with the vehicle position with respect to the road. A road edge is defined as the
border of the drivable area. For instance, the transition from road surface to grass, gravel or a solid barrier like
guard rails. In contrast to LKS systems, the Road Departure Protection system does not react solely on line
markings.

Once an unintended road departure is detected, the driver is warned with visual and audible warnings. If the
driver fails to correct the vehicle path, and also does not indicate that the departure is intended, the function
actively intervenes with the intent to steer the vehicle back onto the roadway while at the same time aligning
the vehicle with the boundary. In case the vehicle cannot be brought back onto the road within the system’s
operational constraints the Road Departure Protection function attempts to stop the departure and aligns the
vehicle with the roadway. The operational limits and effectiveness are determined by the capabilities of the
sensors, actuators, and functional safety analysis.

System Architecture

Figure 4 illustrates the Road Departure Protection system architecture of a Base System and an Enhanced
System. At the upstream, the Base System gathers camera image and road surface roughness information as
inputs, to extract attributes of lane marker, road edge and road surface roughness. In addition to mono camera
image and road surface information, the Enhanced System utilizes data of a radar sensor and a stereo camera.
As the curbstone detection module extracts an additional attribute, the occupancy map of the Enhanced System
delivers further information for the detection of solid boundaries. All attributes are combined together to form
a hypothesis of the existence and position of the road edge

At downstream, the Road Departure Protection function calculates the vehicle motion required to avoid the
road departure and the request is sent to the actuator(s). To steer the vehicle back to the road, differential
braking via Electronic Stability Control (ESC), controlling the brake pressures independently at each wheel, or
optionally electrical steering via Electric Power Steering (EPS) is utilized.
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Figure 4: Road Departure Protection architecture (solid lines: modules of Base System, dashed lines:
additional modules of Enhanced System)

Figure 4 shows major components of the developed Road Departure Protection system, broadly classifying
them in major functions interfaced with sensors and actuation system. With images as input from camera, the
road edge detection function extracts road edge attributes such as lateral offset, relative heading angle and
curvature. Similar attributes for lane markers and curbstones are collected by lane marker and curbstone
detection functions respectively. Road edge, lane marker and curbstone detections provide primary
confirmation of road departure and this can be strengthened by a secondary confirmation from a measured
change in road surface roughness. Different sensors like accelerometers, tire pressure monitors or wheel speed
sensor can be used to detect the change in roughness of the road. This choice of sensors allows the use of
different sensor configurations with same Road Departure Protection system function.

Radar sensor and stereo camera of the Enhanced System allow the generation of an occupancy map which
contains information about the occupancy state of a tessellated area in the vehicle’s field of view. Based on
this map, the boundary estimator module extracts the solid borders of the vehicle surrounding. This provides a
further confirmation of road departure and potential collisions with solid borders (e.g. guard rails, construction
site equipment).

The Road Departure Protection function shares some use-case scenarios with LDW and LKS. Though, it is not
a sub-set of LDW and LKS however. The main environmental information used by LDW and LKS are lane
markers. Lane departures are critical only if there is a risk of collision with other objects and/or a risk of
leaving the road. Such scenarios and their criticality cannot generally be assessed by using lane markers only.
Road Departure Protection limits and extends the operating scenarios of LDW/LKS to provide protection in a
roadway departure event. The Road Departure Protection function can either be implemented as a standalone
active safety function or as extension to functions like LDW, LKS, Lane Center Assist (LCA), and Active



Blind Spot Detection (BSD). In any case the integration of Road Departure Protection functionality into either
of these functions is beneficial because of the similarity of concepts, designs, and implementations. LDW,
LKS, and Road Departure Protection may be implemented as modes of a lateral departure protection function.
An even higher level of integration can be achieved by combining Road Departure Protection, LDW, LKS,
LCA, and Active BSD into a comprehensive Lateral Support Systems component. This way these functions
jointly provide all lateral safety support to the driver.

Road Departure Protection integrates driver intention monitoring, road departure detection, kinematic control
and dynamic control, calculating required yaw moment using inputs from road edge detection, vehicle states
and driver’s inputs such as steering torque, accelerator and braking. In the following sections, the two main
components of the proposed system, road edge detection and Road Departure Protection function are discussed
in detail.

ROAD EDGE DETECTION

In general, the road edge estimation is a challenging task in case of arbitrary combinations of lane markings
and unmarked road sides. It has to deal with different types of roads as highway, country, rural, tunnel, etc.,
where lane markings are visible, scarce or missing at all. This problem is faced by combining the techniques of
a multi-lane detection and road segmentation in order to determine the road boundary on asphaltic roads.
Additionally, illumination changes like shadows or irregularities on the road surface make a separation from
road to non-road area very difficult. There are a lot of approaches given in literature that deal with the multi-
lane recognition on well-structured roads [Zhao12]. A particle filter is used to identify hypotheses for the road
edges by analyzing image features. The integration of a multi-lane detection system makes the algorithm
unaffected by the road type and the number of lanes.

A popular technique to separate the homogeneous road surface from the non-road area is texture analysis
[Rasmussen04]. The approach is designed for country roads and might not return the road boundary if
markings are present. In [Enzweiler13] a stereo camera system in combination with a high precision digital
map is used, which has to contain some information about the road edge already. Although, color information
[Alvarez11] seems to be a promising feature after a transformation to a color space that is more robust for
illumination changes, a monochrome camera image is used here. In contrast to a feature based approach with a
neural network like [Strygulec13] which requires a lot of training data for road segmentation, it is relied on the
estimation of a geometric road model by online calculated image features without the need of any additional
training data. A camera-only approach was developed that does not need any other sensor information. The
basic concept has been shown in [Jandal3a, Jandal3b].

Nearly every road follows a clothoid, which is a curve with linearly changing curvature with respect to its run
length. The calculation of a first-order Taylor approximation of this clothoidal model leads to a third order
polynomial. Both road edges are defined in the same vehicle coordinate system. In our local vehicle coordinate
system the x-axis points in the longitudinal direction of the vehicle, the y-axis points to the left and the z-axis
points upwards. In ascending order, the coefficients of the polynomial identify, the distance to the center of the
origin of the road coordinate system (0), the ascending slope between the longitudinal vehicle axis and the
tangent at the start point (1), as well as the curvature (c,) and the curvature change rate (c,). Furthermore an
adequate dynamic model is used to represent the vehicle movement between two points in time, such that the
change of orientation is compensated. Those parameters form the state space of the considered estimation
problem. The state probability density of the state space is approximated discretely by a finite set of particles.
Hence, a particle filter is applied. Each particle consists of a state hypothesis x = (0,2, ¢cg,c;), Which is a
realization of the state space and an importance weight. The importance weight is proportional to the
likelihood of state x for observing some measurements. Finally, a point estimation of the particles is utilized to
get the most likely road edge hypothesis. The most challenging task is the identification of image features
which are appropriate to deduce suitable weighting functions for the task of estimating road edges.

At first, each road edge hypothesis is transformed to the image domain. This is done by sampling the
polynomial up to a certain distance. Then, each of the sampled points is projected into the image domain with
the help of the known camera calibration. Finally, the sampled and projected points are approximated, to get a
continuous representation of a road edge hypothesis in the image. A weighting function for a hypothesis takes
into account either the image area covered by a hypothesis of a road edge or the neighborhood of a hypothesis
in the image. Given a road edge hypothesis x, the pixels that belong to the projected hypothesis are indicated



by Br(x). Pixels in a neighborhood on the left of the road edge hypothesis for right borders are denoted
by B, (x) and pixels in a neighborhood on the right of the hypothesis are contained in Bg(x). Remember, that
for a left road edge hypothesis the meaning of these two sets changes. An important requirement is to know the
image areas which are covered by road markings. However, it is sufficient to identify longitudinal road
markings in the direction of motion. Image processing algorithms are applied exclusively to pixels which do
not belong to any road marking. Removing road markings in the preprocessing makes the road edge estimation
algorithm more robust and more accurate.

Importance functions for edge gradient images and texture images were introduced in [Jandal3b]. Longitudinal
contours in images might be the result of a road edge. For each pixel in Br(x) the distance to the pixel with the
biggest gradient norm within a local neighborhood of ten pixels is calculated. A weighting function for
contours takes into account the biggest gradient norm in the neighborhood of a road edge hypothesis. The
weight wg(x) is the geometric mean of the biggest gradient norms in the neighborhoods of the pixels of Bg(x).
By contrast, the texture feature evaluates B,(x) and Bg(x). Furthermore, a two dimensional discrete cosine
transform is applied to those image areas taking into account another 8x8 sized pixel neighborhood. As
described in [Jandal3a], the result of the transform is 64-dimensional vector. The first value is the mean gray
value over the 8x8-window. The remaining entries contain the frequency spectrum of this part of the image.
The variance of these 63 coefficients is computed and it shows that for asphalt the variance is slightly lower
than for most of the other image parts. Consequently, the ratio of the geometric mean of the variances
belonging to B;(x) and the geometric mean of the variances that belong to B,(x) are interpreted as an
importance weight wr(x). If one of the three sets Br(x), Bg(x) or Bs(x) is empty, the weight is set to one.
Finally, the overall weight for a hypothesis is the product of the results of the single image weighting
functions: w(x) = wg(x) wp(x).

ROAD DEPARTURE PROTECTION
Road Model

As mentioned, the Road Departure Protection function receives camera images as input from which attributes
and confidence of lane markings along with road edge is extracted. This is fused with the change in road
surface roughness information to estimate the confidence of detected road edges. The advantage of using this
approach of fusing the inputs from different sensors to reinforce the confidence of road edge is to keep the
sensor interface open and extensible. The sensor fusion can easily be extended to include the objects or
infrastructure details like road side curbs, guardrails, barrels and dividers, improving the ability of road model
function to identify the road edges and their relative confidence.

The fusion is based on Bayesian Belief Network [Barber12] where the inputs include, but are not limited to,
probability of adjacent lane, marker position, color, quality, type, road edge, probability of road merge, road
exit and road surface roughness. The Road model function provides the estimates of left and right road edge
along with the attributes such as lateral offset from vehicle center of gravity, relative heading angle, curvature
and curvature derivative, to represent them as clothoids [Dickmann92] which is used for estimation of road
departure.

Road Departure Detection

The Road departure detection component is responsible for correctly identifying the road departure scenarios
based on inputs from road model and the vehicle motion with respect to the road. It estimates Distance-to-Edge
(DTE), lateral offset from the vehicle to closest road edge, Time-to-Edge (TTE), a time estimate of when the
vehicle might cross the road edge, and the corresponding lateral Velocity-to-Edge (VTE).

Before Road Departure Protection interventions are activated, the impending road departure is notified to the
driver in two stages, pre-warning and acute warning. The pre-warning is an early warning, suggesting a mild
corrective action by the driver, whereas, a more aggressive intervention is needed to correct the vehicle course
after the acute warning. Road departure detection component calculates Time-to-Steer (TTS), which
corresponds to the available time to steer the vehicle to avoid road departure while limiting the lateral
acceleration (a,) to a pre-specified safe value. TTS can be customized by selecting the maximum allowable a,,
values for pre-warning and acute warning, to suit the reaction time and potential of the driver to avoid road
departures.



Driver Intention Monitoring

A crucial aspect of active safety systems like Road Departure Protection is to avoid intrusive intervention to
the driver and therefore the system should always honor the driver’s request to take over the control of the
vehicle. If not done, drivers may lose confidence in the safety system and might even turn the function off
thereby negating any benefit which otherwise may have been provided. The driver intention monitoring
component is responsible for identifying different aspects of driver behavior like driver feedback, activity, lane
change intention and intention to overtake, by monitoring the vehicle and actuators states like steering, brake
and throttle pedals as well as the turn indicators and other driver inputs. These measures help to limit the Road
Departure Protection system intervention to minimize the intrusion to driver, avoiding interventions when
driver wants otherwise, and assisting when driver needs the intervention.

Kinematic Control

Kinematic control component takes the inputs from road model, driver intention monitoring component and
vehicle states to calculate the intervention and classify it into cascaded phases, as shown in Figure 5. When an
unintended departure is detected, a warning is issued and if no corrective action is taken by the driver, Road
Departure Protection enters into a pre-fill phase, where the brake system is prepared for the further
intervention. The prefill phase is later followed by a first lateral control phase (L1).
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Figure 5: Road Departure Protection control phases

The L1 lateral control phase is further cascaded into a second lateral control phase (L2), followed by alignment
and ramp-out sub phases. When in lateral control phase, the kinematic control calculates a correction path to
correct the position and heading error of the vehicle with respect to the detected road edge. The correction of
the heading error should always have a higher priority than the position correction as preventing or mitigating
the road departure is of upmost importance. The calculated correction path is represented as a clothoid, from
which the desired curvature is derived (Eq. 1).

Coarcers = 2 ((522) Wy - (522) w, ©
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Based on the vehicle states and position of the vehicle relative to the road, available longitudinal distance for
correction (Ax), available lateral distance for position correction (AYy), available lateral distance for heading
angle correction (AY,,), and a set of dynamic weights for position correction (W,) and heading correction (W,,)
are computed. When the vehicle is getting closer to the road edge in an impending departure (departure
scenario), these weights are computed to cooperate and request higher curvature whereas soon after the
intervention when the vehicle is moving away from the road edge onto the roadway (return scenario), these
weights compete to reverse the curvature request. This dynamic weighing helps in faster position and heading
correction in departure scenarios and limits the overcorrection during return scenarios.

The lateral control intervention is further cascaded, to escalate the interventions from moderate to strong in
order to give the driver additional reaction time while still offering support through the automatic path
correction and the reduction in kinematic energy. The gradual increase of the steering authority may also be
used to allow for higher a, and yaw rate (w,) but still ensure driver controllability.

Following the lateral control phase, during the alignment phase, the objective is to ensure that the vehicle is
aligned with the road edge before giving the control back to the driver. As the objective is to correct the
heading, the position correction term is not included in curvature request calculation (Eq. 2).

Cosaign = 2 (35 tan(6)) @

In the final ramp-out sub phase, kinematic control prepares to give the control back to the driver by ramping
down the curvature request to zero.

Dynamic Control

The dynamic control component takes the desired curvature request as input from the kinematic control and
responds to it by calculating a steering angle request for EPS or a yaw moment request for ESC. In the second
case, ESC accordingly applies differential braking by requesting brake pressures at each wheel. With ESC, the
performance of steering correction is influenced by the vehicle’s steering geometry, as higher positive scrub
radius is favorable for steering with differential braking. The dynamic control limits the requested yaw
moment and its gradient to a value which can be overridden, in case the driver wishes to do so, ensuring an
additional layer of safety to avoid an excessive steering intervention.

EXPERIMENTAL RESULTS

Road Edge Detection

Figure 6: Road edge with line markings and guard rails under various lighting conditions



Figure 7: Roads with grass edge and partly shadowy surface

Figure 8: Road edge with gravel and with curbstone

In order to evaluate the capability of the road edge detection algorithm, test drives on various German roads
were conducted. Figure 6 to Figure 8 show the estimated right road edge for sample driving scenarios. Various
road edges like curbstones, guard rails, gravel, and grass were detected. Tests under various lighting conditions
demonstrated the capability to detect the road edge also under harsh environment conditions, like partly
shadowy road surface or bridge/tunnel passages.

Road Departure Protection

Prototype Vehicle Setup To develop and validate the whole Road Departure Protection function concept,
two prototype vehicles were built. One, a pick-up truck, was equipped with the Base System and the other, a
sedan, was equipped with the Enhanced System. For this paper, the test results for the Base System will be
described. The developed prototype under test includes a mono camera, mounted near the rear-view mirror
behind the windshield, and a pair of accelerometers, mounted on the upper control arm of each front wheel to
measure the vertical acceleration of the wheel. For the purpose of this study, the road surface roughness
detection was configured to detect rumble strips, which are very common in the U.S. to mark the road
boundaries. In this prototype the Electronic Stability Control (ESC) system was used as the primary lateral
control actuator.

Vehicle Steering Capability Before testing the Road Departure Protection function, the steering capability
of the prototype vehicle was evaluated. Open loop curvature requests were sent to the lateral dynamic
controller to investigate the maximum curvature capability and accuracy of the system control. This testing is
especially important in the case of steering by differential braking as the steering capability depends highly on
the vehicle’s steering and suspension geometry. Figure 9 shows the curvatures defining the potential capability
and limitations of the system relative to the possible road curvatures. ‘Max. ESC Steer’ represents the steering
capability of the prototype, which, above the lower operational speed limit of 55km/h, exceeds the most
extreme road curvatures, represented by ‘Max. Road (e=10%)’ (Maximum curvatures for a banking angle of
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10%). The maximum curvature supported by the camera used in the prototype vehicle is shown in the plot as
‘Max. Camera’. At approximately 80km/h and above the lane marker detection capability exceeds the steering
capability and the maximum road curvatures. With the components currently used in the developed prototype,
the region ‘Avoidance’ indicates the potential road departure avoidance region and region ‘Mitigation’
indicates the curvatures on which road departures can be mitigated. This however may change with
components used and functional limits.

0.014 T T
--------- Max. Camera
\ Max. Road (e=10%)
0.012 ——— Max. ESC Steer ]
N vitigation
0.01 Awidance L
£
=, 0.008
g
=
g
£ 0.006
O
0.004
0.002
0
40 60 30 100 120 140

Host Velocity [km/h]
Figure 9: Potential benefits and limitations

Use Case Validation Results The use-case behavior and performance of the Road Departure Protection

function has been tested on a closed course test track. To study the performance at different speeds, road
departure use cases were tested at velocities between 64 km/h and 129 km/h (40 mi/h and 80 mi/h) in
increments of 16 km/h (10 mi/h). Under curved road use case conditions, lower speeds were tested 64 km/h
(40mi/h). In 23 out of 25 tested use cases, the road departure was completely corrected ending with the vehicle
back on the road and aligned with the road boundary.
Figure 10 shows the effectiveness of intervention with DTE, intervention phases and requests on a straight
road at 95 km/h speed. As the vehicle gets closer to the road edge and DTE drops to 0.4 m, a warning is issued.
With the vehicle being 0.3 m over the edge, steering intervention starts with lateral control phase L1, honoring
curvature request from kinematic control and requesting yaw moment at front and rear independently. The
lateral control phase extends to L2 bringing the vehicle back onto the road. At approximately 8.3 s, Road
Departure protection system enters into align phase and ending the intervention with ramp-out phase.

11



Distance to Edge and RDP Phases [1-L1, 2-L2, 3-Align, 4-Ramp-ouf]

g 4 : il DTE
8 : T
g : H H —— RDP Phases | |
2 H i [ - ;
= : . Warning
E i i
) \_\,_’
= H
o H
-2 -
0 5 10 15
X 10'3 Kinematic Control - Curvarure Request
2
=0 [-\ N\ A
§ e~ W
3 -2
-4
0 5 10 15
Dynamic Control - Yaw Moment Request
4000
~A Front
2000 —— Rear |1
E o e S W
Z ‘_‘_.}v A andil o' gl
-2000 \/
-4000
0 5 10 15
Time [s]

Figure 10: Road departure protection phases and requests

CONCLUSION AND OUTLOOK

The developed and presented Road Departure Protection system integrates an effective road edge detection
function with cascaded kinematic and dynamic control functions to protect against unintended road departures.
The proposed function can be integrated with different possible sensor configurations to enhance the ability to
detect road departures. The steering capability of the prototype system proves that the differential braking
based Road Departure Protection system is capable of avoiding road departures even on roads with very high
curvature values in some vehicle configurations.

The presented system provides all required functionalities for Road Departure Protection. It has the potential to
further increase vehicle safety and to contribute to traffic with zero accidents. Thus, product development is
ongoing at Continental.

The tested Road Departure Detection system takes advantage of differential braking via ESC. Utilizing
electrical steering via Electric Power Steering (EPS) offers further possibilities to keep the vehicle on the road
and to protect from road departure.

The presented system reacts after an impending road edge crossing has been detected. In case of inappropriate
or excessive speed, the influence on the vehicle dynamics is limited because the physical limits have been
reached. These accident cases could be covered by PreView ESC which detects the course of the road before
entering a curve [Schaeferl2]. Based on the predicted upcoming road curvature the driver is supported when
the vehicle is approaching the curve too fast. The new active safety system identifies the critical situation with
road map data and on-board GPS. The target vehicle speed is a function of road curvature and friction. The
function is initiated when the driver releases the accelerator pedal and starts steering in the curve direction.
The function commands a smooth but resolute brake intervention as long as the vehicle is too fast. In the
critical curve driving phase the vehicle is guided by ESC wheel individual brake intervention. Experiments
have shown that in a situation where the vehicle is close to instability, the system is very effective to assist the
driver safely through the maneuver. Research is ongoing in this direction.
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ABSTRACT

The purpose of this research is to identify whether the road departure accident reduction performance of the
Lane Departure Alert (LDA) system is consistent with driver acceptance. If a vehicle deviates from the lane,
the LDA system warns the driver and/or automatically steers the vehicle back into the lane to help avoid an
accident. However, the system cannot perform as expected if the driver feels that the system is annoying and
turns it off. Therefore, the consistency between the accident reduction performance and driver acceptance of
LDA was studied by investigating driving behavior based on a new form of two-dimensional analysis using the
distance to the lane boundary (DTLB) and the lateral velocity of the vehicle.

INTRODUCTION

In Japan, in 2013, single-vehicle accidents (such as rollovers and collisions with stationary objects or vehicles) and
frontal collision accidents accounted for approximately 21% and 10% of fatal accidents, respectively. A high
proportion of these accidents occurred when the vehicle departed from the road [1]. Reducing such road departure
accidents is a major challenge in the development of technology to help achieve the ultimate target of zero fatalities
and injuries from traffic accidents.

The importance of reducing road departure accidents has also been recognized at a governmental level. For example,
in 2011, the National Highway Traffic Safety Administration (NHTSA) in the U.S. began assessments of lane
departure warning (LDW) systems developed to help reduce these accidents [2]. Similar assessments have also been
introduced in Europe and Japan.

In Japan, human factors such as drowsiness, distraction, and intoxication are involved in approximately 80% of road
departure accidents (Figure 1) [3]. Furthermore, it was found that roughly 70% of drivers performed no steering or
braking operations after departing the road in these accidents [3]. This suggests that many road departure accidents
occur without the driver realizing that the vehicle is departing from the lane.

¥ Drowsiness

® Distracted by internal
or external factors
Intoxication

B Combinations of drowsiness,
distraction, and intoxication
® No reason or other reasons

Figurel. Human factors of road departure accidents.

The Lane Departure Alert (LDA) system was developed as a driver support system to help prevent road departure
accidents. It uses a forward monitoring camera to recognize the markings that identify lane boundaries. If there is a
high probability of lane departure, LDA warns the driver and/or performs control to steer the vehicle back inside the
lane. When in operation, this system is reported to be an effective way of helping to prevent road departure accidents

[4].



However, if LDA activates frequently in non-dangerous situations, the driver will feel annoyance and switch the
system off. Since LDA can have no accident reduction effect if it is not switched on, it is important to design a
system that is both effective at reducing accidents and that will not be turned off by the driver.

This paper describes research into the feasibility of reducing both accidents with the LDA steering control and driver
annoyance by investigating and analyzing driving behavior.

RELATIONSHIP ANALYSIS OF LDA ACTIVATION FACTORS

To study how to help reduce accidents while minimizing driver annoyance with the system, this section analyzes the
relationship between the key LDA control factors. As shown in Figure 2, there are three control factors: the
maximum lateral distance traveled out of the lane (A), the steering control magnitude (B), and the intervention
timing (C). Since the maximum lateral distance traveled out of the lane must be restricted to help reduce road
departure accidents, the research first examined a control target for this factor.

Figure 3 shows the distribution for the lateral distance traveled beyond the lane boundary in road departure
accidents, as described in the 2007 Traffic Accident Investigation and Analysis Report by the Japanese Institute for
Traffic Accident Research and Data Analysis (ITARDA) [3]. The bars in the graph show the number of road
departure accidents and the line shows the cumulative distribution. This figure indicates that at least 80% of road
departure accidents occur with lateral distance traveled out of the lane of 0.5 m or more. In other words, activating
the LDA system so that the lateral distance traveled out of the lane is 0.5 m or less may be an effective measure for
at least 80% of road departure accidents. Therefore, the development aimed to restrict the maximum lateral distance
traveled out of the lane to less than 0.5 m using the functions of the LDA system.

C: Intervention timing

DTLB
A: Maximum lateral distance
traveled out of the lane ? 0

~— 3
B: Steering control magnitude

Figure2. LDA control factors.
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Figure3. Distribution of lateral distance traveled out of lane in road departure accidents.

Next, the research examined the relationship of the lateral distance traveled out of the lane with the steering control
magnitude and intervention timing. To restrict the lateral distance traveled out of the lane, it is possible to either
increase the steering control magnitude (proposal 1) or adopt the earlier intervention timing (proposal 2). In contrast,
however, smaller steering control magnitude and later intervention timing are preferable conditions for minimizing
driver annoyance with the system. As shown in Figure 2, this paper expresses the intervention timing using the



distance to the lane boundary (DTLB) variable. DTLB defines the direction toward the inside of the lane as a
positive value, taking the lane boundary as the origin point.

Figure 4 shows the results for proposal 1 (greater steering control magnitude) and the results for proposal 2 (earlier
intervention timing). Each graph indicates how the maximum lateral distance traveled out of the lane (i.e., the
minimum DTLB) varies with different steering control magnitudes and intervention timings, respectively. The
simulations assumed the following conditions for calculation: a vehicle speed of 100 km/h, an initial lateral velocity
(i.e., the speed at which the vehicle approaches the lane boundary) of 1.0 m/s, and a vehicle response delay for the
steering control after lane boundary recognition of 0.5 s. The maximum lateral acceleration was set to 1.0 m/s” in
accordance with the technical guidelines established by the Japanese Ministry of Land, Infrastructure, Transport and
Tourism (MLIT) [5]. The intervention timing in proposal 1 was fixed at the DTLB of 0.2 m and the yaw
acceleration in proposal 2 was fixed at 3.5 deg/s” in Figure 4.
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Figured. Results for proposal 1 (greater steering control magnitude) and proposal 2 (earlier intervention timing).

When the steering control magnitude was increased with proposal 1, the reduction in maximum lateral distance
traveled out of the lane (i.e., the increase in minimum DTLB) became markedly less pronounced after the steering
control magnitude exceeded 4 deg/s. This is because the maximum lateral acceleration of the steering control has an
upper limit, regardless of the speed by which the control starts up. For another reason, the ECU processing time,
communication delay, and vehicle response time must be considered before the vehicle responds to the steering
control after lane boundary recognition. As a result, the vehicle has already started to depart from the lane when the
vehicle response occurs.

In this case, adopting earlier intervention timing in proposal 2 should help to reduce the maximum lateral distance
traveled out of the lane (i.e., increase the minimum DTLB). The maximum lateral distance traveled out of the lane
decreases by the amount that the intervention timing is speeded up. The gradient in proposal 2 is linear.

Therefore, based on the results for proposal 2, it was concluded that earlier intervention timing would be more
effective than greater steering control magnitude in helping to reduce the maximum lateral distance traveled out of
the lane.

INVESTIGATION AND ANALYSIS OF DRIVING BEHAVIOR

The previous section identified earlier intervention timing for the steering control as a potentially effective way of
reducing the maximum lateral distance traveled out of the lane. However, adopting earlier intervention timing for
the steering control may trigger LDA activation in non-dangerous situations, potentially annoying the driver.

For example, the LDW assessment performed by NHTSA defines a warning that starts at DTLB of 0.75 m or more
as too early and not in compliance with the assessment criteria [2]. The standard issued by the International
Organization for Standardization (ISO) also contains the same requirement [6]. These requirements were probably
established because a system that activates too early is unlikely to be accepted by drivers.

Proposal 2 in Figure 4 indicates that to achieve maximum lateral distance traveled out of the lane of less than 0.5 m,
the system must activate at DTLB of approximately 0.8 m when the lateral velocity is 1.0 m/s. However, this means
that the system will activate from a position close to the center of the lane, which is highly unlikely to be accepted
by drivers.



Therefore, this research examined this issue from another standpoint by investigating driving behavior using a new
two-dimensional (2D) form of analysis that incorporates lateral velocity as well as DTLB. It was hypothesized that
drivers would drive closer to the lane boundary when the lateral velocity is low but would tend to drive further away
from the lane boundary when the lateral velocity is high. This hypothesis was then verified as described below.

Test conditions

Data was acquired by a forward monitoring camera. The DTLB and lateral velocity detected by the camera were
then recorded. Table 1 shows the detailed test conditions.

Tablel.
Test conditions.
Item Content
Vehicle Lexus GS
Market Japan
Model year 2012
Camera Originally equipped on the

vehicle for the Lane Keeping
Assist (LKA) system
Top center of windshield

Position of camera

Test method

Informed consent was obtained from at least ten test subjects, who were asked to drive the vehicle described in
Table 1 in a normal driving style. The driving behavior of these drivers was then recorded. Table 2 shows an outline
of the test scenario and Table 3 describes how the data was acquired.

Table2.
Test scenario.
Item Content
Period Apr. 5,2013 — Dec. 13, 2013
Route Mainly Aichi, Shizuoka, and Yamanashi in Japan
Incl. both highways & general roads
Drivers More than 10 people
Driving style Normal
Table3.
Data acquisition methods.
Variable Method
Vehicle speed Vehicle CAN
DTLB Recognized by camera
Lane width Recognized by camera
Lateral speed Differential of DTLB
Road curve radius Recognized by camera

The measured data includes different lane widths and curve radii. However, it is thought that the lane width and the
size of the curve radius change the positional relationship between the vehicle and the lane marking. Therefore, the
lane width and the size of the curve radius were categorized from (a) to (i) as shown in Table 4 and then analyzed.
Since the inside of a curve is more likely to intersect with the driving region, the DTLB and lateral velocity at the
inside of the curve were used. The “Curve G” value in Table 4 is the square of the vehicle speed divided by the
curve radius.
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Test results

In the test, normal driving behavior was recorded over total distance of 16,285 km. Most data was recorded at a
speed of 50 to 60 km/h on general roads and at around 100 km/h on highways. In all regions where a lane marking
was detected by the camera, 2D distribution of the DTLB and lateral velocity was plotted and the distribution
indicated by color. The red areas indicate high frequencies and represent normal driving behavior. The blue areas
indicate low frequencies. Figure 5 shows the plotted results for category (a) in Table 4.

According to Figure 5, the highest frequency is obtained at a lateral velocity of 0 and DTLB of 0.8. This has
ellipsoidal distribution. When driving straight in the center of the lane, the driving behavior is likely to be close to
the center of this ellipsoidal region.

An approximation was carried out using 2D normal distribution to analyze the distribution in Figure 5 statistically.
First, the correlation coefficient between the DTLB and lateral velocity was calculated to be -0.0076. Since this
indicates virtually no correlation, the probability density distribution f(v,, D) of the 2D normal distribution was
calculated following Equation 1, where, v,, is the lateral velocity, D is the DTLB, Oy, is the standard deviation of

vy, Op is the standard deviation of D, vy, is the average of vy, and D is the average of D.

f(v,,D) = lyJD exp [— ! (@ + @)] )

21Oy Tvy op

To calculate the regions with the highest probability in which normal driving occurs, an ellipsoidal isopleth drawn
between positions of equal values in the 2D normal distribution was used. The probability of data falling inside this
ellipsoid was calculated following Equation 2 by integrating Equation 1 using the region inside the ellipsoid (S)
defined when the exponential part of Equation 1 is set to -C*/2.

2

P =[f, f(v,D)dS = [f, ——e zdv,dD=1—-¢"7 (2
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This calculation was applied to the data in Figure 5. Figure 5 also shows the ellipsoid drawn when the result of
Equation 2 is 99%. The actual proportion of data inside the ellipsoid is 98.2%, indicating that the margin of error for
the 2D normal distribution model is 0.8%, which is regarded as a comparatively close approximation.

The 99% ellipsoidal isopleth indicates that virtually all driving behavior is within this ellipsoid. Therefore, Figure 5
shows that, as the lateral velocity increases, the ellipsoid (lower limit) moves further away from the lane boundary
(DTLB=0). This result quantitatively verifies the hypothesis for category (a).
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Figure5. Driver behavior analysis using 2D normal distribution.

Categories (a) to (i) in Table 4 were analyzed in the same way. Figures 6 shows the 99% ellipsoidal isopleth results
for each lane width. All results follow the hypothesis.

In addition, Figures 6 also indicates an increasing trend for vehicles to depart from the lane as the curve radius
becomes sharper and the lane becomes narrower, and at lower lateral velocities.
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DISCUSSION

Driving behavior was identified in the previous section. The following section discusses the driving regions
analyzed above and the consistency of the target maximum lateral distance traveled out of the lane (0.5 m).

The required intervention timing to achieve maximum lateral distance traveled out of the lane of 0.5 m was
calculated and the driving regions were plotted on the same graph (Figure 6). This graph assumes a vehicle speed of
100 km/h, a yaw rate gradient of 3.5 deg/s’, and a vehicle response delay for the steering control after lane boundary
recognition of 0.5 sec.

Figure 6 indicates that, as the lateral velocity increases, the target of 0.5 m is not achieved without earlier
intervention timing. In addition, the driving regions analyzed above (i.e., the 99% ellipsoidal isopleth results) were
plotted on the same graph. The DTLB lower limit values for the driving regions also increase in accordance with the
lateral velocity. As a result, the figure shows that the required intervention timing almost entirely does not intersect
with the driving regions. This means that it should be possible to achieve the target maximum lateral distance
traveled out of the lane of 0.5 m when LDA control is started outside the driving regions.

From these results, the newly proposed 2D analysis of driving behavior using DTLB and lateral velocity shows that
it may be possible to help reduce both accidents and driver annoyance with the system by adopting later intervention
timing when the lateral speed is low, and earlier intervention timing when the lateral speed is high.

CONCLUSIONS

This paper studied how to help reduce both accidents and driver annoyance with the LDA system by investigating

and analyzing driving behavior. The following results were obtained.

e Normal driving behavior was identified using a 2D analysis method incorporating DTLB and lateral velocity. It
was found that drivers approached or crossed the lane boundary when the lateral velocity was low, but drove
further away from the lane boundary as the lateral velocity increased.

e The normal driving position is affected by the size of the curve radius and the lane width. It was found that
drivers tended to depart from the lane as the curve radius becomes sharper and the lane becomes narrower, and
at lower lateral velocities.

e The possibility of intersection between the driving region and LDA activation falls when later intervention
timing is adopted at low lateral speeds and earlier intervention timing is adopted at high lateral speeds. Based
on this concept, it may be possible to help reduce both accidents and driver annoyance with the system.

This research assumed that activation of the system would not be invasive outside the 99% driving region. However,
if strong steering control is applied in this case, the system is unlikely to be accepted by drivers. Therefore, further
research is needed into the relationship between the steering control magnitude and driver acceptance.
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ABSTRACT

Road departures account for nearly one-third of all fatal crashes. Lane departure warning (LDW) and lane
departure prevention (LDP) have the potential to mitigate the number of crashes and fatalities that result from
road departure crashes. The objective of this study was to predict the effectiveness of LDW and LDP in
preventing road departure crashes if all vehicles in departure crashes in the U.S. fleet were equipped with
either system. A set of 478 road departure crashes extracted from NASS/CDS 2012 were used to formulate a
simulation case set. Each of these crashes were than simulated with and without LDW and LDP systems. The
LDW system was assumed to alert the driver at the instance the leading wheel touched the lane marking. A
steering-based LDP system was assumed to operate in conjunction with LDW (i.e. by alerting the driver of a
lane departure) and directly modulate steering wheel angle at the instance the leading wheel touched the lane
marking. Four hypothetical LDP designs were evaluated, using typical evasive maneuvering behavior from a
lane departure, to be representative of “light”, “moderate”, “aggressive”, and “autonomous” steering. The
LDW system was estimated to reduce the number of crashes by 26.1% and the number of seriously injured
drivers by 20.7%. In contrast, the light steering to aggressive steering LDP systems were estimated to reduce
the number of crashes by 32.7% to 37.3% and the number of seriously injured drivers by 26.1% to 31.2%. The
LDP system with autonomous driving characteristics were estimated to reduce the number of crashes by 51.0%
and the number of serious injuries by 45.9%. This study shows that LDW and LDP could mitigate a large
proportion of crashes and injuries in lane departure crashes. This paper is directly relevant to the design and
evaluation of LDW and LDP systems.

INTRODUCTION

Road departure crashes are one of the most harmful crash modes in the United States. A review of crashes in
the National Automotive Sampling System (NASS) General Estimates System (GES) and Fatality Analysis
Reporting System (FARS) databases from years 2010 to 2011 indicate that departure crashes accounted for
only 10% of all crashes yet comprised 31% of all fatal crashes [1]. Lane departure warning (LDW) and lane
departure prevention (LDP) are emerging active safety systems that have the potential to prevent departure
crashes and injuries.



LDW works by alerting the driver, via an auditory, visual, or haptic warning [2], of a lane departure. However,
the effectiveness of this system is limited by the driver’s ability to respond to the departure event. In contrast,
LDP can directly modulate vehicle trajectory using various modalities, including steering or selective braking

of the vehicle’s wheels.

There is a need to distinguish between the expected benefits of LDW and LDP, specifically for the
implementation and design of these systems. In the U.S., the New Car Assessment Program (NCAP) tests for
the presence of LDW only [3]. In the European NCAP (EuroNCAP), the presence of LDW or LDP is awarded
equal points because of a lack of evidence that one system is more beneficial than the other [4].

The objective of this study was to compare the predicted safety benefits of LDW and LDP as if all vehicles in
departure crashes in the U.S. fleet were equipped with either system. Two measures of safety benefits were
evaluated: (1) the number of crashes that could have been avoided were investigated, and (2) the number of
seriously injured drivers that could have been prevented.

METHODOLOGY

Figure 1 summarizes the approach for estimating LDW and LDP benefits in the U.S. vehicle fleet. Each process in
the model is discussed in detail in the following sections.
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Figure 1. Simulation of NASS/CDS Road Departure Crashes to Estimate Benefits of a Steering-Based LDP
System.



Formulation of a Simulation Case Set
Data Source

Crashes in the 2012 National Automotive Sampling System Crashworthiness Data System (NASS/CDS) were
used to formulate the simulation case set. NASS/CDS is a nationally representative sample of crashes that
occurred in the U.S. Approximately 5,000 crashes are investigated annually by the National Highway Traffic
Safety Administration (NHTSA), and data collected by these investigators are compiled into the NASS/CDS
database. To be included in the database, at least one vehicle had to have been towed from the scene due to
damage. The database includes detailed medical records and information from the crash environment, such as
road characteristics and vehicle information, which make it ideal for this study. Each case is assigned a
national weight factor. The weight indicates the number of similar crashes that occurred annually in the United
States. The results presented in this paper use these case weightings, in order to make them nationally
representative. The simulation case set in this study included only single vehicle crashes where the driver
drifted out of their lane, and excluded other single vehicle crashes, such as control loss or contact with animals
in the roadway.

Estimating Departure Conditions

Although a very detailed database, NASS/CDS lacks many of the lane departure conditions needed for this
study, including departure speed, angle, and road radius of curvature. In order to estimate these missing
parameters, the National Cooperative Highway Research Program (NCHRP) Project 17-22 was used to predict
these missing parameters. The NCHRP 17-22 dataset consists of 890 NASS/CDS road departure crashes from
1997-2004 for which supplemental data collection was conducted on road departure conditions [5].

Statistical multivariate models for estimating departure conditions were formulated using the following
process. First, one-way ANOVAs were used to determine which predictors significantly correlated with the
departure conditions of interest. Second, models were developed to maximize the adjusted-R?, or goodness of
fit measure to the data. Three values were selected for each variable that represented the 17th, 50th, and 83rd
percentiles of three equally portioned areas under a normal probability distribution. This model development
strategy was previously implemented by Kusano et al. [6].

Review of Event Records

The shoulder width of the road, the travel lane of the vehicle, and lane markings were required for the
simulations. However, these parameters are not coded in the NASS/CDS database. Accordingly, these
measures were determined through manual review of scene evidence. Shoulder width was estimated from
scene photographs. Our approach was to categorize shoulder width as (a) zero-width, (b) between 0.3 and 1 m
wide, (c) between 1 to 3.6 m wide, or (d) over 3.6 m wide. If the shoulder was less than 0.3 m, it was coded as
zero-width. A width of 3.6 m was chosen because a typical highway lane in the U.S. is no wider than 3.6 m.
Initial travel lane was determined through reading the written event narrative and review of the scene
diagrams. Manual reviewers identified the presence of lane markings on scene photographs at the approximate
point of the first lane departure that led to the crash.

Driver Reaction Time

Drivers were simulated as having reaction times of either 0.38 s or 1.36 s. These values were chosen as upper
and lower bounds on reaction times based on a past driving simulator study by Suzuki and Jansson [7]. They
performed a study in a driving simulator with 24 drivers and 54 departure events. Depending on the warning



modality and if the driver was informed or not informed of the LDW system’s function, the reaction times
varied between 0.38 s to 1.36 s.

Simulation Case Set Replications

Each case was represented in the simulation case set multiple times. Each replication was given an equal
probability of occurring. The number of replications were determined using the possible crash conditions
previously described. For example, a crash that occurred on a curved road and with a shoulder width between
0.3 and 3.6 m had the most number of simulations (2 reaction times x 3 departure velocities x 3 departure
angles x 3 radius of curvatures x 2 shoulder widths = 108 simulations).

Simulation of Lane Departure Crashes

Kinematics simulations were performed using CarSim® vehicle simulation software [8]. The CarSim vehicle
model was of a model year 2000 Ford Taurus assumed to be a representative car in the fleet. This specific
vehicle was selected to be consistent with the VFU driver model [9]. Trajectories were simulated using initial
conditions from the simulation case set, the VFU ACAT driver model [9], the LDW model, and the LDP
model. All numerical integration was performed using 4th order Runge-Kutta method, and the simulation time
step was set to 0.01s. The travel lane in the simulations was 3.48 m wide for divided highways and 3.64 m
wide for undivided highways, as found from cases in the NCHRP 17-22 database.

Driver Model

To model driver control we used a driver recovery model developed by Volvo, Ford, and UMRTI (VFU)
through the Advanced Crash Avoidance Technologies (ACAT) Program, with sponsorship from NHTSA [9].
This model was developed to study driver steering and speed response to lane departure warning systems.
Steering is adjusted through a proportional control feedback loop based on the yaw rate of the vehicle. As the
vehicle approaches the edge lines of the road, the driver model considers the yaw of the vehicle, identifies if
that yaw will cause lane departure, and makes a proportional change to the yaw rate to maintain vehicle
position in the lane [10]. The parameters for the driver model were based on driving simulator experiments
performed in Ford’s VIRTTEX driving simulator, which matches the 2000 Ford Taurus CarSim model that was
developed for the VFU ACAT project and that was used in this study. Driver steering control was only
implemented after vehicle departure occurred and the driver had become attentive.

LDW and Steering-Based LDP modeling

In our simulations, the LDW system alerted the driver at the instance the leading wheel touched the lane
markings. The modeled LDP system works by directly modulating steering wheel angle. Additionally, the LDP
system was assumed to work in conjunction with an LDW system, i.e. the driver will still react after a lane
departure occurs. When the driver became attentive, LDP was assumed to no longer contribute modulating
steering.

Four potential LDP system designs were evaluated. Each LDP systems has unique steering wheel angular rates
and maximum steering angles that were intended to replicate “light”, “moderate”, “aggressive”, and
“autonomous” LDP systems. As shown in Figure 2, when LDP became activated, steering wheel angle would
change linearly at the prescribed angular rate, and would become saturated at the LDP maximum value. The
“moderate” LDP system (rate = 20 degrees/second, maximum = 4 degrees) was designed using data from low
severity departures. An analysis was performed on low angle departures that occurred during the IVBSS
naturalistic driving [11]. The “light” (rate = 10 degrees/second, maximum = 2 degrees) and “aggressive” (rate
= 40 degrees/second, maximum = 8 degrees) steering parameters were scaled to be one-half and two-times the

“moderate” values, respectively. The “autonomous” LDP (rate = 100 degrees/second, maximum = 50 degrees)
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steering parameters were determined using emergency driver steering data following severe lane departures.
These values were taken from a previous study by Kusano and Gabler [12] that investigated severe lane
departures during the Virginia Tech Transportation Institute (VTTI) 100-car study [13, 14].
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Figure 2. Steering control with LDP system.

Benefits Estimation

This study was interested in the number of crashes and seriously injured drivers that could have been prevented
with LDW and LDP. The benefits estimation methodology used have been previously implemented and
described by Kusano et al. [6].

Probability of a Crash

For a given simulation, indexed by i, the roadside terrain was discretized into zones, indexed by k, that were
parallel to the road boundary. The road boundary was defined as the edge of the paved road, i.e. crashes were
only assumed to occur off the paved road. We assume that the probability of a crash was dictated by two
factors: 1) the distance travelled laterally from the road, and 2) the total distance travelled off-road.

The NCHRP 17-22 data was used to estimate collision risk in these zones. The 17-22 dataset was ideal for this,
because the number of crashes in each of the roadside zones, Cj, and the distance traveled in each roadside zone, y;,
could be determined. Given the total simulated trajectory length in each zone k, L, the probability of a crash
P[Crash;], for a given trajectory could be calculated using Equation 1.

(1) P[Crash;] =1 —T]K_  exp (— %)

Probability of Seriously Injury Driver

The NCHRP 17-22 dataset was used to calculate probability of an injury given a simulated trajectory. For this study,
a seriously injured driver was defined to be a driver with a Maximum Abbreviated Injury Score of 3 or greater using
AIS98 [15]. In summary, the probability of a seriously injured driver was statistically modeled using logistic

regression functions. Departure velocity and seat belt usage were used as independent variables, and injury outcome



was the dependent variable. After determining the probability of an injury given the departure conditions P[injury;c],
the probability of an injury given the simulated trajectory, P[injury;], could be calculated using Equation 2.

2) P[Injury;] = P[Injury,c] P[Crash;]

Effectiveness Calculation

Benefits estimates were computed to determine the proportion of crashes and seriously injured drivers that could
have been prevented if the vehicle had been equipped with LDW or LDP. As shown in Equation 3, this can be
represented by an effectiveness measure, €, that is computed as the proportion of crashes reduced with LDW/LDP.
Because the number of nationally representative crashes and seriously injured drivers without LDW are known, the
simulated cases without LDW or LDP were additionally weighted to reflect these counts.

(3) €= Nwithaut LDW/LDP_Nwith LDW/LDP

Nwithaut LDW/LDP

RESULTS

Table 1 summarizes the number of single vehicle drift out of lane road departure crashes in NASS/CDS 2012.
Approximately 15% of all NASS/CDS 2012 crashes were drift out of lane departures. A manual review of
cases was then performed to eliminate incorrectly coded cases within the database. Additional, cases were
excluded for having disproportionally high case weight, for the departure being at a T-intersection, and for
having multiple departure sides. Cases with weightings greater than 5,000, as others have done in the existing
literature [16], were eliminated, because their simulated effectiveness greatly skew the data. The resulting 478
lane departure crashes formed the 20,118-simulation case set for making LDW/LDP benefits estimates, and are
represented of 147,662 crashes nationally.

Table 1. Case count summary. Cases were eliminated in the sequence described.

Group n Freq.
All Crashes in CDS 2012 3,581 | 1,996,016
Drift out of Lane Departures 629 293,937
Valid Departure after Manual Inspection 556 271,810
Exclusions for Weight > 5,000 5 91,577
Valid Departures End Pepartures 8 1,767
Multi-side Departures 65 30,804
Final Dataset for LDW Modeling 478 147,662

Table 2 lists the number of crashes and injuries without LDW/LDP systems along with the predicted
effectiveness of LDW and LDP systems. The LDW system was estimated to reduce the number of these drift
out of lane road departure crashes by 26.1% and the number of seriously injured drivers by 20.7%. In contrast,
the light steering to aggressive steering LDP systems were estimated to reduce the number of crashes by 32.7%
to 37.3% and the number of seriously injured drivers by 26.1% to 31.2%. The LDP system with autonomous
driving characteristics were estimated to reduce the number of crashes by 51.0% and the number of serious
injuries by 45.9%.



Table 2. Effectiveness of LDP in U.S. Vehicle Fleet.

Effectiveness
Measure Values (% Improvement)
Crashes
No LDW or LDP 147,662 -
with LDW 109,404 26.1%
Light 99,412 32.7%
. Moderate 96,939 34.4%
with LDP Aggressiveness 92,613 37.3%
Autonomous 72,403 51.0%
Injuries (MAIS3+)
No LDW or LDP 30,098 ——
with LDW 23,871 20.7%
Light 22,233 26.1%
. Moderate 21,722 27.8%
with LDP Aggressiveness 20,694 31.2%
Autonomous 16,274 45.9%

The effectiveness of LDW and LDP depended on the number of lanes crossed before departure. Figures 3 and
4 show the effectiveness of LDW and LDP by the number of lanes crossed before departure. Because this
model assumes no objects or vehicles on the paved road, the effectiveness of LDW and LDP were expected to
be dependent on the system’s ability to prevent a departure from the paved road.
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Figure 2. Effectiveness of LDW and LDP in reducing the number of crashes given the number of lanes which
needed to be crossed prior to leaving the road (n=20,118 simulations).
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Figure 3. Effectiveness of LDW and LDP in reducing the seriously injured drivers (MAIS 3+) as a function of
shoulder width (n=16,920 simulations).

Figures 3 and 4 show the effectiveness of LDW and LDP by shoulder width. Like number of lanes crossed
before departures, wider shoulders provided additional time and space for returning the vehicle to the road.
Only simulations that had no adjacent travel lanes crossed prior to departure, i.e. traveling in rightmost or
leftmost lane, are tabulated to isolate the effect of shoulder width from number of lanes before departure.
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DISUSSION

These results indicate that LDP systems can prevent a larger number of crashes and seriously injured drivers than
vehicles instrumented with only LDW. The potential benefits of LDP are dramatically influenced by the number of
lanes crossed before departure and shoulder width. The influence of these factors on benefits is especially important
when considering that 30% of crashes occurred on roads with no lane markings, and 29% of crashes occurred on
roads with no shoulder.

Steering-based LDP systems are attractive for a number of reasons. First, by modulating vehicle trajectory, LDP not
only warns the driver of a lane departure, but also gives the driver directional information about the required
recovery maneuver. By its nature, this warning with directional information may serve to further improve driver
reaction time and response. Second, steering-based LDP systems have the ability to begin returning the vehicle to
the departed lanes prior to driver reaction. Even steering-based LDP system with relatively light steering input still
yielded a substantially greater effectiveness than a simple LDW system.

There are several limitations to the current study. First, the mechanism which led to the lane departure was not
considered. The reason for initial lane departure, such as distractive driving or drowsiness, may be important to
consider when predicting driver response. Second, this model assumes that when the vehicle crosses adjacent lanes
there is no contact with other objects or vehicles. This approach provides a best case scenario, and may lead to an
overestimation of the systems effectiveness. Third, the LDP systems used in this study are simplistic representations
of actual LDP systems. For instance, the current model applies an angular rate to the steering wheel that becomes
saturated at some nominal value. Actual steering-based LDP systems may have more complex steering inputs that
are dependent on a variety of factors, such as vehicle speed and trajectory. Also, LDP systems can provide other
modes of lane departure prevention, such as through selective braking of wheels to direct the car back into the lane.
Fourth, LDW and LDP were assumed to become activated when the leading wheel crosses the line. In reality,
systems can become activated before or after lane departure occurs.

CONCLUSIONS

This study shows that LDW and LDP could mitigate a large proportion of crashes and injuries in lane departure
crashes. The results indicate that LDP systems are more effective than LDW systems at preventing the number or
crashes and seriously injured drivers in the U.S. fleet. This data also demonstrates the sensitivity of these measures
to LDP steering prior to driver reaction, and the dependency of effectiveness on number of lanes to road departure
and road width. This paper is directly relevant to the design and evaluation of LDW and LDP systems. The results of
this study could inform policy on regulatory and consumer rating tests.
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ABSTRACT

Objective: This paper describes the results of the Honda-DRI ACAT-II program initiated by the National
Highway Traffic Safety Administration (NHTSA) to develop test and evaluation procedures and methods to
assess the safety benefits and effectiveness of advanced driver assistance technologies. The objectives of the
ACAT-II program were further development of a formalized Safety Impact Methodology (SIM) for estimating
the capability of advanced technology applications installed in vehicles to address specific types of motor
vehicle crashes, and to evaluate driver acceptance of the technologies.

Methods: This particular ACAT study extended earlier work by Honda and DRI in the NHTSA ACAT-I
program by extending the SIM so as to be able to analyze head-on crashes more completely, and by using the
extended SIM to evaluate of a pre-production version of a Honda Head-on Crash Avoidance Assist System (H-
CAAS). More than 25 substantial SIM extensions and refinements were implemented, including: updated and
extended FARS and NASS database extractions; improving the accident reconstruction process for NASS/CDS
cases and developing a new special purpose reconstruction algorithm applicable to head-on cases with low
lateral acceleration “drifts;” extending the driver-vehicle-ACAT-environment simulation to include a post-
conflict recovery phase; and further automating the overall safety benefits evaluation steps. The extended SIM
and results from objective tests were used to evaluate the safety impact of Honda’s pre-production H-CAAS
based on a large number of simulations of a sample of reconstructed real-world head-on crashes.

Results: The effectiveness of the H-CAAS in reducing the number of two-vehicle “Same Trafficway, Opposite
Direction” crashes (including non-H-CAAS technology relevant crashes) and fatalities if the H-CAAS were
installed on one of the crash involved vehicles were estimated to be a 2.6% reduction in these types of crashes
and a corresponding 11.3% reduction in fatalities based on simulation results. The overall benefits of the H-
CAAS, in terms of reduction in number of crashes and fatalities, when projected to the annual US level were
estimated to be a 2,966 reduction in the number of US crashes and a corresponding reduction of 450 US
fatalities per year. The results are based on various assumptions, approximations, and limitations that are
summarized herein and further documented in the supporting references, such as the representativeness and
accuracy of the supporting data and reconstructed accident pre-crash scenarios.

Conclusions: Overall, this ACAT-II program was successful in extending and demonstrating a methodology
that can be used to estimate the effectiveness and safety benefits and driver acceptance of frontal crash
avoidance and mitigation countermeasures. The methods used are directly relevant to the test and evaluation
procedures to assess the safety benefits and effectiveness of advanced driver assistance technologies.
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INTRODUCTION

The National Highway Traffic Safety Administration (NHTSA) initiated the Advanced Crash Avoidance
Technologies (ACAT) program in 2006 to determine the safety impact of new and emerging crash avoidance
technologies. This involved developing a Safety Impact Methodology (SIM) and framework, including objective
tests, as summarized in Carter et al. (2009) and Funke et al. (2011). In 2008 NHTSA initiated a second phase of this
program (ACAT-II), the primary objective being to further develop a formalized SIM methodology in order to
evaluate specific types of vehicle crashes.

BACKGROUND

Honda, Dynamic Research Inc. (DRI) and many others have been developing and applying safety impact analysis
methods for many years. These methods are multi-disciplinary, involving accident data analysis, accident
reconstruction, driver and vehicle modeling and simulation, and injury and fatality risk modeling, based on models
ranging from theoretical to empirical depending on the sought for accuracy and available information. For example,
Suzuki et al. (2006) described a prototype safety analysis system to forecast vehicle safety benefits using a fleet
systems model based on real-world crash scenarios, accident and exposure data for existing vehicles, and estimated
sales and technology effectiveness for future vehicles. The systems model incorporates the estimated effectiveness
of various existing and proposed safety technologies in order to estimate the incremental and combined effects of
these technologies, which may be complimentary or redundant. This tool was inspired by previous work by Henson
(1978), Najm (1999, 2000), Kuchar (2001), and others. Sugimoto et al (2005) described a method to estimate the
effectiveness of advanced driver assistance systems in avoiding or mitigating crashes using simulations of the driver,
vehicle, technology, and environment during the pre-crash phase of reconstructed real-world crash scenarios. The
driver model for these simulations was structured based on the NASA MIDAS model (Hart et al. 2001).

More recently Honda and DRI and other researchers have had Cooperative Agreements with NHTSA for either the
ACAT-I program or subsequent ACAT-II program, or both programs. The ACAT-I program (Carter et al. 2009;
Funke et al. 2011) comprised four research teams from Honda and DRI; Volvo, Ford, and the University of
Michigan Transportation Research Institute (UMTRI)); Toyota; and General Motors and Virginia Tech
Transportation Institute (VTTI). In the ACAT-I program Honda and DRI extended the ACAT SIM tool based on
their earlier work and used the SIM to evaluate a prototype Honda Advanced Collision Mitigation Braking System
(A-CMBS), as described in Zellner et al. (2009), Sugimoto et al. (2010), and Van Auken et al. (2011a, 2011b). The
Volvo-Ford-UMTRI team developed a SIM to estimate the benefits of a Lane Departure Warning (LDW) system
(Gordon et al. 2010), Toyota developed a SIM to estimate the benefits of a Pre-Collision Safety System (PCS) (Aoki
et al. 2009), and the GM-VTTI team developed a SIM to estimate the benefits of a Backing Crash Countermeasure
(Perez et al. 2011).

The ACAT-II program comprised two research teams from Honda and DRI; and Nissan and UMTRI (NHTSA
2009). This paper summarizes the cooperative research by Honda and DRI under the ACAT-II program, which
involved further extensions to the previously developed SIM tool and applying it to evaluate the effectiveness and
safety benefits of a pre-production Honda Head-On Crash Avoidance Assist System (H-CAAS). Progress reports for
this study were presented in Van Auken et al. (2011c), Sugimoto et al. (2011), and Zeller et al. (2012). More
detailed methods and results from this study are presented in Zellner et al. (forthcoming).

In addition to the two NHTSA ACAT programs, the ACAT teams and other researchers are continuing to develop

and refine ACAT SIMs. For example, Kusano et al. (2013) has developed a methodology for using advanced event
data recorders (EDRs) to reconstruct vehicle trajectories for use in the SIMs. Kusano et al. (2012) has investigated

the identification of target populations for active safety systems. Both of these examples correspond to activities in
the NHTSA ACAT SIM framework described in Carter et al. (2009).
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Project Aims

The primary objective of the NHTSA ACAT-II program was to further develop a formalized SIM to estimate
the capability of advanced technology applications installed in vehicles to address specific types of motor
vehicle crashes. A secondary objective was to evaluate driver acceptance of the technologies and, if applicable,
how that acceptance could be improved.

Scope of the Study

The scope of this study involved:

*  Theoretical and software extensions to the existing Honda-DRI ACAT-I SIM tool, which provides an
estimate of advanced technology safety benefits at the US level,;

* Refinement of the objective test procedures and apparatus (i.e., car Guided Soft Target (GST)) and the
slowly increasing steer (SIS) test procedure in order to facilitate the use of the steering wheel torque
model in the Crash Sequence Simulation Module (CSSM) simulations;

* Using the data from previous objective tests to parameterize, calibrate and validate the SIM tool;

*  Delivering an extended SIM tool which includes improved modules for automated reconstruction of
conflict and crash scenarios from available databases; automated definition and sampling of
Technology Relevant Crash Types (TRCTs); dynamic simulations involving a human-vehicle-device-
environmental model; and an overall safety effects estimator;

* An example application of the extended SIM tool using objective test data which involved safety
effectiveness and benefits estimation for Honda’s pre-production Head-on Crash Avoidance Assist
System (H-CAAS).

SAFETY IMPACT METHODOLOGY

NHTSA'’s Safety Impact Methodology framework (Carter et al. 2009) is illustrated in Figure 1. This framework
comprises 22 different Functions (e.g., “Archival Data”). These functions are grouped into seven different activities
illustrated by the large open boxes (e.g., “Data Usage”), which are also grouped into three main areas indicated by
the box color coding (i.e., orange, blue, and purple). Of the 22 different Functions, 11 Functions were implemented
by the Honda-DRI SIM tool and the other 11 Functions were accomplished “off-line”.

An overview of the Honda-DRI ACAT SIM and the extensions made during the ACAT-II program are summarized
in Zellner et al. (2012). The SIM is described in further detail in Van Auken et al. (2011b) and Zellner et al.
(forthcoming). The extensions made to the SIM for the ACAT-II program are further described in Zellner et al.
(forthcoming).
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Figure 1. NHTSA ACAT SIM Framework (Carter et al. 2009).

ADVANCED TECHNOLOGY AND SAFETY AREA ADDRESSED

A pre-production Honda Head-On Crash Avoidance Assist System (H-CAAS) was selected as an example of
an advanced technology to be evaluated using the ACAT-II SIM. The pre-production H-CAAS was designed to
be installed on light passenger vehicles (i.e., passenger cars and light trucks) to prevent or mitigate certain
types of head-on crashes. These crash types primarily include head-on crashes where driver inattention (e.g.,
distraction, drowsiness, and/or impairment) is a contributing factor. It is assumed that the subject vehicle in
these cases drifts with up to 0.05 g lateral acceleration, which is assumed to be not noticeable kinesthetically
(i.e., sub-threshold) by the driver in the absence of visual cues (e.g., visual distraction, drowsiness, etc.) based
on published literature (e.g., Young (1973)).

The Size of the Crash Problem

The potential numbers of crashes, involved vehicles, and fatalities that represent the size of the problem for the
entire US motor vehicle fleet are listed in Table 1 in terms non-technology specific crash types that have been
broadly defined in terms of NASS Crash Configurations (e.g., “Same Trafficway, Opposite Direction” or
simply “Opposite Direction”) (NASS 2000). Some of these crashes were not expected to be addressable by the
H-CAAS due to either vehicle application (e.g., passenger car vs. motorcycle), vehicle role (e.g., struck
vehicle), or other technology relevant factors. For example, the results in Table 1 include 239,000 crashes
involving non-light passenger vehicles (e.g., motorcycle only crashes), on which the pre-production H-CAAS
was not designed to be installed, involving 253,000 vehicles and 3,953 fatalities.
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Table 1.

Estimated Crash Problem Size for the Entire US Motor Vehicle Fleet in the 2009 Calendar Year

Estimated Number of
Crash Category Crash Type Crashes (1000s) | Vehicles (1000s) Fatalities
1-vehicle All 1,749 1,749 19,869
2-vehicle Opposite Direction 116 232 4,024
Other 2-Vehicle 3,303 6,605 7,747
3 or more Vehicles 3 or More Vehicles 328 1,048 2,168
Total 5,496 9,635 33,808

H-CAAS Description

The pre-production Head-on Crash Avoidance Assist System (H-CAAS) is illustrated in Figure 2. The H-
CASS automatically predicts certain types of impending head-on collisions, warns the driver, and applies
braking in order to reduce the effects of an impact on occupants and vehicle damage as illustrated in Figure 3.
The H-CAAS sensors, operation scenario, and mapping between the crash sequences and the H-CAAS internal
and warning states are described in Zellner et al. (2012). Note that this pre-production H-CASS was still under
development at the time of this evaluation. Many issues (e.g., reliability verification through field operational
tests using product level sensors) were yet to be resolved before any mass production could occur. Therefore
the performance and effectiveness of the pre-production H-CAAS for this program is not related to any current
or possible future production H-CAAS or other ACAT.
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Figure 2. H-CAAS System Configuration.
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1. Subject Vehicle travels forward along its intended path.

Subject Vehicle

2. When the driver is inattentive (e.g., distracted, drowsy and/or impaired), the Subject
Vehicle begins departing from its intended path. Then an oncoming vehicle approaches.

Figure 3. Proposed Head-On Crash Avoidance Assist System Operation Scenario.
Technology Relevant Crash Types

It is generally assumed that the ACAT effectiveness in reducing the probability of conflicts, crashes, injuries,
and fatalities depends on the numerous variables related to the crash circumstances. In order to estimate the
safety benefits it is necessary to first quantify the ACAT collision and fatality effectiveness in Technology
Relevant Crash Types (TRCTs) for which the ACAT is intended to be effective, based on a detailed technical
understanding of the ACAT functionality. The H-CAAS has seven TRCTs that were defined by the ACAT
designer based on coded crash scenario database variables as described in Zellner et al. (2012).

The Size of the Problem Addressed

The numbers of addressable crashes, fatalities, and vehicles involved in each H-CAAS TRCT listed in Table 5
of Zellner et al. (2012) were then estimated using the OSEE Fleet Systems model as described in Van Auken
(2011b). The Fleet Systems model was used with the H-CAAS TRCT classification criteria in Tables 3 and 4
of Zellner et al. (2012) in combination with the corresponding in-depth crash scenario database, in order to
effectively interpolate the FARS (Tessmer 2006) and GES (NASS 2009) results in Table 1 to the H-CAAS
TRCT level of detail (see, for example Najm et al. (2007)).

OBJECIVE TESTS
Objective testing in the ACAT-II program involved upgrades to the Guided Soft Target (GST) developed
during ACAT-I; and detailed analysis of driver responses collected in previous Driving Simulator tests using

an earlier prototype Crash Avoidance Assist System (CAAS). The second generation GST system is described
in further detail in Kelly et al. (2011).
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Driving Simulator Tests

Data from a previous series of driving simulator tests using a prototype Crash Avoidance Assist System
(CAAS) were used to quantify driver responses to (and corresponding driver response parameter values for)
head-on conflicts with and without the ACAT, and also driver acceptance of the ACAT. The prototype CAAS
system was an earlier version of the pre-production H-CAAS system, and was assumed to be sufficiently
similar to the H-CAAS system for the purposes of this program. The driving simulator tests were conducted
using the DRI Driving Simulator, as using established internal protocols for treatment of participants, as
described in Zellner et al. (2012). These tests, which included 8 “distracted” driver subjects and 5 “drowsy”
driver subjects, are further described in Zellner et al. (2012).

Driver Model Parameters

During emergency driving it was assumed that the driver uses a pre-cognitive emergency driving procedure to
attempt to avoid the crash. This emergency driving procedure was modeled by switched, open-loop driver
braking and steering wheel angle or torque time histories. The emergency driving response time histories were
modeled by a parsimonious set of parameters described in Zellner et al. (2012) in order to characterize
different “driver behaviors.” The parametric steering time history was also refined for the H-CAAS evaluation
in order to allow for asymmetric steering responses as illustrated in Figure 4, which was the typical steering
response observed in the Driving Simulator tests for head-on drift scenarios. The asymmetric steering response
represents a half sinusoid emergency steering maneuver followed by a second half sinusoid recovery maneuver
with smaller amplitude and longer duration intended to bring the driver back into the original travel lane.

The driver specific emergency steering and braking response parameter values were determined by fitting the
driving simulator test data for each driver subject, as described in Zellner et al. (2012). The resulting modeled
emergency responses for the driver subjects are then assumed to be a representative distribution of “driver
behaviors”.
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Figure 4. Parametric Form of the Assumed Driver Pre-Cognitive Emergency Steering Procedure.
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SIMULATION RESULTS

The effectiveness and benefits of the H-CAAS were estimated based on the results from the Crash Sequence
Simulation Module and Overall Safety Effects Estimator.

CSSM Simulation Results

The CSSM was used to simulate the conflict scenario with each of the unique driver-behavior combinations
and with and without the ACAT, in order to estimate the relative reductions in numbers of crashes, injuries,
and fatalities due to the ACAT. There were 106 unique simulation cases that were sampled using the
Technology Relevant Case Sub-Sampling Tool (SIM Module 2) covering 5 of the 7 TRCTs (The other two
TRCTs were the “S2” TRCT, which involved loss-of-control and were therefore not reconstructable by the
current AART, and the “S6” TRCT, for which there were also no reconstructable cases in the 2000 through
2007 calendar year crash scenario dataset used; therefore these TRCTs have been omitted from the remainder
of this analysis and are treated as H-CAAS having no safety effect.). There were a total of 26 different driver-
behavior combinations observed in the simulator test results, which were simulated both with and without the
ACAT. Therefore the total number of CSSM simulations was 103 x 26 x 2 = 5,512 simulations. With an
approximate time per simulation of 1.5 minutes, the total simulation run time was about 138 CPU-hours or
5.75 CPU-days. The CSSM simulation results are further described in Appendix A.

OSEE Results

The Overall Safety Effects Estimator was used to estimate at the US level the number of crashes, vehicles, and
fatalities for the 2009 model year modeled fleet with and without the ACAT in the 2009 calendar year based
on the CSSM results which are summarized in Table A3. These estimates were based on actual accident and
exposure data for individual make-model vehicles in the 2008 model year fleet in the 2008 calendar year, using
the Fleet Systems model described in Suzuki et al. (2006) and Van Auken et al. (2011b). The modeled fleet
comprised Honda and Acura vehicles.

For example, one exemplar make-model vehicle in the modeled fleet (a 2008 model year 4-door Honda Civic)
was involved in 1,830 accidents involving 2 vehicles in the 2008 calendar year resulting in 14 fatalities, based
on VIN decoded NASS/GES and FARS data. Based on this information and other information about the 2008
and 2009 make-model vehicle (i.e., vehicle size, weight, safety equipment, sampled distribution of driver ages
and sexes, and assumed vehicle registration year exposure), it was estimated by the Fleet Systems model that
the 2009 model year make-model vehicle would have been involved in 1,276.5 accidents and 7.9 fatalities in
the 2009 calendar year without the H-CAAS, and 1,274.4 accidents and 7.5 fatalities with the H-CAAS. These
results are based on the assumption that the 2-vehicle crash cases in the Fleet Systems model, which were
derived from NASS/CDS, PCDS, GES data (NASS 2000, 2002, 2009), are a representative sample of 2-vehicle
crashes in the US. Therefore the number of crashes, vehicles, and fatalities can in effect be interpolated to the
non-technology specific crash type and by TRCT level of detail by the Fleet Systems Model.

Repeating these assumptions and analysis for 1-vehicle, 2-vehicle, and 3-vehicle crashes and summing the
results, it was estimated that the 2009 model year exemplar make-model vehicle would have been involved in
2,437.7 accidents and 15.5 fatalities in the 2009 calendar year without the H-CAAS, and 2,435.7 accidents and
15.1 fatalities with the H-CAAS.

The total number of accidents, vehicles, and fatalities in the modeled fleet with and without the H-CAAS were
then estimated, at the same level of crash type detail, by repeating this process using the Fleet Systems Model
for all make-model vehicles in the modeled fleet. The results were that the 2009 model year modeled fleet
would have been involved in 10,221 accidents and 55.4 fatalities in the 2009 calendar year without the H-
CAAS, and 10,208 accidents and 54.0 fatalities with the H-CAAS. Of these totals it was estimated that there
were 495 accidents and 12.8 fatalities in non-technology specific “Opposite Direction” crashes without the H-
CAAS, and 482 accidents and 11.3 fatalities with the H-CAAS.
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US Level Safety Benefits

The benefits of the Honda H-CAAS projected to the entire US Light Passenger Vehicle Fleet in the 2009
calendar year were estimated according to the methods described in (Burgett et al. 2008). The results are based
on the size of the crash problem listed in Table 1 and the estimates of effectiveness for each TRCT from the
Overall Safety Effects Estimator that are listed in Table A3. The overall benefits for each crash type listed in
Table 2 can be calculated by multiplying the TRCT effectiveness values in Table A3 by the corresponding
ratio of the number of TRCT crashes in Table 5 of Zellner et al. (2012) to the total number of crashes in

Table 1. The benefits for each TRCT in Table 3 are then equal to the baseline problem size in Table 1 times the
overall effectiveness in Table 2 according to Eq. (2) in Zellner et al. (2012).

Table 2.
Overall Estimates of Effectiveness of the H-CAAS by Non-Technology Specific Crash Type Projected to
the Entire US Light Passenger Vehicle Fleet in the 2009 Calendar Year

. Estimated Effectiveness
Non-Technology Specific Crash Type Crashes Vehicles Fatalities
2-Vehicle Opposite Direction 2.6% 2.6% 11.3%
Other crash types 0.0% 0.0% 0.0%
Overall 0.1% 0.1% 1.3%
DRIVER ACCEPTANCE

Preliminary subjective ratings and objective data related to "driver acceptance" were also collected in the
previous Driving Simulator tests with a prototype CAAS described herein. These data indicated that, in regard
to CAAS "effectiveness," the driver subjective ratings were favorable, indicating that the participants found the
system to be helpful, with most ratings among distracted and drowsy drivers being similar. Eighty-two percent
found the system to be “Effective,” “Very Effective” or “Extremely Effective.” Eighteen percent rated the
system “Somewhat Effective,” while none of the participants rated the system “Not at All” effective. Drowsy
drivers found the system to be more effective than distracted drivers, with 79% rating the system as “Very
Effective” or “Extremely Effective.” When asked if the participant would like to have the system installed in
their vehicle, only two of the 20 participants said “No.” Interestingly, the two participants who indicated “No”
were from the drowsy group, which rated the system more favorably, on average.

Participants placed a monetary value on the prototype CAAS system somewhere between $250 and $1000.
Seventy-seven percent of all participants placed the value of the system above $250, while 55% valued the
system at a level above $500. Again, the drowsy drivers tended to assign a higher value than did the distracted
drivers.

In regard to the "acceptance" (i.e., annoyance) evaluation tests, which were intended to quantify the effect of
the False Positive steering wheel torque pulses, the subjective ratings were very favorable (i.e., not annoying)
in terms of Ease of Performing the Driving Task and Sense of Discomfort/Risk, for all chosen steering torque
pulse levels. In addition, objective measurements showed no appreciable degradation of driver performance
over baseline driving during the False Positive events.

ASSUMTIONS AND LIMITATIONS

The accuracy of the ACAT-II SIM and results presented herein are based on various assumptions,
approximations, and limitations in data, which are described in detail in Van Auken et al. (2011b) and Zellner
et al (forthcoming). For example, it is assumed that the reconstructed crash cases in the simulation and test
case samples are representative of all H-CAAS technology relevant crashes. However since the outcome of
each crash (in general) is assumed to depend on numerous factors, including the time-space trajectories of the
vehicles, the driver behaviors, environmental factors, and other crash circumstances, all of which are subject to
some form of random variation, the accuracy of the results depends on the number of cases in the
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representative case samples that were used at each stage of the SIM analysis (e.g., testing, simulations, overall
safety effects estimation. The OSEE Fleet Systems model currently assumes that the ACAT is only installed on
one vehicle in each crash. The projection to the US level does not account for the potential benefits of the
ACAT if it were to also be installed on the crash partners as well.

SUMMARY AND CONCLUSIONS

The Advanced Crash Avoidance Technology (ACAT) Phase II program was a proof-of-concept effort that
sought to determine the feasibility of developing estimates of effectiveness for specific safety technologies in
the absence of data from real world crashes or field operational tests. This project was successful at developing
and demonstrating a methodology that could be used to estimate the safety benefits of the particular crash
countermeasure evaluated in this research project.

The Safety Impact Methodology (SIM) tool developed was used to provide an estimate of safety benefits of a
pre-production Honda Head-on Crash Avoidance Assist System (H-CAAS) in terms of reduction in crashes
and fatalities. When projected to the US level (including all non-Technology Relevant Crashes) in the calendar
year 2009, this corresponded to estimated total collision and fatality effectiveness values for all police-reported
crashes of 0.1% and 1.3% respectively, and this corresponds to estimated safety benefits of 2,966 fewer head-
on collisions and 450 fewer fatalities, as summarized in Table 3. These overall safety benefits are estimated
based on more detailed safety benefits and effectiveness results described in Zellner et al. (forthcoming).

Table 3.
Overall Estimates of Benefits of the H-CAAS Projected to the Entire US Light Passenger Vehicle Fleet in
the 2009 Calendar Year

Crash Type Estimateq Benefits _
Crashes Vehicles Fatalities
Primary (P1) 1,790 3,581 120
H-CAAS Secondary 1 (S1) 506 1,013 44
Technology Relevant Sccondary 3 (S3) 0 0 0
Crash Type
(See Zellner et al. (2012) Secondary 4 (54) 670 1,339 277
Secondary 5 (S5) 0 0 9
Other crash types (Non-H-CAAS Technology Relevant) 0 0 0
Total Estimate 2,966 5,933 450

REFERENCES

Aoki, H, Aga, M, Miichi, Y, Matsuo, Y. Development of a Safety Impact Estimation Tool for Advanced Safety
Technologies. Paper presented at: 21st International Technical Conference on the Enhanced Safety of Vehicles
(ESV); June 15-18, 2009; Stuttgart, Germany. Paper Number 09-0025.

Burgett, A, Srinivasan, G, and Ranganathan, R. A Methodology for Estimating Potential Safety Benefits for
Pre-Production Driver Assistance Systems. Washington, DC: National Highway Traffic Safety Administration;
2008. DOT HS 810 945.

Carter, AA, Burgett, A, Srinivasan, G, Ranganathan, R. Safety Impact Methodology (SIM): Evaluation of Pre-
Production Systems. Paper presented at: 21st International Technical Conference on the Enhanced Safety of
Vehicles (ESV); June 15-18, 2009; Stuttgart, Germany. Paper Number 09-0259.

Fleck, JT, and Butler, FE, Validation of the Crash Victim Simulator, Vol. 1: Engineering Manual — Part 1:

Analytical Formulation. Washington, DC: Calspan for the National Highway Traffic Safety Administration; 1981.
DOT HS 806 279.

Zellner 10



Funke, J, Srinivasan, G, Ranganathan, R, and Burgett A. Safety Impact Methodology (SIM): Application and
Results of the Advanced Crash Avoidance Technologies (ACAT) Program. Paper presented at: 21st International
Technical Conference on the Enhanced Safety of Vehicles (ESV); June 13-16, 2011; Washington, DC. Paper
Number 11-0367.

Gordon, T, Sardar, H, Blower, D, Ljung Aust, M, Bareket, Z, Barnes, M, Blankespoor, A, Isaksson-Hellman, I,
Ivarsson, J, Juhas, B, Nobukawa, K, and Theander, H. Advanced Crash Avoidance Technologies (ACAT) Program —
Final Report of the Volvo-Ford-UMTRI Project: Safety Impact Methodology for Lane Departure Warning — Method
Development and Estimation of Benefits. Washington, DC: Ford, Volvo, UMTRI for the National Highway Traffic
Safety Administration; 2010. DOT HS 811 405.

Hart, SG, Dahn, D, Atencio, A, and Dalal, KM. Evaluation and application of MIDAS v2.0. Warrendale, PA: SAE;
2001. Paper 2001-01-2648, DOI: 10.4271/2001-01-2648.

Henson, SE, Safety Systems Optimization Model (SSOM) Final Report - Volume I: Introduction and Executive
Summary. Washington, DC: Ford Motor Company for the National Highway Traffic Safety Administration;
November 1978. DOT HS 804 771.

Kelly, J, Broen, P, Silberling, J, Bozin, N, Zellner, J. Development of a Guided Soft Target for Crash Avoidance
Technology Evaluation. SAE Int. J. Passenger. Cars — Mech. Syst. 2011; 4(1):479-487. DOI: 10.4271/2011-01-
0580.

Kuchar, AC. A Systems Modeling Methodology for Estimation of Harm in the Automotive Crash Environment.
Paper presented at: 17th International Technical Conference on the Enhanced Safety of Vehicles (ESV); June 4-7,
2001; Amsterdam, The Netherlands. Paper No. 354.

Kusano, KD, and Gabler, HC. Identification of Target Populations for Current Active Safety Systems using Driver
Behavior, 2012 Intelligent Vehicles Symposium; June 3-7, 2012; Alcald de Henares, Spain.

Kusano, KD, Sherony, R, and Gabler, HC. Methodology for Using Advanced Event Data Recorders to Reconstruct
Vehicle Trajectories for Use in Safety Impact Methodologies. Traffic Injury Prevention 2013;14(S):77-86.

Najm, WG, daSilva, MP, and Wiacek, CJ, Safety Benefits Estimation of an Intelligent Cruise Control System Using
Field Operational Test Data. Warrendale, PA: SAE International; 1999. Paper No. 1999-01-2950, DOI:
10.4271/1999-01-2950.

Najm, WG, daSilva, MP, and Wiacek, CJ. Estimation of Crash Injury Severity Reduction for Intelligent Vehicle
Safety Systems. Warrendale, PA: SAE International; 2000. Paper No. 2000-01-1354, DOI: 10.4271/2000-01-1354.

Najm, WG, and Smith, DL. Definition of a Pre-Crash Scenario Typology for Vehicle Safety Research. Paper
presented at: 20th International Technical Conference on the Enhanced Safety of Vehicles (ESV); June 18-21, 2007;
Lyon, France. Paper No. 07-0412.

NASS, National Automotive Sampling System Crashworthiness Data System, 2000 Coding and Editing Manual.
Washington, DC: National Highway Traffic Safety Administration; 2000.

NASS, National Automotive Sampling System Pedestrian Crash Data Study, 1996 Data Collection, Coding, and
Editing Manual. Washington, DC: National Highway Traffic Safety Administration; 2002.

NASS, National Automotive Sampling System (NASS) General Estimates System (GES), Analytical User’s Manual
1988-2008. Washington, DC: National Highway Traffic Safety Administration; 2009.

NHTSA, Research In Progress - Advanced Crash Avoidance Technologies Program (ACAT) II — Nissan/University
of Michigan Transportation Research Institute (UMTRI). 2009, Available at:
http://www.nhtsa.gov/DOT/NHTSA/Traffic %20Injury%20Control/Research%20In%20Progress/files/AdvancedCra
shAvoidanceTechnologiesProgram(ACAT)IINissanUMTRI.pdf. Accessed February 9, 2015.

Zellner 11



Perez, M, Angell, LS, Hankey, J, Deering, RK, Llaneras, RE, Green, CA, Neurauter, ML, and Antin, JF. Advanced
Crash Avoidance Technologies (ACAT) Program - Final Report of the GM-VTTI Backing Crash Countermeasures
Project. Washington, DC: General Motors for the National Highway Traffic Safety Administration; 2011. DOT HS
811 452.

Sugimoto, Y, and Sauer, CW. Effectiveness Estimation Method for Advanced Driver Assistance System and its
Application to Collision Mitigation Brake System. Paper presented at: 19th International Technical Conference on
the Enhanced Safety of Vehicles (ESV); June 6-9, 2005; Washington, DC. Paper No. 05-0148-O.

Sugimoto, Y, and Zellner, JW, Effectiveness Estimation Simulation using US Accident Data and its Application to
Collision Mitigation Brake System. Tokyo, Japan; JSAE; 2010. Paper No. 20104049. (Japanese)

Sugimoto, Y, Kawakami, K, Hashimoto, T. Zellner, JW, Van Auken, RM. Safety Impact Methodology for
Advanced Crash Avoidance Technology (ACAT) Program and Application to Advanced Collision Mitigation
Braking System and Head-on Crash Avoidance Assist System. First International Symposium on Future Active
Safety Technology Toward Zero-Traffic-Accident, JSAE; September 5-9, 2011; Tokyo, Japan.

Suzuki, H, Sugimoto, Y, Van Auken, RM, and Zellner, JW. Development of a Prototype Safety Analysis System to
Assess and Forecast Vehicle Safety. Warrendale, PA,: SAE International; 2006. Paper No. 2006-01-0718, DOI:
10.4271/2006-01-0718.

Tessmer, JM, FARS Analytic Reference Guide 1975 to 2006. Washington, DC: National Highway Traffic Safety
Administration; 2006.

Van Auken, RM, Zellner, JW, Silberling, JY, Kelly, J, Chiang, DP, Broen, P, Kirsch, A, Sugimoto, Y. Extension of
the Honda-DRI Safety Impact Methodology for the NHTSA Advanced Crash Avoidance Technology (ACAT)

Program and Application to the Evaluation of an Advanced Collision Mitigation Braking System — Final Results of
the ACAT-I Program, SAE Int. J. Passenger Cars — Mech. Syst. 2011a; 4(1):488-508. DOI: 10.4271/2011-01-0581.

Van Auken, RM, Zellner, JW, Chiang, DP, Kelly, J, Silberling, JY, Dai, R, Broen, PC, Kirsch, AM, Sugimoto, Y.
Advanced Crash Avoidance Technologies (ACAT) Program — Final Report of the Honda-DRI Team, Volume I:
Executive Summary and Technical Report. Washington, DC: Honda and DRI for the National Highway Traffic
Safety Administration; 2011b. DOT HS 811 454.

Van Auken, RM, Zellner, JW, Silberling, JY, Sugimoto, Y, Urai, Y. Progress Report on Evaluation of a Pre-
Production Head-On Crash Avoidance Assist System Using an Extended ‘““Safety Impact Methodology” (SIM).
Paper presented at: 21st International Technical Conference on the Enhanced Safety of Vehicles, Washington, DC,
June 13-16, 2011c. Paper Number 11-0270.

Young, LR. On Adaptive Manual Control, Ergonomics, 1969; 12(4): 635-675 (Also in Parker, JF Jr., and West, VR.
Bioastronautics Data Book, Second Edition. Washington, DC: National Aeronautics Space Administration; 1973.
NASA SP-3006, pp. 593-595)

Zellner, JW, Van Auken, RM, Chiang, DP, Broen, PC, Kelly, JK, Sugimoto, Y. Extension of the Honda-DRI
“Safety Impact Methodology” (SIM) for the NHTSA Advanced Crash Avoidance Technology (ACAT) Program and
Application to a Prototype Advanced Collision Mitigation Braking System. SAE Int. J. Passenger. Cars — Mech.
Syst. 2009; 2(1):875-894. DOI: 10.4271/2009-01-0781.

Zellner, J, Van Auken, M, Silberling, J, Kelly, J, Hagoski, B, Sugimoto, YS, and Urai, Y. Extension of the Honda-
DRI “Safety Impact Methodology” (SIM) for the NHTSA Advanced Crash Avoidance Technology (ACAT) II
Program and Application to the Evaluation of a Pre-Production Head-On Crash Avoidance Assist System - Progress
Report. SAE Int. J. Passeng. Cars - Electron. Electr. Syst. 2012; 5(2):385-402. doi:10.4271/2012-01-0291.

Zellner 12



Zellner, JW, Van Auken, RM, Kelly, J, Silberling, JY, Hagoski, BK, Sugimoto, Y, “Advanced Crash Avoidance
Technologies (ACAT) Il Program — Final Report of the Honda-DRI Team, Volume I: Key Findings Report.
Washington, DC: Honda and DRI for the National Highway Traffic Safety Administration; forthcoming.

APPENDIX A - SIMULATION RESULTS

This appendix further describes the CSSM crash avoidance and mitigation and post-conflict conflict recovery
simulation results.

Crash avoidance and mitigation results:

If the pre-crash simulation results in a collision, then the CSSM uses a US Air Force Articulated Total Body
(ATB) crash simulation (Fleck 1981) to estimate the crash Delta-V, and an Injury Outcome Estimator to
estimate the Fatality Equivalent injuries and the probability of fatality for the both the subject vehicle and
collision partner drivers. The weighted number of collisions and fatalities are used to calculate the
effectiveness of the ACAT within each TRCT.

The estimated annual numbers of collisions for each TRCT, without and with the ACAT, based on the CSSM
simulations, are listed in Table A1l. The product of the Exposure Ratio (ER) and Prevention Ratio (PR) can be
calculated from the information in this table. For example, the annual numbers of vehicles involved in the
Primary TRCT crashes without and with the H-CAAS technology were estimated to be 1,654 and 1,497
respectively. These results are based on simulation results from 41 different Primary TRCT crash scenarios,
each with up to 26 different driver-behavior combinations for a total of 1,066 different crash scenarios x
driver-behavior combinations. Assuming that the Exposure Ratio is 1, the ERXPR product for the Primary
TRCT crashes is 0.905, which is equal to 1,497 divided by 1,654.

Table Al.
Estimated Effect of H-CAAS on the Number of Collisions by TRCT

Estimated Number of Collisions
Based on Simulations
(LA el Keeant Cosh o
’ Without H-CAAS With H-CAAS
Primary (P1) 1,654 1,497 0.905
Secondary 1 (S1) 2,187 2,098 0.959
Secondary 3 (S3) 24 24 1.000
Secondary 4 (S4) 985 860 0.873
Secondary 5 (S5) 5,307 5,307 1.000

The annual number subject vehicle drivers and collision partner fatalities and Fatality Equivalent injuries were
also estimated without and with the exemplar ACAT using the simulations. Example results for the subject
vehicle driver are listed in Table A2. The data in this table was used to calculate ERXPRxFRsv, which is the
number of subject vehicle driver fatalities with the H-CAAS divided by the number of fatalities without the H-
CAAS (i.e., the same basic approach that was used to calculate ERxPR), and where FR is the Fatality Ratio.
For example, the annual number of subject vehicle driver fatalities (in this weighted simulation sample) in
Primary TRCT crashes without and with the H-CAAS technology was estimated to be 204.6 and 138.6
respectively, and the resulting ERXxPRxFRsv product is 0.667. The Fatality Ratio can then be determined by
dividing the ERXPRxFRsv product by the ERxPR product, resulting in FRsv=0.748.
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Table A2.

Estimated Effect of H-CAAS on the Number of Subject Vehicle Driver Fatalities by TRCT

Estimated Number of Subject Vehicle
g’;‘;‘:ﬁn];fi?z?l?ggll;:;evam Crash Type Driver Fatalities Based on Simulations Estimated ERxPRxFRsv
’ Without H-CAAS With H-CAAS
Primary (P1) 204.6 138.6 0.677
Secondary 1 (S1) 169.6 158.8 0.936
Secondary 3 (S3) 1.2 1.2 1.000
Secondary 4 (S4) 214.5 104.8 0.489
Secondary 5 (S5) 368.9 368.3 0.998

The resulting estimates of H-CAAS collision and fatality effectiveness based on these CSSM simulation results
are listed in Table A3. The collision effectiveness is equal to the (1-ERxPR)x100%; the fatality effectiveness is
(1-ERxPRxFR)x100%. These results were used to estimate the overall effectiveness and benefits of the H-
CAAS.

Table A3.
Estimated H-CAAS Effectiveness by TRCT

H-CAAS Technology Relevant Crash Type Collision Effectiveness Fatality Effectiveness (1-ERxPRxFR)
(See Zellner et al. (2012)) (1-ERxPR) SV CP
Primary (P1) 9.5% 32.3% 39.3%
Secondary 1 (S1) 4.1% 6.4% 6.9%
Secondary 3 (S3) 0.0% 0.0% 0.0%
Secondary 4 (S4) 12.7% 51.1% 58.9%
Secondary 5 (S5) 0.0% 0.2% 0.7%

Post-conflict recovery results:

The CSSM was also extended to simulate the post-conflict recovery phase of the scenario in order to consider
this phase in the ACAT evaluation as well. The simulation results for the recovery phase are used to assess the
ability of the simulated driver to maneuver the vehicle back into the intended travel lane, after the driver’s
response to the warning.

The recovery phase was implemented in the CSSM simulations by transitioning back to normal driving (i.e.,
closed-loop path following) either after the completion of the open-loop emergency steering (half-sine) crash
avoidance maneuver, or as soon as the collision partner is no longer visible in the forward view (i.e., is next to
or behind the subject vehicle), whichever is sooner. The simulated driver attempts to regain the “intended
path” by means of combined feed-forward/feedback control during the recovery phase, as opposed to following
the reconstructed trajectory that resulted in a collision.

Application of the model in the CSSM simulations indicated that modeled drivers that successfully avoided the
crash were also able to recover from the crash avoidance maneuver without overshoot. This result is consistent
with the recorded trajectories of distracted and drowsy drivers in the original Driving Simulator experiments
used to develop the driver models.
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ABSTRACT

Testing of Advanced Driver Assistance Systems (ADAS) often requires the use of a surrogate vehicle to
represent a real vehicle in conflict scenarios. Use of a surrogate vehicle is required if there is a potential for a
collision during testing. In order to ensure that the test results are representative of what will occur on the road,
the surrogate vehicle should appear to the test vehicle as a real car.

This paper describes a method and equipment developed for measuring and analyzing the radar signature of
typical vehicles and surrogate targets. The method was then applied to eight small passenger cars to better
understand what the radar signature of representative passenger vehicles are.

A special-purpose trolley was designed to serve as a portable, self-contained measurement, data acquisition
and power platform. It consists of a wheeled trolley base and a vertical structure to which the various
equipment are attached. The sensor trolley has 3 retractable feet that are used to make it a stationary device
during measurements. The front two feet can be used for fine roll adjustment and the rear foot can be used for
fine pitch adjustment. Mounted to the trolley are a commercial production 6-77 GHz RADAR sensor, a sensor
bracket with roll angle level and scope sight, a data acquisition system, a laptop computer, a 12 volt battery
and a power distribution box.

Eight small passenger cars were measured, three sedans, three hatchbacks, and two microcars. Small passenger
cars may represent a worst case in terms of vehicle visibility. The representative vehicle radar measurements
were made taken from five viewing angles and at three distances for each angle. The data from these
measurements are presented.

INTRODUCTION

Testing of Advanced Driver Assistance Systems (ADAS) often requires the use of a surrogate vehicle to represent a
real vehicle in conflict scenarios. In order to ensure that the test results are representative of what will occur on the
road, the surrogate vehicle should appear to the test vehicle sensors as a real car.

Many ADAS technologies use data from several types of sensors, including camera, radar and laser. The task of
making a surrogate vehicle appear to be a real vehicle to ADAS sensors requires that the surrogate vehicle be
representative of a real production vehicle to each of the sensors being used. To support surrogate target and test
procedure development, a need exists for standardized methods for measuring and reporting the sensed properties of
examplar real world vehicles and candidate surrogate targets. This method should be conducive to obtaining
repeatable, reproducible and representative results.

This document describes a method for measuring and analyzing the radar signature of representative production

vehicles in order to quantify the radar signatures of typical small light passenger vehicles. The method may also be
applied to candidate surrogate vehicles.
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Previous studies have have described some of the fundamental difficulties involved in characterizing vehicle radar
reflection characteristics. Based on measurements of twenty five vehicles using high-resolution instrumentation
operating in the 91-97 GHz frequency range, Buller et al (Ref 1) indicated that rear aspect principal reflection
sources typically originate from components such as bumpers, license plate shelters, rear-axle components, mufflers,
tail-lights, etc., and that secondary reflection sources which contribute to some of the signatures include chassis
supports, rear-window joins with roof, rear-spoilers, side-view mirrors and roof racks. The equipment used in
making measurements is often very costly research-grame radar measurement systems. It is common in the defense
industry to use specially designed anechoic chamber for making measurements (Ref. 2). In support of the
development of NHTSA’s Strikable Surrogate Vehicle (SSV) measurements were made of twenty six vehicles using
W-band (90-98 GHz) instruments, and a subset of these were also analyzed at Ka-band (26.5-36.5 GHz) (Ref 3).
Measurements were also made of various surrogate design candidates. The measurement results were used to guide
the modification of the radar reflection characteristics of the surrogate to be representative of typical vehicles
involved in rear end crashes.

Vehicle systems that depend on radar are implemented using production, automotive-grade sensors that are
relatively small and low cost in comparison to research grade systems. The vehicle systems interpret the incoming
signals to determine whether or not they represent a vehicle. Ultimately, it is these types of system that must
respond properly to a surrogate. A goal of the study reported here was to develop a system for making radar
measuremens that is based on typical automotive-grade equipment and processing. The system developed uses an
automotive-grade radar sensor mounted to a mobile sensor trolley to allow for fast in-field radar measurements.

MEASUREMENT METHODS
Measurement Equipment

Radar Sensor A Bosch LRR3 Long-Range Radar sensor was used for making measurements. The Bosch
sensor is an in-production automotive-grade sensor that is currently in use in production vehicles. Using an
automotive-grade sensor, as opposed to a research-grade sensor, allows for the data to be representative of what will
be used in typical ADAS’s in terms of sensor quality, resolution and field of view. Figure 1 shows the LRR3 sensor
and Table 1 lists the key features.

Figurel. Bosch LRR3 Radar Sensor.
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Technical Feature Value
Frequency range 76-77 GHz
Distance 0.5-250 m
Accuracy +0.1 m

Horizontal visual range

30° (-3 dB angle)

Vertical visual range

5° (-3 dB angle)

Typical cycle time

80-100 ms

Tablel.
Bosch LRR3 Features

The sensor was provided by Bosch with a custom firmware upgrade that included a CAN message output of
the calculated Radar Cross Section (RCS) area of each of the detected objects. The RCS output of the sensor
includes corrections for antenna gain, antenna azimuth characteristics, and object distance.

Sensor Trolley A purpose built trolley was designed to provide a compact and portable mount for the
main system components. The trolley consisted of a wheeled trolley base and a vertical structure which holds the
sensor bracket and a laptop. The sensor trolley has 3 leveling feet that are used to make it a stationary device during
measurements. The front two feet can be used for fine roll adjustment and the rear foot can be used for fine pitch
adjustment. The sensor trolley also contains a 24 GHz radar sensor from Smart Micro and a laser scanner from
IBEO, however, this document only discusses the Bosch LRR3 sensor that is more typical of contemporary radar
sensors used in production vehicles. The components that are part of the sensor trolley are:

bracket),

12 volt battery (item 1 in Figure 2),
Power distribution box (item 2),
dSpace MicroAutoBox II, used for data acquisition of CAN messages (item 3, mounted behind the sensor

Bosch LRR3 sensor, set at 18 inches off the ground to represent a typical radar installation height (item 4),
Sensor bracket with roll angle level and scope sight (item 5),

Scope sight (item 6), and
Laptop for data capture and review (item 7).
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Figure2. Sensor Trolley.

The radar sensor is aligned with the sensor bracket, which is calibrated to be parallel to the radar sensor. This
is accomplished by using an alignment device (Figure 3) that contains a laser and a visual target that has the
same lateral and vertical offset as the scope does relative to the mirror on the Bosch sensor. Note that the
alignment device uses the same tripod base as the scope sight device (Figure 4) except the lateral and vertical
offset of the target is relative to the sensor center instead of the sensor mirror. The steps to accomplish the
alignment are:

1. Point the laser at the mirror on the Bosch sensor.
Adjust the pitch and yaw of the sensor trolley and/or bracket in order to cause the laser to reflect back
onto itself.

3. Adjust the horizontal and elevation adjustments of the scope sight so that it is pointed at the visual
target.
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Figure3. Sensor Alignment Device.

Sensor Alignment to Representative Vehicle

In order to obtain repeatable results it is necessary to carefully aim the sensor at the vehicle. The procedure
described in this section is used for aligning the sensor with the vehicle and minimizes any misalignment due
to variation in the roadway surface or other sources of error.

1. The vehicle is placed with its geometric center at a known location (referred to as the origin). The
vehicle heading angle can be in any direction relative to the sensor.

2. The sensor trolley is then positioned at a known distance from the origin and facing the vehicle.

3. Place the scope sight device centered over the line connecting the vehicle geometric center to the
sensor (marking this with a chalk line is recommended). The scope sight device is similar to the
alignment device in Figure 4, except that the offsets are based on the center of the sensor box itself as
opposed to the sensor mirror.

'F igure4.' Scobe Sight Device.
4. Extend the three leveling feet on the sensor trolley so that the wheels of the sensor trolley are not
touching the ground.
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5. Adjust the two front leveling feet to level the sensor bracket in roll using the bubble level.

6. Adjust pitch angle using the rear leveling foot such that the scope sight is vertically aligned with the
visual target.

7. Adjust the sensor yaw using a fine yaw adjustment plate, which changes the relative yaw angle
between the sensor bracket and the trolley.

8. Confirm that the scope sight is aligned with the target.

Figure5. Scope Sight After Target Alignment.

9. Move the scope sight device and any other equipment away from the vehicle to prevent confounding
the radar measurement data.
10. Record the sensor data.

Measurement Matrix
In order to capture the radar signature of the entire vehicle, the radar measurements were taken from five

viewing angles as shown in Figure 6. In addition, the measurements were taken from distances of 20, 40, and
60 m. This will result in 15 measurements of each vehicle.

Rear
180°

Front
00

Rear Oblique Side Front Oblique
135° 90° 45°

Figure6. Radar Measurement Viewing Angles.
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Table2.

Test Matrix
Viewing Angle Ranges (m)
Front 0° 20, 40, 60
Front Oblique 45° 20, 40, 60
Side 90° 20, 40, 60
Rear Oblique 135° 20, 40, 60
Rear 180° 20, 40, 60
Front 0° 20, 40, 60

Data Collection

The Bosch LRR3 reports the data using CAN bus communication. For these measurements, a MicroAutoBox
from dSpace was used to capture and record the data from the Bosch sensor. The sensor can track as many as
32 objects at a time and transmits the data approximately every 80 ms. For each object the following data were
recorded:

Longitudinal position (m)
Lateral position (m)
Probability of existence (0-1)
Object validity (binary)

RCS (dB-m?)

REPRESENTATIVE VEHICLES

Eight small light passenger vehicles were measured for this analysis, including three sedans, three hatchbacks, and
two microcars. Small light passenger vehicles represent a worst case in terms of vehicle visibility to radar and other
sensors as compared to midsize and large light passenger vehicles and medium and heavy trucks.

Table 3 lists the vehicles that were used. Figure 7 provides a photograph of each of the measured vehicles. These
vehicles include several vehicles from the same generation as vehicles that were previously measured by the
Michigan Tech Research Institute (MTRI) using a high resolution research grade radar device as reported in Ref 1.
These vehicles were selected to provide maximum overlap between this document and the MTRI report (Ref 1).
Other vehicles, such as the Smart Fortwo and Scion iQ were measured because they were under consideration for
being used as models for a surrogate vehicle.

Table3.
Test Matrix
Make and Model Model Year
Toyota Corolla 2010
Honda Civic 2010
Ford Fiesta Sedan 2012
Ford Fiesta Hatchback | 2014
Toyota Matrix 2014
Honda Fit 2013
Smart Fortwo 2014
Scion iQ 2014
7
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" F tguﬁf _:‘Iélepfesentative Vehicles.
a) Toyota Corolla; b) Honda Civic; ¢) Ford Fiesta Sedan; d) Ford Fiesta Hatchback;
e) Toyota Matrix; f) Honda Fit; g) Smart Fortwo; h) Scion iQ.

DATA ANALYSIS METHODS

The recorded data for each measurement was processed using a two-step procedure. First, the raw data is filtered to
remove any invalid measurements such as measurements of the surrounding environment. Second, the detected
objects that appear to be inconsistent are removed.
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This section describes the data filtering in detail as well as the data analysis methods used to objectively quantify the
RCS of a group of representative vehicles.

Data Filtering

The raw data for each 5-second time epoch was first filtered to remove any invalid measurements or measurements
not related to the representative vehicle. The invalid measurements were removed using the “Object Validity” output
from the Bosch sensor. Additionally, the raw data points were spatially filtered by removing all data points that did
not fall within an area around the vehicle. The size of the area was chosen to be a 9 meters long by 4 meters wide
rectangle, which helped to ensure that there were no objects within the valid area except for the vehicle being
measured, as shown in Figure 8.

9m

* Valid
4 m * Invalid

Figure8. Spatial Data Filtering.

The data were then filtered to ensure that the detected objects were real and consistently visible. This was
accomplished by examining the duration of visibility for each of the detected objects. All data points for an object
were removed from the measurement if the object was not detected for at least 25% of the measurement epoch. This
had the benefit of removing measurement outliers that appeared for only a few frames, as shown in Figure 9.
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Example Data Filtering for Object Consistency
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Figure9. Example Data Filtering for Object Consistency.
Data Analysis

After filtering, the data contained only measurements for consistently visible “objects” associated with the
representative vehicle. Use of the term “objects” in this section refers to the detected objects remaining in a
data set after the filtering has been applied. In most cases, it appeared that each detected “object” corresponded
to a sub-structure or surface of the vehicle that had, for a variety of reasons, relatively strong radar reflectance.

Number of Detected Objects Each of the 120 measurements (15 measurements per vehicle times 8
vehicles) resulted in 1 to 4 objects being detected. Based on the reported spatial data it is clear that the dominant
object was typically the nearest portion of the vehicle. However, for numerous measurements, other objects were
visible further within or on the far side of the vehicle. Figure 10 shows the breakdown of the number of detected
objects for all measurements (all viewing angles and ranges). Less than 5% of the measurements resulted in 3 or 4
objects while 60% had 1 object.

10
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Number of Detected Objects, All Measurements
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Figurel0. Example Data Filtering for Object Consistency.

Looking at the data by viewing angle, Figure 11 shows that the oblique views are much more likely to result in more
than one object being detected. The two oblique views (front and rear) resulted in 34 out of 48 measurements with 2
or more objects (over 70%). The direct viewing angles (front, side, and rear) resulted in 14 out of 72 measurements
with 2 or more objects (less than 20%).

Number of Detected Objects, Viewing Angle
70
60 [58] W Front, Side, Rear |
H Obligue
w» 50
=
g 40
e
E 30 [29]
[+7]
= 20
[14]
10
[3] [2]
0 9 (O] e
1 2 3 4
Number of Objects

Figurell. Number of Detected Objects by Viewing Angle.

The number of detected objects can also be dependent on range. Figure 12 shows that measurements taken from a
range of 20 meters are more likely to have multiple objects (over 50%) than measurements taken from 40 or 60
meters (less than 40%). This might be due to the fact that, at closer range, the reflections from the vehicle cover a
larger angular field of view for the sensor, which might cause the sensor to classify the reflections as separate
objects. It might also be the result of the higher power reflections that are detected by the sensor at closer
range (i.e., radar power drops off with the 4th power of distance (Ref 1)).
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Figurel2. Number of Detected Objects by Range.

The presence of multiple sensed objects must be accounted for when developing an index for the RCS of
representative vehicles. The sensor itself reports an RCS value for each object, so the presence of multiple detected
objects associated with a single vehicle requires some additional steps be taken to be able to assign an RCS value to
a given vehicle.

Classification of the Primary Object In order to reduce the RCS variation caused by relatively lower
power reflections from the far side of the vehicle, it was decided that only one object for each measurement
should be used for the analysis. The “primary object”, as it is referred to, was selected as the object with the
largest average RCS on the “near side” of the vehicle. As shown in Figure 13, for front, rear, and side
measurements the near side of the vehicle was defined as the area between the sensor and the geometric center
of the vehicle; for oblique measurements the near side of the vehicle was defined as the area between the
sensor and the longitudinal centerline of the vehicle.

Figure 14 shows an example of a measurement that had multiple objects. For this rear view measurement,
Object 1 was detected as the rear of the vehicle. Object 2 was detected as being on the far side of the vehicle
with a relatively lower RCS. In this example, Object 1 was classified as the primary object and the data
associated with Object 1 were used for further analysis.

12
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Figurel3. Definition of Near-Side and Far-Side Objects.
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Example RCS by Range, Multiple Objects (Rear View)
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Figure 14. Example of Primary Object Classification (for One Vehicle, One Distance and One Viewing
Angle).

Of the 120 measurements, 25 measurements contained at least one near-side object and one far-side object. On
average, the near side object had a higher RCS than the far side object by an average of 11.26 dB-m’.
However, 5 of the measurements had a far side object with a larger RCS than the near side object. These
measurements were all for the oblique views (4 rear, 1 front) and had an average difference in RCS of 1.57 dB-
m’ with a maximum difference of 2.44 dB-m’.

Additionally, 5 of the 120 measurements resulted in only a far side object being detected. These were all rear
oblique view measurements and were not included in the current analysis (i.e., there was assumed to be no
primary object). However, in the future, it may be reasonable to consider the far side objects in these cases
when classifying which object is the primary object for analysis.

Statistical Analysis The data have been processed to include only data points for the primary object from
each measurement. These data can then be used to calculate the statistical properties of the RCS for the
representative vehicles. For each set of measurements at a given viewing angle and range, the RCS mean and
standard deviation were calculated. These values are used to create an RCS band at each viewing angle to
represent the range of RCS values for the representative vehicles.

MEASUREMENT RESULTS

The average RCS across all of the representative vehicles at each range and viewing angle is provided in Figure 15.
In addition, the +1-sigma (standard deviation) and +2-sigma ranges are shown.

The mean RCS (u) values for all of the measurements at each of the tested ranges varied from -11.5 to 15.0 dB-m’,
with standard deviations ranging from 2.4 to 7.6 dB-m”. The side view had the largest mean RCS values, ranging

14
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from 6.4 to 15.0 dB-m’, with a standard deviations ranging from 3.5 to 6.1 dB-m’. The oblique views (front and
rear) had the smallest mean RCS values, ranging from -11.5 to -6.7 dB-mz, with relatively small standard deviations,
ranging from 2.4 to 4.8 dB-m’.

Table 4 provides a numeric summary of the data that are depicted in Figure 15.

In addition to the summary figure provided in this section, raw histogram and cumulative distributions plots are
provided in Appendix A.

Table4.
Summary of RCS by Range and Angle

Angle | Range (m) | RCS Mean (4) [dB-m*] | RCS Std. Dev. (5)[dB-m’]
Front 20 0.13 4.74
40 6.07 7.62
60 8.15 2.55
Front 20 -10.26 2.40
Oblique | 40 -8.68 4.82
60 -6.66 3.91
Side 20 6.41 3.45
40 10.37 4.99
60 14.99 6.06
Rear 20 -11.51 2.45
Oblique | 40 -7.19 3.32
60 -8.16 3.15
Rear 20 2.15 3.39
40 6.85 3.50
60 2.22 6.36
15

Silberling






CONCLUSION

A system was developed for making radar measuremens that is based on typical automotive-grade equipment
and processing. The system developed uses an automotive-grade radar sensor mounted to a mobile sensor
trolley to allow for fast in-field radar measurements. The system was then used to measure the radar
characteristics of eight small passenger cars from five viewing angles and at three distances for each angle.

The data in this document indicate that the side view of a vehicle will generally have the largest RCS, the front
and rear views of a vehicle will have a moderately high RCS, and the oblique views will have a very small
RCS. These results seem intuitive because the side view provides the largest reflection surface and that surface
is oriented mostly perpendicular to the sensor. The orientation of the oblique views is such that the radar will
tend to be reflected away from the sensor. Because of the strong dependence of RCS on viewing angle,
surrogate vehicles that are representative of passenger vehicles from all angles are more realistic for testing
ADAS technologies that may function at one or more ranges of angles.

It is also evident from the data that there is a large variation in RCS between vehicles. The rear view RCS of
one vehicle may be much smaller or larger than the rear view RCS of another vehicle, even if the vehicles are a
similar size and similarly shaped. Therefore, it is important for ADAS’s to be able to accommodate large
variations in radar signatures in order to be effective under real-world conditions.

The RCS measurement results for the representative vehicles that are presented here can be compared to
similar measurements for surrogate vehicles. This method will confirm whether the RCS signature (i.e., from
all angles and ranges) of a given surrogate vehicle is similar to and representative of real-world vehicles.
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ABSTRACT

In recent years, active safety systems are introduced to the markets and many of them are adopted to improve
the possibility to avoid the accidents. These active safety systems include AEBS (Automatic Emergency
Braking System,) LKAS (Lane Keeping Assistant System,) BSD (Blind Spot Detection,) and so on. The
evaluation methods for those systems also have been developed and determined as international standards.
Additionally, target systems for evaluation have been developed too. However, they are usually designed for
testing straight rear collision scenarios. To reproduce other scenarios such as cut-in situations, a new concept
of the target system is needed. So, in this work, the unmanned target vehicle are designed and developed.

The target vehicle is developed as an unmanned vehicle for accurate path following performance. A DGPS
with 2cm accuracy and heading angle IMU are installed for the path following function. A soft dummy which
resembles a typical SUV is attached on the unmanned target vehicle. To reproduce accident scenarios safely,
the target vehicle should be designed to protect the hunter vehicle and the target vehicle itself from the crash
shock of the collision situation. The target vehicle in this work is developed with a shock absorber system in
the rear part of the target vehicle.

The rear part of the target vehicle is designed to have similar characteristics with a real vehicles in visual shape
for vision systems and radio frequency reflection for radar systems. The shape and the material of the part is
selected for the hunter vehicle to recognize the target vehicle as a real SUV.

The structural and dynamic analysis are carried out for the target performance. Also, evaluation experiments of
the cut-in scenarios are carried out to test the hunter vehicle with the AEBS.

The dynamic performance results of the target vehicle will be presented. The results include the limit of impact
speed, maximum speed, maximum lateral speed and accuracy of path following logic. The AEBS performance
results of the hunter vehicle will be presented in the test cut-in situation.

In this work, test scenarios to evaluate the hunter vehicles are carried out especially for the 'Rear collision and
Cut-in' situations. Frontal collision and accidents in intersection situation are excluded. The hunter vehicles
with AEBS are only tested for the evaluation experiments. The test speed is set less than 40km/h.

INTRODUCTION

Currently, the vehicles that adopt the active safety system are launched in the market. There are AEBS, LKAS and
BSD as such active safety system and the system of adding points is prepared to be adopted to such system in
NCAP. And, the car manufacturing companies are accelerating the development of vehicles that adopt such
functions along such trend. It is acknowledged that the test method for verification should be development for the
active safety device as well like collision safety test that is carried out in NCAP necessarily. The evaluation methods
of active safety performance are developed in Europe actively[l]. Euro NCAP is performing the evaluation of
frontal collision prevention device[2].

And, the target vehicle that can represent the scenario is being developed together with the methodology. The target
vehicle is the one that simulates accident-causing vehicles such as stop, decelerateing and cut-in vehicles to



represent the accident situation in the accident scenario. As the active safety vehicle test is the evaluation of the
system for avoiding the collision in accident situation, it always contains the possibility of collision against target
vehicle in case the system does not operate completely. So the target vehicle should perform the function that can
protect each system against the collision that can occur in the test as well as representation of scenario. The vehicle
should attach the shock-absorbing material to absorb the shock, however, the problem of difficulty to let the testing
vehicle recognize the target vehicle as real one should be solved.

This study used the analysis of accident data in the advanced projects of Europe and selected the required
specifications for the target vehicle using the accident scenario drawn from them. The target vehicles were
developed to satisfy such specifications. And, they were developed as the unmanned vehicle was developed
considering correct representation of scenario, repeatability of test and safety of test driver. The developed target
vehicle verified the reproduction ability of scenario through the performance evaluation of trajectory tracking.

Scenario selection

This study used the analysis results of accident statistical data in the other projects for scenario selection. The project
called ASSESS[3] classified the kind of highest frequency and injury value by analyzing the accident data of
Europe. It used the scenario classified in the project.

ASSESS analyzed it using several data base of Europe and selected the generalized analysis method for analysis of
several data. The representative accident types were clasiffied for scenario classification

in advance and the representative ones were drawn considering the seriousness of accident. The importance was
determined by giving the specific weight according to the seriousness of accident along its type for generalizing the
frequency and seriousness. The whole generalization was done by giving the weight along the population of each
country. The accident of single vehicle, longitudinal collision (including both same and opposiste direction),
collision at intersection and pedestrian accident were drawn as the accident type and analyzed as the most important
type. In here, the collision at intersection and longitudinal collision were finally selected from the accidents of
vehicle-to-vehicle again.

It aimed to evaluate the active safety perforamce of state-of-the art vehicle and develop the device for that against all
accident types ultimately but it aimed to develop the target vehicle that can represent the longitudinal collision (the
same direction) in this study. In here, the selected specifications of target vehicle were the speed of 40 km/h to
satisfy the low driving speed, trajectory tracking of unmanned driving for correct representation of scenario and
deceleration performance of 6 m/s2.

Development of target vehicle system

The efforts to develop the target vehicle were spent in the other researches[1],[4],[5]. The target vehicle developed
in this thesis was produced by modifying the electric vehicle and installing the unmanned-controlling module. The
dynamic performances were increased by lowering total weight of the vehicle through removing all exterior and
interior materials of the vehicle. And the actuator and controller such as steering controling actuator,
brake(deceleration) control, acceleration control actuator, speed change actuator, wheel encoder, remote controller,
interface module box, control box, interface moduel box, power supply box were installed for unmanned driving and
remote control.

To explain each actuator simply, steering controling actuator used MDPS module as the mechanical part that
controls the steering of vehicle. The acceleration controlling actuator controls the accelerator pedal using the
accelerator pedal of the vehicle with mechanical part and wire. Brake (deceleration) control actuator controls the
brake pedal using the mechanical part to brake pedal. Remote controller can control power status of system, power
of each actuator and operation mode of system at driver’s seat. The rear side of vehicle had power supply box that
supplies the power of operating system and control box that controls each actuator by processing the power and
processing signal between actuator and controller (See Figure 1). The wheel and encoder were installed to measure
the movement and moving speed of vehicle in this sytem. Wheel encoder (DMI) has the principle that forwards the
value to the encoder as the bearing rotates when the wheel of vehicle rotates with the connection of encoder to
bearing. Bearing was designed to increase the durability of abrasion against vehicle wheel by urethane-covering and
measure the correct positional value with tighter adherence between the rotating part of wheel and encoder. 2 DMI’s
were installed at the rear wheel.



And remote control server (See Figure 2) was installed to control the target vehicle so that the tests of various
collision evaluation scenarios could be conducted in the unmanned way.

Development of soft crash

Soft crash was developed to protect the developed target vehicle from the collision. Soft crash should absob and
disperse the collision energy generated from the collision enough and guarantee the safety of testing and target
vehicles by minimizing the impulsive forece. Soft crash was developed to be installed at the height that the actual
vehicle collides that is the position of bumper. As the position of vehicle frontal bumper ranges from 220mm to
720mm generally, soft crash was installed at the position that is suitable for that. Shock absorber and sponge were
used to absorb the shock generated from the collosion. 4 shock absorbers were used and two of them were installed
to disperse the shock by mounting at the height of 220mm and 700mm. They were developed to relieve the first
shock and prevent the damage of bumper against the collision of metals as the sponge was attached to the rear side
of shock absorber in case of vehicle collision.

Power Management Box Remote Controller

Wheel Encoder(DMI) Actuator for Brake  Actuator for Accel

Figurel. Layout of target vehicle.
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Figure2. Control serverand program of target system

Performance evaluation of target vehicle

The specific track was composed for autonomic driving control algorithm performance evaluation for the developed
target vehicle and one time of decelerating section and double lane change section were applied. And, in case of
target speed, it was set as 45km/h for whole areas except the decelerating section. Its results were shown in Fig. 4
and Fig. 5.

Looking into autonomic driving control algorithm performance evaluation, it was known that the specific steering
angle was input properly to track the designated route in real vehicle evaluation and the designated route was
tracked as the result. But, it was recognized that the vehicle slightly got out of the coordinate of the designated way-
point. It was judged that it came from GPS error generated from the influence of various surrounding environments
including weather considering the characteristics of real vehicle that tracks the reference path based on the position
of the vehicle that was input GPS actually.



Real vehicle test of active vehicle

Real vehicle test was carried out using the developed target vehicle. The AEBS-adopted vehicle was selected as test
vehicle for the test and the test was composed by mounting soft crash to the target vehicle (See Figure 4). The
scenario used in the test was carried out at the difference of relative velocity of 10km/h in the condition of 0, 20, 30,
40km/h based on the speed of target vehicle in cut-in situation and it was programmed to implement cut-in and
generate the steering at the time when TTC (Time To Collision) of both hunter vehicle and target vehicle
became 4 seconds in case of cut-in scenario (See Figure 5). Looking into the test result of 40km/h, it was
known that the speed of target vehicle kept 40km/h and the trigger was generated at the point when TTC of
testing vehicle became 4 seconds in the test procedure. It could be checked out that TTC increased in a
moment due to braking of testing vehicle at the testing time of 35 seconds. And, looking into the change of
steering angle, it was checked out that steering began at the same time of generation of trigger and cut-in
completed after 3.5 seconds (See Figure 6).
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Figure5. Cut-in scenario for the test



g

1. T T T 12 W 1. T T T
=——Trigger Flag | : : : i . - = Trigger Flag | : : : : :
40H Virget veticle O T PR S —— 10H e Ct-in timing [ ; : : 5
R o s L gll——TTC N
T 0| e //r SVURN USROS SOOI S 8 - | i i i i i
E P H E .| PRI TP YSTURP WPTRPTPN VPRI T, T .
4 H {
= ol AN U SO S S, \ ] Q |
E 2 - E 4 : :
o i} Cut-in trigger @ TTC 4s
Y104 ‘,' . 2k H | = I H T
} 0 A
0 ..................
t | 1 I | Il i 1 -2 I | 1 i i |
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 k-] 40
time [s] time [s]
‘ ; ; ! ! , , y 0.4 ‘ . ,
B0 H === Trigger Flag 4 - o = Trigger Flag
ol—Steerngsgnal| T : n
: i H i i — 02 e e FONURUSS SNSRI N | S S— -
= : ' 5 ! : : 5
= 2l o
g g
s 0 et T O
o q 3
& 20+ . ki
E 0.2+ -
& 40
-60 H H H : H 0 . 3 :
1 1 1 L | 1 | 1 _0‘4 il il 1 . | 1
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
time [s] time [s]
Figure6. Test result at target speed 40km/h
DISCUSSION

Looking into the results of real vehicle test, it could be recognized that AEBS of testing vehicle operated
approximately 5 seconds after target vehicle began to cut in, however, it was known that it performed the given
scenario correctly. And, it was recognized that cruise driving of target vehicle could be performed well at the
speed of 35~40km. The objective of target vehicle was to perform the testing situations correctly and
repeatedly, however, it was regarded that such things could be satisfied well. And, it did cut in at TTC 4
seconds and finished cut-in in 3.5 seconds in respect of scenario, however, it was too much slow cut-in. TTC
that began to cut in was needed to be performed in the reduced time to produce the more realistic accident
situation and it was considered that the faster cut-in could be available by increasing the steering angle. It was
considered that the additional performance improvement of vehicle and more precise speed control were
required for that.

CONCLUSIONS

The scenario to be applied to this study was selected to evaluate the active safety performance of active safety
vehicle by investigating the projects of Europe that analyzed real accident data.

The target vehicle was developed to represent the accident situations of such scenario and the developed
vehicle performed the test that conducted the designated scenario to verify the unmanned driving performance.
As the results of test, it was checked out that it followed the route correctly in unmanned driving. It was
checked out that it performed the scenario correctly by conducting the test that used the real vehicle. And, it
was also checked out that the actual accident situation whose cut-in time had to be shortened could represented
by increasing lateral acceleration through the additional performance improvement.

It is planned that system stabilization of system developed in this study and the research of the target vehicle
that is capable of collision at high speed will be carried out continuously, the integration test of active safety
vehicle will be possible hereafter if the system and methodology for the test are developed, and it is expected
that it would suggest the more clear standards for consumers to choose the vehicles.
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ABSTRACT

Projects for the analysis of traffic accidents are focused mostly on personal damage. But analyses show that property damage
occurs 42 times more often than personal damage [4]. Officially registered accidents on German roads result in mere damage to
property (2.1 mio accidents [1]). A significantly higher number of property damage accidents are not reported to the police. Some
of which are reported to the insurers [2]. A significant number of minor damage does not appear in the statistics. According to [3]
the number of minor damage cases amounts to 4.8 mio cases per annum. 35% of full comprehensive cover accidents occur at low
speeds and pose a high potential for future advanced driver assistance systems (ADAS) [4]. Details of accidents involving minor
damage cannot be found in official statistics. In “In-Depth” property damage analysis, the conflict leading to damage is of high
relevance. Uncertainties need to be settled by means of an expansion of the existing accident conflict situations [4]. Currently,
equipment rates of ADAS are low requiring a purchase incentive for customers. Based on [5] this paper describes how damages
of vehicles can be classified and brought into relationship with ADAS functions and the vehicle itself. Various configurations and
different materials of outer attaching parts (OAP), e.g. aluminum, CFRP or plastics induce variable costs of repair. For a
prospective evaluation method of the monetary effect of ADAS it is necessary to know all influence parameters and to quantify
them. The evaluation of vehicle concepts in combination with an ADAS is possible.

Keywords: In-Depth Property Damage Analysis, Field Effectiveness, Prospective Evaluation, Property Damage Risk Function,
Accident Research.

INTRODUCTION

Accident research units mainly analyze accidents involving personal injury. Derived findings run in the
development of infrastructural arrangements or the vehicle safety. This has been mainly reflected in the
decreasing number of traffic fatalities during the last decades. An investigation shows [4] that just every fourth
of insurance cases of the property damage accident is reported officially. According to [3] the number of minor
damage cases which do not appear in statistics amounts to 4.8 mio cases per year. Hence property damage
occurs 42 times more often than personal damage. Official statistics only represent a fraction of real-world
accidents involving property damage.

Up to now there is no detailed analysis of the accident characteristics and causes of accidents in large scale
projects in the property damage field. Just pilot-studies like [4] deal with it. The objective is to make the
,blank spot“ on the accident scenario map disappear. Detailed information and knowledge about the
emergence of accidents and the underlying conflict scenario are very helpful for developing and designing
advanced driver assistance systems.

35% of full comprehensive cover accidents occur at low speeds and pose a very high potential for current and
future advanced driver assistance systems (ADAS) [4]. Currently, equipment rates of ADAS are low requiring
a purchase incentive for customers.

Safety systems are currently mainly intended for reduction of injury severity in accidents at high initial and
collision speeds, as for instance Adaptive Cruise Control with emergency brake function [6]. However, fitting
rates for such systems are small. Therefore, a purchasing incentive for the customer shall be established in
order to trigger a higher effect on traffic safety. However, this requires knowledge of the effectiveness of the
system prior to market introduction. Purchasing incentives for the customer can be saved repair costs or lower
insurance premiums. Hence systems would partly or fully pay off in the course of their service life.
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A retrospective effectiveness analysis of active systems is elaborate and time-consuming concerning the data
collection and because of the low fitting rates only viable over a long period of time (approx. 3 years).
Therefore a statement on the effectiveness of a system is only possible at a late stage after launch of sales.
Prospective analysis methods of ADAS in the field of property damage accidents are rarely available.

This paper presents based on the methodology for the prospective determination of field effectiveness of
ADAS focusing on the potential of reducing property damage accidents given in [5] a detailed evaluation of
damages. Various equipment configurations and different materials of OAPs have a big impact on the repair
costs. Furthermore the influence of the vehicle class has to be considered. An increasing number of automated
systems is expected in the course of the next years and especially in the low speed range these systems could
have a major influence on the number of occurring property damage accidents. Appropriate dimensions for the
evaluation and comparability of the changing repair costs are needed.

METHODS AND DATA SOURCES

For evaluating the benefit of ADAS in property damage accidents a systematic procedure like described in [5]. This
method consist of the main parts of data collection, reconstruction and new simulation of accidents and a Damage
Risk Function (SRF) for evaluating modified accident parameters.

The modified accident parameters are evaluated with the SRF. This function is build up modular for covering nearly
every individual accident. Vehicles are divided into damage segments: Front, fender, doors, side panel and rear.
Every area is related with components plugged in each.

Damage points and Matching coefficients

The resulting damage of a collision is reflected as a standard value in relation to the volume model of the respective
manufacturer. A standardized description of the damage allows a comparison over a long period of time. If the
resulting damage is currency related there would be no possibility to do a comparison many years later because
component costs and wages would have changed. A further reason for standardized representation is improved
comparability of vehicle models. Besides validity over a long period of time the evaluation of damages should also
be transferable to various models. In an identical damage scenario the resulting damage should be on the one hand
be comparable and on the other hand individual influence factors regarding the extent of damage have to be
considered.

These requirements can be achieved by means of the modular design of the SRF and using damage points (SP) as an
independent damage value (Eq. (1)).The volume model of the respective manufacturer serves as a basis. Total cost
of a repair consisting of component costs (ET), wages (LW) and paint-work costs (LACK) are under consideration.
For every single part the total costs of replacing are considered and subsequently divided by the basic factor a.

Besides the complete replacement of components repair procedures like smart repair, paint work and removal of
dents can be considered. The depth and surface area of the deformation are the main factors for the determination of
the repair method.

ETi+ AW;+ LACK;
a

SP; = eV

Mainly the OAPs are considered here since it can be assumed that in the low speed range without personal damage
no significant structural elements are damaged. This was derived in other studies of [5].

The generated damage points are identical for each vehicle model in order to ensure comparability of components.
Different materials of components, equipment speciation of vehicles and various vehicle classes have to be
evaluated the same way. Therefore matching coefficients are necessary (Table 1). These coefficients are separated
into different influence parameters as can be seen in the first column. The coefficients show the ratio of different
prices of repair costs for different parts and vehicles. An estimator tool was used to determine repair costs.
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Tablel.

Specifications of matching coefficients

Influence-parameter Symbol Example
. small car, compact car, medium-sized vehicle, upper
Vehicle class Betas middle-sized Vghicle, luxury class vehicle P
Light Blisht Xenon-, LED- or laser-headlights
Material B material aluminum, CFRP or plastic
Dynamic Design packet Bdynamic S-Line, M-packet, AMG- packets
Alloy rim size Brims 15¢, 16, 17¢, 18%, 19, 20, 21*
Type of varnish Barnish solid paint or special painting
Layout ADAS B apas ACC with one or two sensors

For example if there is a damage on the right front edge all damage points of the components are taken into account.
If the vehicle class is higher than the volume model, the material of the engine hood and the front fender have
changed and also the technology of the headlights is a different one. The coefficients for class, light and material
have to be multiplied to the individual damage points and are called damage units.

Figure 1 gives an overview over the range of the matching coefficients. This method can be applied for all
manufacturers and would therefore provide a comparison option for damage scenarios.

————————
low

configuration

Grey = area of
evaluation with Bi

lower vehicle
class

top selling
model (middle
clsss)

higher vehicle
class

high
configuration

Figurel. Matrix of matching coefficients

Damage units and real world repair costs

The given example shows that a lot of different influence factors to the extent of damage have to be considered.
Damage points derived for the volume model are calculated individually for each vehicle by means of the matching
factors. Equation (2) shows the calculation of damage units (SE) of an individual component.

SE; = SP; 1% Br

()

m,n € {class, light, material, rims, dynamic, varnish, ADAS}

Gschwendtner 3



In the most cases of an accident many components at once are damaged. Equation (3) contains all affected
parts

SE sum of external components — Z{ (SPI. H? ﬁn) (3)

In addition, there are basic costs which are identical for every repair job as for instance varnish preparation if paint
work is required. The damage points and the damage units for the varnish-preparation are equal because there is no
difference between various vehicle-models. They can be added to the total sum of damage units (Eq. (4)).

SE all = SEsum of external components + SEvarnish prep (4)

The back calculation to the damage extent in the used currency can be ensured all time. Therefore the sum of
damage units including the varnish preparation is multiplied with the basic factor a (Eq. (5)). In the course of
time only the basic factor has to be adjusted for considering changing prices.

SH = SEgza  (5)

On the basis of this methodology it is possible to evaluate future vehicle concept without knowing the exact
component costs. Only the vehicle class and the used materials have to be known for calculating the expected repair
costs. The repair costs are in the first instance interesting for insurers.

The methodology of damage points and damage units facilitates a separate consideration: The ADAS can
reduce damage points, the reduced damage points have vehicle individual impact on the resulting damage
units. Both dimensions are referred to the basic factor.

Property Damage Risk Score

According to [7] risk is the combination of damage extent and the probability of occurrence. Using an overall
statistical relevant damage frequency distribution like DEKRA, GIDAS or AZT can provide it, a basic risk can be
calculated. If available even for different classes of vehicles. These information can be used in combination with
vehicle specific information about materials of components and equipment. A property damage risk score (SSR
score) can be calculated due to summing up all products of damage units and frequency in all damage segments
around the vehicle (Eq. (6)).

SSR = Z{(SPI' ’ H;’qn Bn 'pdamage,i) (6

In application of the SSR Score a distinction between the upper and the lower SSR score. The difference between is
the considered extent of damaged components. The lower SSR score considers bumpers, fenders, doors and side
panel. The upper SSR score considers in addition lights on front and rear, ADAS sensors as well as front and boot
lid. Therefore an interval between minor loss and bodily injury can be defined. A multiplication of these intervals
with the annually expected damage frequencies a monetary potential of ADAS can be defined.

Based on this intervals a risk label is derived. It is divided in eight categories from A to H. In the categories from F
to H a progressive rise is visible whereas the categories A to E show a linear rise. This is necessary because the rise
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in repair costs for complex technologies like laser light or extreme lightweight constructions cannot be represented
in a linear scale. Table 2 shows the intervals and the according risk labels.

Table2.
Risk classification by means of property damage risk score (SSR)
. lower boundary property damage upper boundary property damage
risk label . .
risk score (SSRy) risk score (SSRy)

A >0 40

B >40 80

C >80 120

D >120 160

E > 160 200

F > 200 280

G > 280 400

H > 400

A risk classification of vehicles has to be conducted because resulting repair costs in property damage accidents
depend significantly of the equipment of the vehicles and the materials of the OAPs. Based on the findings in the
risk classification an investment strategy could be derived how a vehicle should be protected by systems to achieve a
good risk label. In order to achieve a positive effect on damage requirement there are two options: either reduction
of frequency or reduction of damage extent. In both options ADAS functions can be a big advantage with a direct
derive of a cost-benefit ratio.

RESULTS

The most interesting thing of the evaluation method is the possibility to evaluate future vehicle concepts. A
distribution of damage frequencies can be taken from a precursor or comparable model of a competitor.

The used material for OPSs is one of the main influence on the SSR score. Like Table 3 shows the influence of
materials based on a middle class vehicle with OAPs of steel and a plastic bumper (ranking C). The adjustment to
aluminum parts shows a little higher risk score but is in general a damage neutral possibility to use lightweight
OAPs.

A complete change to CFRP parts results in a D label. This corresponds the risk score of a high class vehicle with
aluminum structure and OAPs. An exact weighing up of the advantages of CFRP parts has to be done meticulous.
There is a high potential for lightweight but also economical disadvantages.

Plastic OAPs lower down the SSR score and yield an B label. Additionally plastic parts can be brought to the
workshop undercoat-varnished resulting in a shorter immobilization time of the vehicle and therefore lower
cancelation expenses for customer and insurer.

Table 4 gives a overview of the influence regarding the light technology. This is the most considerabe factor. The
reference model is equipped with a halogen headlight. Using xenon headlights increases the SSR score for 10%,
LED for 38% and using laser-lights would be an increase of 129%. Damaging headlights causes high repair costs
and additionally headlights have a very exposed position in case of a crash.

Table3.
Influence of material of OAPs

middle class vehicle steel aluminum CFRP plastics
lower SSR score 49 50 100 40

upper SSR score 83 86 156 67

risk label C C D B
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Tabled4.
Influence of headlight technology

middle class vehicle halogen Xxenon LED laser
upper SSR score 83 91 115 191

relative change - +10% +38% +129%

risk label C C C E

The fitting position of ADAS sensors has also a high influence on the resulting risk score. For example the use of
two radar sensors causes an increase of 34% compared to the reference vehicle without any sensors.

A minor influence can be found regarding alloy rims. Up to 19° there is just a little increase. Using 20°‘ rims and
higher there is an bigger influence because of the higher renewal costs.

Nearly every component brings a rise of the SSR score. Just plastic OAPs have a positive effect. ADAS functions
therefore have to compensate this effect due to an active intervention for mitigating or avoiding a collision. This will
be analyzed in further work.

DISCUSSION AND LIMITATION

For validation of the systematic of damage points and matching coefficients real damage cases were taken into
account and compered with the results out of the damage unit calculation. All considered cases of losses were taken
out of the accident type extension analyzed in [4] and [5]. In every case damaged parts, manufacturer and model of
vehicle, at hand ADAS and repair costs are known. Constitutive to this information the damage extent in damage
units is calculated depending on vehicle class, materials and equipment options. The resulting damage is compared
to the estimated damage of authorized experts.

Figure 2 shows the comparison of the resulting damage extents in motor-own-damage cases. The square shapes
represent the findings of experts, the triangular shapes the ones of the described systematic. The dotted lines
represent an equivalent SSR-score. In this figure the frequency and the specific scenarios are from no importance the
interesting point is the deviation of the square and triangular shape.

The averaged deviation between the two different approaches is 2.9 percent. 64.1 percent of the analyzed cases were
calculated directly under the assumption only to change OAPs. The amount of cases repaired by smart repair or
repair varnish is 15.4 percent. In 20.5 percent of the cases slight structural damages occurred.
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Figure2. Validating the system of damage units (SE)
The systematic of damage points and damage units is suitable for model and manufacturer independent calculation

of repair damages in property damage accidents. The damage extent is given well in the retrospective consideration.
The methodology is based on one manufacturer and on a limited number of vehicle models. However, the validation
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shows the permissibility of assumptions und the transferability to other manufacturers and car models. The only
larger deviation occurs in evaluating SUVs and high price models.

A use of the systematic for evaluating vehicles according to their class, materials and equipment in combination
with an ADAS is possible and can be done while the development phase.

The methodology of evaluating the effectiveness of ADAS in property damage accidents should not serve as a new
consultant-tool, but as a means to classify effects on vehicle damage in accident research. Up to now the
methodology works for minor deformation depths which are very common in property damage accidents.

CONCLUSIONS

In property damage different characteristics of accidents appear compared to personal damage [4]. Main
influence parameters regarding the occurring repair costs are beside the deformation area and deformation
dimensions the material of OAPs and the equipment of the vehicle.

ADAS with fully automated intervening functions have influence on property damage scenarios in the low
speed range. The material and the configuration of vehicles have influence on the resulting damage in an
accident. The procedure outlined here is a passible approach for evaluating damages of vehicles in the low
speed range and compare them to other configurations in combination with an ADAS. This serves as a
prospective method for deriving the customer value of systems and functions. Effectiveness of a system is
stated in property points and individually calculated for vehicles in damage units. A validation of the
systematics could have been shown by means of real world damage data.

More and more automated driving functions become of increasing importance in the driver assistance sector. If
the frequency of various conflict scenarios in which an assistance system may intervene, it is possible to create
a corresponding damage prevention or reduction potential of systems.

A bottom-up approach is pursued which allows an increase in system installation rates having a high impact on
cost advantage as to damage reduction and prevention in the low speed range. Driver assistance systems which
exhibit reliable function in the low speed range require high-end sensors. These sensors may also be utilized
for further safety functions beyond parking and maneuvering actions and thus may significantly reduce
accident numbers in a long term.

Accident research units, insurers and associations have to come to an arrangement of harmonized variables
which are imposed similarly. This ensures that each other can benefit from the insights. If there is a proof of
the benefit of an ADAS a purchase incentive for the customer can be created. A basic precondition for this is
in-depth knowledge of property damage scenarios [4].
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ABSTRACT

Research question

Autonomous emergency braking (AEB) has been indicated as a potential safety application not just for passenger cars and
heavy goods vehicles, but also for motorcycles and powered two-wheelers (PTWs) at large. Motorcycle AEB (MAEB) was
designed to produce autonomous deceleration of a host PTW in case of inevitable collision. Previous studies limited MAEB
to the case of a PTW travelling along a straight, as the activation of AEB was considered hazardous for a leaning vehicle.
This study aims to extend the applicability of MAEB to cornering scenarios.

Methods

A virtual PTW in a simulated environment was equipped with MAEB and Active Braking Control (ABC). MAEB consisted
of a virtual obstacle detection device, triggering algorithms that identify inevitable collision states, and an automatic braking
device. When an inevitable collision is detected for the host PTW and at the same time the rider is applying some braking
force, MAEB deploys enhanced braking, which assists the rider reaching the maximum feasible deceleration. ABC consisted
of control algorithms for the automatic braking device that stabilise the vehicle along the curved path. The complete system
named MAEB+ was tested using detailed computer simulation reproducing real world crashes.

Data sources

The crash cases used for the simulations were selected from the in-depth crash dataset “InSAFE”, which collects severe road
crashes in the metropolitan area of Florence. The selection criteria were the following: a) the PTW crashed into another
vehicle; b) the PTW was travelling along a curved path with roll angle above 15 deg; c) the rider applied some braking force
prior to impact; d) PTW loss of control was not the main contributing factor.

Results

In the simulation, MAEB+ was able to assist the rider in reducing the motorcycle speed prior to impact with higher
deceleration compared to baseline MAEB and in maintaining the stability of the motorcycle.

Limitations

The potential benefits of the proposed system, expressed in terms of impact speed reduction or avoidance of fall events,
cannot be directly correlated with actual benefits for the rider in terms of injury mitigation. In fact, risk curves expressing the
level of injury for the rider as a function of kinematic quantities (such as impact speed) are not currently available for riders.
Significance of results

Previous studies showed that MAEB would typically apply to situations where the motorcycle is travelling along a straight
path. However, this paper shows that MAEB associated to ABC can apply also to those cases where the PTW is leaning,
thus contributing to prove and extend the robustness of MAEB.

INTRODUCTION

An advanced emergency braking system, often referred to as Autonomous Emergency Braking (AEB), indicates
a system that detects imminent collisions and activates emergency braking to decelerate the vehicle with the
purpose of avoiding or mitigating the crash [1].

The first patent disclosing this specific concept was published in 1992 [2]. In 2006 the first high-end passenger
cars able to brake without input from the driver were released on the market by Volvo and Mercedes Benz. Only
few years later the first city car model was fitted with AEB (Fiat Panda, 3" generation). AEB is nowadays
available for a range of passenger cars [3], whereas since the 1% November 2014 AEB has become mandatory in
the European Union for buses, coaches and trucks.

The scientific literature of the last decade is rich in studies discussing triggering algorithms, system
architectures, evaluations, human related aspects of AEB for passenger cars [1, 4-10]. More recently, in 2012,
the authors presented a simple prototype of AEB for powered two-wheelers (PTWSs) [11], after the concept
being introduced independently in 2009 by two research projects funded by the European Commission, namely
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PISa [12] and SiM [13]. The prototype of MAEB described in [11] applied to straight path scenarios with roll
angles up to 10 deg. This limit was due to avoid the risks for the rider associated with an unexpected, automatic
braking action produced by MAEB while the vehicle was leaning in a curve.

In previous studies the authors investigated the applicability of MAEB via case-by-case retrospective analysis
based on in-depth crash datasets from different countries [14-16]. In most of the cases where automatic braking
may have applied, the motorcycle was travelling along a straight path. However, the extension of MAEB
applicability to larger roll angles would represent an important step of development. Firstly, this improvement
would enhance the applicability of MAEB. For example, in the multinational datasets presented in [16] the
percentage of cases where MAEB was considered ‘not applicable’ due to PTW roll angles greater than 10 deg
ranged between 5% and 28% for the Italian and Swedish datasets, respectively. Secondly, the acceptability of
MAEB among riders is expected to be higher if the system can safely deploy even when the PTW is cornering,
due to increased usability (additional details on the indicators of acceptability can be found in [17]).

This paper introduces a system named MAEB+ combining the functionalities of MAEB with an Active Braking
Control (ABC) that maintains vehicle stability during hard braking while cornering. An analysis of the effects of
MAEB+ was performed via computer simulations reproducing three real world crashes selected from the in-
depth motorcycle crash dataset INSAFE (In-depth Study of Accidents in FlorencE).

METHODS

From the INSAFE database, three suitable PTW-to-car crash cases were identified and reconstructed via
numerical simulations. For each case, a baseline simulation was tuned in order to reflect the kinematics and the
collision configuration identified by the original INSAFE crash reconstruction. Then, for each crash case two
additional simulations were performed, assuming that MAEB and MAEB+ respectively were active on the PTW
at the time of the crash. Finally, the baseline results and the results obtained with MAEB and MAEB+ were
compared to analyse the possible effects of these crash mitigation systems.

SYSTEM DEFINITION

The MAEB+ system combined two subsystems: MAEB and ABC, presented by the authors respectively in [11,
18] and [19, 20]. MAEB was designed to monitor the vehicles around the host powered two-wheeler and to
deploy automatic braking in case of inevitable collision with an opponent vehicle. ABC was designed to
optimise the braking action of the rider while guaranteeing the capsize stability. ABC can potentially assist
MAEB in safely achieving the desired emergency deceleration both in straight and, more importantly, in curved
path. In this study MAEB and ABC were combined to assist the rider in case of imminent collision in a curve.
In this situation both MAEB and ABC are engaged, thus enhancing rider’s braking action (MAEB) and keeping
the vehicle stable along the curved trajectory (ABC). In the following paragraphs, each subsystem and their
interaction will be described.

MAEB subsystem

MAEB monitored the vehicles in the frontal surroundings of the host PTW and when an inevitable collision was
detected the automatic brake was deployed. A full prototype of MAEB was developed within PISa and
implemented on a large-size scooter. The obstacle detection device was a compact, multi-layered laser scanner
mounted in front of the vehicle. The triggering algorithm was designed for the simple scenario in which the host
PTW approached a fixed obstacle moving along a straight path. The algorithm deployed autonomous braking as
soon as the collision became inevitable — either by braking or swerving at the physical limits [11].

Recently, new triggering algorithms were developed by the authors to apply to a wider range of pre-crash
scenarios, including intersection scenarios. These algorithms were based on the concept of Inevitable Collision
State (ICS) defined by Fraichard and Asama [21]. Given the current state s = {Vprw, Vears Pears Ocar), Where
Vprw and vg, represent the speed of the host PTW and opponent car, respectively, and P, and 6., are
respectively the relative position and relative heading of the opponent car with respect of the host PTW, s is an
inevitable collision state if, no matter what the future manoeuvres of host and opponent vehicles are, a collision
will eventually take place. Inevitable collision states can be pre-computed and implemented via triggering look
up tables, as described in detail in [18]. The analysis of these look up tables indicated that in typical pre-crash
situations the ICS can be identified up to 0.5 s before collision. This study adopted the triggering algorithms
computed for a case in which the PTW is initially travelling along a straight path [16].

Concerning the deployment of automatic braking once the collision becomes inevitable, two different modes
were identified. The first one was a proper autonomous braking (AB) with moderate deceleration deployed by
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the system when the collision was inevitable and the rider was not braking. The second method was the
enhanced braking (EB), deployed when the collision was inevitable and the rider applied some braking action.
In this case, the system amplified the braking force up to the limit imposed by the road-tyre friction coefficient.
Previous studies recommended limitations for the deceleration level in AB mode. In fact, the unexpected
autonomous deceleration may destabilise the rider with dangerous consequences. Symeonidis, Kavadarli,
Shuller, Graw and Peldschus [22] performed experiments with volunteers in controlled conditions using a sled
to produce different levels of decelerations simulating AB. Their results indicated that a deceleration of 0.35 g
was acceptable for AB. The initial prototype vehicle equipped with MAEB was tested on the road by
professional riders, confirming the feasibility of AB deceleration at 0.3 g [23]. However, in these tests the riders
were aware of the imminent automatic deceleration produced while approaching foam obstacles. Other tests
were conducted by the authors involving common riders in order to validate the feasibility of genuinely
unexpected AB events along a straight path [24].

ABC subsystem

The aim of ABC was to provide the maximum deceleration and, in case of critical events, improve vehicle
stability via longitudinal forces modulation. Similar concepts were described in the literature [25] and at present
this technology is available on the market [26]. The basis of the ABC was a system integrating combined
braking (CB) and antilock braking (ABS), indicated here as C-ABS. CB converted a braking input into
reference braking pressures on front and rear wheels for a steady state optimal braking [27]. Force modulation
downstream of the CB adjusted the braking pressures to avoid wheel lock and improve stability during unsteady
braking and cornering.

Figure 1 depicts the layout of the ABC system, which included Combined Braking (CB, yellow), Antilock
braking (AL, light blue), risk evaluation module (green) and Active Braking (or braking modulation) module
(AB, white). The hierarchy of the functions is described hereafter: 1) combined braking applied to every
manoeuvre, aiming to maximise vehicle deceleration in every braking scenario; 2) in case of wheel slip over a
threshold, antilock braking unit was activated; 3) the vehicle state was constantly under control during every
manoeuvre: as soon as a critical event was detected, the RISK unit sent a warning signal to the AB unit; 4)
active braking unit was activated as soon as the RISK unit sent an alert; AB acted directly on the CB function.
The braking forces modulation was based on the application of the correction p. to the actual braking force
distribution. The correction was computed so that the desired stability target was addressed maximizing the
deceleration. The correction was a function of the total longitudinal force and therefore it was a function of the
maximum acceleration/deceleration that the rider tried to achieve.

The factor p. was computed according to the following equation:

1) pc = —Izz - Y
FxT - a -6 - cos(¢)

ActiveBrakingControl 4”7
Bus1

) ) i X InputBusi .
H H -
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Figure 1. General layout of the Active Braking Control: Combined Braking function (CB, yellow); Anti-Lock
function (AL, light blue); RISK function (green); the Active Braking, or braking modulation, function (AB, white)
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where Izz represents the yaw inertia of the PTW in the body-fixed system of reference, v the yaw acceleration,
FXT is the total longitudinal tyre force, a is the longitudinal distance between the CG and the centre of the front
wheel, ¢ is the steering angle and ¢ is the vehicle roll angle.

The intervention of the braking modulation control unit applied to the original braking force distribution, p,. The
correction p. was subtracted from the original force distribution. When the AB unit deployed, the correction was
computed, and the braking force distribution was modulated in order to produce the new braking balance.

The RISK unit detected a potential fall and activated the AB unit. The RISK function integrated in the risk unit
was the implementation of the equations described in [20]. This unit was composed of a number of algorithms,
named RISKIi, able to detect potential fall events that are critical for PTW stability and safety. The parameters
were designed to identify incipient fall events produced by braking intensity or heavy oscillations of vehicle
body and steering bar.

The minimum working frequency adopted for the AL module was 10 Hz. It should be noted that current ABS
working frequencies are typically lower (3-4 Hz).

MAEB+ system

MAEB+ was designed to extend the applicability of MAEB beyond the straight path scenario and cover
situations in which the PTW is cornering by incorporating AB and EB functions with the braking control
algorithms of ABC.

As previously described, the ABC received braking inputs and modulated them to produce optimally distributed
braking and vehicle stability during the braking manoeuvre. In the MAEB+, the braking inputs of the ABC
module were either the rider’s control actions or — in case of inevitable collision scenario — MAEB control
actions.

As the aim of the present study was an overall evaluation of the influence of MAEB+ in real world crash
circumstances, and not the development of the physical system, the system modelling was highly simplified as
follows.

The rider action was modelled in BikeSim as an open loop force applied on the brake levers in order to produce
the deceleration profile described in the crash reconstruction report. MAEB module received three inputs: a
triggering signal from the ICS module and front/rear braking signals from the rider. MAEB module provided the
adjusted front/rear brake delivery pressures, which followed the states described in Table 1.

MAEB outputs were passed to the ABC module, together with vehicle state data. The outputs of ABC module
were the modulated front/rear brake pressures provided to the BikeSim module as braking pressure inputs at the
callipers. A scheme of MAEB+ is provided in Figure 2.

Table 1.
In&Out MAEB State Chart
MAEB inputs MAEB outputs

Front brake Rear brake ICS signal Front brake Rear brake
pressure @ pressure @ (True or pressure @ pressure @
master master False) delivery delivery
cylinder cylinder
(from rider) (from rider)

0 0 T AB pressure 0

0 0 F 0 0

a 0 T EB pressure 0

o 0 F o 0

0 B T EB pressure B

0 B F 0 B

o B T EB pressure B

o B F o B
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Figure 2. Scheme of MAEB+: bold lines indicate multiple signals; s is the current state of host motorcycle and
opponent vehicle used to determine inevitable collision states; M/C is the master cylinder braking pressure; D is the
braking pressure at delivery; W/C is the braking pressure at callipers; F and R indicate front and rear brakes,
respectively.

CASE STUDIES
INSAFE crash database

The InSAFE study is conducted by the University of Florence with the Intensive Care Unit (ICU) of the
Emergency Department of the Careggi Hospital. INSAFE has been collecting road accident data since 2009 in
the cities of Florence and Prato and their surroundings [28, 29]. The data collection protocol of InNSAFE
complies with the guidelines defined by the European funded Project DaCoTA [30]. The selection criteria
consist in urban and non-urban road crashes (not only with PTWSs) involving at least one seriously injured
person (Injury Severity Score, ISS > 15) admitted to ICU. Investigators inspect vehicles involved in the crash to
collect data on vehicular deformation, seat-belt usage, and protective garment including helmets and motorcycle
clothing. Furthermore, for each case, retrospective site inspection and witness interviews are carried out in order
to identify relevant pre-crash events. The ICU involved in the study alerts the INSAFE team providing
information on injuries typologies and severities codified using the Abbreviated Injury Scale (AIS). A
biomechanical correlation between injury and cause is conducted for each case by a panel of physicians and
engineers. Through vehicular deformation, skid marks and witness accounts, collision speeds are computed and
then validated using the accident simulation software Virtual Crash [31].

In the period 2009-2014, the INSAFE team has collected 206 serious road accidents of which 94 cases (45%)
were fully reconstructed and studied (Table 1 reports the road accident typologies in the latter subset of records).
Forty in-depth cases involved PTWs (Table 3 for details). The most frequent PTW crash configurations were
head-on-side collisions (66%) followed by the head-on collisions (27%) (Table 4). Concerning the injury
outcomes, the most severe configurations were head-on collisions, leading to a mean ISS of 22.0 and mean
MAIS of 3.3.

For the present study, the selection criteria for the identification of the cases to be considered in the simulations
were the following: a) the PTW collided with another vehicle; b) the PTW was travelling along a curved path
with roll angle equal or above 15 deg; c) the rider applied some braking force prior to impact; d) PTW loss of
control was not the main contributing factor. These criteria led to the identification of three crash cases,
described in the following paragraphs. (Right hand side driving is in place in Italy, where these cases took
place.)

Table 2.
Accident types of fully reconstructed accidents in the INSAFE database

Type N. %

Single Vehicle 9 95
Vehicle-to-Pedestrian 38 40.5
Vehicle-to-Bicycle 14 15.0
Vehicle-to-Vehicle 33 35.0
Total cases 94 100
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Table 3.
Accident types of events involving PTWSs in the INSAFE database

Type N. %

Single Vehicle 5 120
PTW-to-Pedestrian 7 170
PTW-to-Bicycle 3 75
PTW-to-Car 23 56.0
PTW-to-Van 2 15
Total cases 40 100

Table 4.
PTWs accident configurations (opponent vehicle: car or van)

Mean impact Mean  Mean

0,
Type N, % speed (km/h)* MAIS*  ISS*
Head-on crash 7 28.0 50.7 4.0 28.7
Head-on-side crash** 17 68.0 46.2 3.1 19.6
Sideswipe crash 1 4.0 53.0 3.0 14.0
Total cases 25 100 47.7 3.3 22.0

* Referred to PTW user
** PTW impacting on side of opponent vehicle

Case study 1 - ID-16

This case involved a 37-year-old male rider fatally injured in a head-on collision with a medium-sized car
(Figure 3). The accident happened in a rainy winter night in low traffic conditions at signalised intersection with
fully controlled cross-traffic light. A Mercedes E280 approached the crossroad with green light travelling
straight at 65.8 km/h (x5 km/h). A Yamaha Cygnus scooter was approaching the same junction from opposite
direction at 56.5 km/h (x5 km/h). The rider, eventually found to be positive to the alcohol test, did not stop at
the red light and turned left. The roll angle of steady-state cornering was approximately 23 deg. Due to the
weather conditions, the adherence was supposed to be in the range 0.55-0.60 (typical values from literature [32,
33]), leading to a maximum deceleration of 5.4-5.9 m/s’. Skid marks were not reported. In the crash
reconstruction both vehicles were assumed to start decelerating at 0.3 g (corresponding to 50% of the maximum
braking force) one second before the crash (assuming typical reaction times). The impact speed was 55 km/h
(x5 km/h) for the car and 50 km/h (x5 km/h) for the PTW. The rider suffered injuries with 1SS of 36. The three
most serious injuries were reported at the head and chest (MAIS 4), and face (MAIS 2). The accident took place
on urban roads in residential area, where a 50 km/h speed limit was in place.

Figure 3. Case study 1, head-on collision at urban crossroad (I1D-16)
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Case study 2 - ID-10

In this accident, a 25-year-old male rider was seriously injured as result of head-on collision with a small-size
car (Figure 4). The crash scenario was an S-curve in a dual lane, two ways, non-urban road with a speed limit of
60 km/h during a sunny day (no dazzling involved). A Suzuki GSX R750 was travelling at 94 km/h (x5 km/h).
Before entering the first of the two curves, the motorcycle was in the opposite lane to negotiate the right hand
side bend with a roll angle of approximately 40 deg. A FIAT Punto car was oncoming in the opposite direction
at 57 km/h (x5 km/h). The rider started braking 0.5 s before the impact, with a peak deceleration of 0.7 g
reached at impact. In addition, also the driver applied a braking action of 0.3 g at 0.5 s from the crash. The
impact speed was 88 km/h (£5 km/h) for the PTW and 50 km/h (£5 km/h) for the car. The rider was subjected to
multiple injuries (ISS of 29). The most severe ones were located in the chest (MAIS 4) and in the pelvic region
(MAIS 3).

Figure 4. Case study 2, head-on collision at non-urban road (ID-10)
Case study 3 - ID-30

The third accident involved a 20-year-old male rider seriously injured in a sideswipe collision with a small-sized
car. The accident happened in a sunny spring day with moderate traffic conditions. The accident scenario was a
non-signalised crossroads (Figure 5). A Renault Clio car approached the intersection from right to left hand side
of the rider path. The driver reached the crossing (signalised with STOP signal) slowing down the vehicle up to
17 km/h (x5 km/h) and then accelerating until the crash. A Honda SH300 scooter was traveling on the main
road at 77 km/h (£5 km/h). The rider realised the driver’s intentions too late. One second before impact the rider
applied a braking action resulting in a deceleration of 0.3 g and made an evasive manoeuvre towards the left
hand side with a maximum roll angle of approximately 15 deg. The impact speeds were 65 km/h (3 km/h) and
37 km/h (3 km/h) for the PTW and for the car respectively. The rider was assigned an 1SS of 19 with MAIS 3
injuries to head and thorax and MAIS 2 injuries to the spine. All the injuries were caused by the impact of the
rider with the road environment (a post and the concrete shoulder).
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SIMULATIONS

The three in-depth crash cases were reconstructed using the software tool PreScan (TASS International,
Helmond, The Netherlands) [34]. Motorcycle dynamics was simulated using BikeSim software (Mechanical
Simulations, Ann Arbor, MI, US). The algorithms of MAEB+ were modelled in Matlab Simulink software
environment. The three software packages were interfaced with each other to run simulations that included road
geometries, reconstructed trajectories of the opponent vehicles, detailed vehicle dynamics, and control
algorithms for the safety system.

Baseline cases and variant cases were simulated. The baseline simulations aimed to obtain realistic
reconstructions of the actual cases in last 2-3 seconds prior to crash. The simulation results were compared with
the original reference cases as described in the crash reports, to check the agreement in terms of: initial position,
path, and speed profile of the vehicles involved, driver and rider’s control actions (type, timing, and intensity),
impact point, and relative heading at collision.

Variant simulations used the same conditions defined for the baseline cases, and included virtual MAEB and
MAEB+ to evaluate the effects that these systems may have produced compared to the baseline cases.

For each case (baseline and variants), a simplified reference trajectory was defined using the original crash
reconstruction developed with Virtual Crash software. Reference trajectories were obtained assembling only
straight and constant radius stretches for both car and motorcycle. The reference trajectory of the motorcycle
was passed to BikeSim as a target path for the virtual rider. Details of the virtual rider are available elsewhere
[35, 36].

Driver and rider inputs were defined based on the information available from the crash investigations and the
Virtual Crash reconstructions. Open-loop throttle and brake controls were defined via step functions for host and
opponent vehicles. Trial-error procedure was adopted to identify timing and intensity of the longitudinal
controls.

The PTWSs were modelled in BikeSim using the model of a scooter reproducing a Piaggio Beverly 300.

RESULTS

According to the simulations, in one case analysed (ID-10) MAEB and MAEB+ would have deployed in
autonomous braking mode (AB) followed by enhanced braking mode (EB), as the rider started braking after
reaching the ICS condition (inevitable collision state). In the remaining cases the simulations indicated that
MAEB and MAEB+ would have deployed in EB mode only, as the riders applied the brakes before reaching the
ICS condition.

Impact speed reductions were estimated in the range from 0.8 km/h to 3.0 km/h for MAEB, and from 1.3 km/h
to 6.1 km/h for MAEB-+. In all three cases the activation of MAEB and MAEB+ would have increased the mean
deceleration in the time frame between the ICS detection and the collision.

Results showed higher decelerations for MAEB+ compared to simple MAEB. In two of the cases, the impact
speed reduction was more than double with MAEB+ compared to MAEB. This outcome is mainly due to
MAEB operating on the front disk only, with limitations compared to the combined braking operated by
MAEB+, especially on damp and wet road conditions. Speed profiles, longitudinal accelerations, and brake
pressure values for the three simulations are provided in Figure 7.

In addition, the simulations showed that the hard braking with braking modulation operated by MAEB+
obtained lower destabilisation of the vehicle with respect to MAEB deployment, as visible in the diagrams in
Figure 8. With MAEB+, the absolute value of the roll angle tended to reduce while braking, as the vehicle
tended to maintain the original path at decreasing speed.

In the following paragraphs, the main results for each case will be briefly presented. The results are also
synthesised in Table 5.

It

14T
0

Figure 6. Wheelbase and centre of gravity of the Piaggio Beverly 300. Experimental measurements with rider:
a=925 mm; b=545 mm; h= 500 mm.
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Figure 7. Diagrams showing speed profile, acceleration, and front and rear braking pressures of the PTW in the

ID-16

simulations: a) case ID-16; b) case I1D-10; c) case I1D-30.

The benefits of autonomous emergency braking in terms of increased average deceleration and consequent
impact speed reduction were noticeable in case ID-16 (PTW turning in front of opponent vehicle), in which the
rider was reported to brake with low deceleration only. However, the deployment of MAEB produced a quick
increase in the absolute roll angle, which was a sign of an incipient loss of control and subsequent fall. With
MAEB-+ the vehicle achieved similar decelerations without noticeable destabilisation.

ID-10

The benefits of MAEB and MAEB+ were less tangible in case ID-10 (head on crash scenario). The impact
speed reduction produced by autonomous emergency braking was moderate. The deployment of EB produced
additional vibrations of the vehicle (less evident when using MAEB+), as a consequence of the large roll angle

at triggering.
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Figure 8. Diagrams showing roll angle and yaw rate of the PTW in the sim
case 1D-30.
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ulations: a) case ID-16; b) case ID-10; ¢)

Also in this case (sideswipe scenario) the benefits of autonomous emergency braking in terms of impact speed

reduction were moderate. However, the benefits of MAEB+ in terms of ve

hicle stabilisation were noticeable. In

fact, in the initial phase of the curve the brake modulation reduced the braking force on the front wheel and built
up braking pressure to the rear. In conclusion, the vehicle appeared to be stable while negotiating the curve even

under hard braking conditions.

DISCUSSION, LIMITATIONS AND FUTURE PERSPECTIVES

The values of impact speed reduction obtained with MAEB in the simulations were in line with the values
estimated in previous studies, although derived from different configurations (with roll angle smaller than 10
deg). The introduction of MAEB+ has allowed generalizing speed reduction benefits of MAEB to a larger set of
accident configurations. In addition, the improved management of braking forces allowed higher decelerations
in all the case studies, while the PTW stabilization, achieved with the ABC subsystem, prevented the vehicle
capsizing prior to the impact in ID-16. In the latter case the deployment of the system in EB mode while the

Table 5.
Synthesis of the results for the three simulated cases in baseline, MAEB, and MAEB+ configurations
Initial - . Impact Impact speed reduction Averag_e
Time to collision . . - deceleration
Case speed Configuration speed compared to baseline
(km/h) atics (s) (km/h) (km/h) from ICS to,
collision (m/s?)
Baseline 52.3 - 1.3
ID-16 56.5 0.26 MAEB 49.3 3.0 45
MAEB+ 46.2 6.1 7.8
Baseline 84.5 - 3.7
ID-10 91.0 0.37 MAEB 83.1 14 4.8
MAEB+ 81.4 3.1 6.0
Baseline 67.4 - 4.4
ID-30 85.0 0.38 MAEB 66.5 0.8 5.0
MAEB+ 66.0 1.3 5.4
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rider was applying mild braking allowed to capitalize an impact speed reduction close to the theoretical values
presented in previous studies, which turned in more than 20% of PTW Kkinetic energy reduction at impact. The
analysis of case 1D-16 showed the peculiar relevance of MAEB+ in situations where human factor failures are
key elements and roll angles are not close to the limit. These results also suggest that autonomous emergency
braking is likely to produce higher benefits when the rider is only able to achieve low deceleration prior to the
collision, possibly due to lack of confidence in applying strong braking while turning, or as a result of panic,
uncontrolled reaction in the imminence of a crash.

Despite the lower impact speed reduction obtained by the autonomous emergency braking, also in the other case
studies MAEB+ outperformed MAEB. The limited speed reduction derived from higher braking forces applied
by the riders in the simulations. (Maximum decelerations are similar in ID-10 and ID-16, but in the latter case a
larger speed reduction was obtained.) It is worth noticing that the dynamical model of a scooter was used in case
ID-10, despite the actual PTW involved was a sports motorcycle. Similar results would be expected when
adopting a dynamical model of a sports motorcycle, in agreement with the similar results obtained with a
scooter and a sports motorcycle in the computer simulations used for the assessment of the ABC system [19,
20].

In the proposed simulations, the position, the speed, and the heading of the opponent vehicle were assumed to be
available for the MAEB and MAEB+ systems (as long as the obstacle was in the field of view of the PTW).
Possible obstructions in the field of view, although not reported for the cases considered, could represent a
strong limitation to a system that adopts an optical sensing device, especially in urban scenarios. In addition, the
use of an optical sensing device to identify and track obstacles is particularly challenging when the roll angle is
greater than 10 deg [11]. The adoption of V2X communication in order identify the triggering event will
represent a fundamental step in the development of MAEB+.

In the simulations, the ABC subsystem provided enhanced stability to the PTW while hard braking along a
curve, in the assumption that when EB deploys — thus abruptly increasing the deceleration of the vehicle — a real
rider would be able to hold themselves firmly on the vehicle. Initial tests with professional riders experiencing
EB deployment were conducted in the past [23], showing the feasibility of such system along a straight path
with alerted rider. As far as the authors are aware, there are no other similar studies available in the literature.
This important question regarding the feasibility of EB, and especially in emergency situations while negotiating
a turn, should receive adequate attention in the future.

The braking stabilisation potential of ABC, when confirmed with larger set of simulations and with practical
tests, would then enable MAEB deploying while negotiating a curve. But first and foremost, it would make
MAEB deployment more reliable in a pre-crash scenario along a straight path, by compensating for possible
last-second swerve avoidance manoeuvres operated by the rider in proximity of MAEB activation. In this
context, such safer deployment of MAEB in the future may allow anticipating AB and EB intervention in time
(higher TTC at triggering leading to higher effectiveness in impact speed reduction or even crash avoidance). In
other words, MAEB+ has a potential to enable the application of MAEB to *“avoidable impact conditions” and
not just after the collision has become inevitable. However, the development of a MAEB+ for collision
avoidance shoud be accompanied by the elaboration of appropriate overriding strategies. Best practice indicates
human factor to be integrated since the initial design phase through extensive rider characterization and testing
on volunteers.

As final limitation, the potential benefits of the proposed system expressed in terms of impact speed reduction or
avoidance of fall events cannot be directly correlated with actual benefits for the rider in terms of injury
mitigation. In fact, risk curves expressing the level of injury for the rider as a function of kinematic quantities
(such as impact speed) are not currently available for riders.

CONCLUSIONS

MAEB+ was presented as an evolution of MAEB that incorporates optimal braking distribution and cornering
stability. MAEB+ and baseline MAEB were tested in computer simulations reproducing three real world crash
cases selected from the INSAFE database of crashes in the metropolitan area of Florence, Italy. The results
showed that both MAEB and MAEB+ systems reduced the impact speed of the PTW compared to the cases in
the actual configuration without braking assistance systems. In addition, MAEB+ was able to obtain higher
decelerations and improved stability with respect to baseline MAEB, thanks to special algorithms of braking
modulation. MAEB+ extends the applicability of autonomous emergency braking to a set of crash scenarios that
so far were excluded from the evaluations of the potential benefits of MAEB. The results of this study also
suggested that the effectiveness of MAEB+ is likely to be higher when the rider applies early, poor braking, and
when roll angles are far from the limit, compared to cases in which the rider is able to apply late, nearly optimal
braking, and in tight corners requiring high roll angles. When further validated, MAEB+ or similar systems
could also enable the deployment of emergency braking when the collision between PTW and opponent vehicle
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is still preventable. This concept is inspiring, especially considering that in the current literature such futuristic
scenario of motorcycle autonomous emergency braking has not even been mentioned.
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ABSTRACT

City Safety is a low-speed autonomous emergency braking (AEB) technology, first made available as standard by Volvo
on their XC60 model series, and released in the UK in 2008. This technology has since been made available on a growing
number of models, including the high volume seller Volkswagen Golf 7. This paper presents an analysis of the impact of
AEB in the UK on claim losses using real world Insurer claims data. Statistical regression was used to compare the claims
losses for the XC60 to that of a SUV control cohort of vehicles without any such system, and quantify any AEB effects
identified. The influences of calendar year and vehicle age on claim risk were accounted for in the analysis. Estimated
claim frequencies for the XC60 were lower than those of the control cohort, in all liability types: 8% lower for Third Party
Damage, 6% lower for Own Damage, and 21% lower for Third Party Injury. More recently this approach has been
employed to compare claim frequencies for the Golf 7 with the Front Assist AEB system with that of a Small Family car
control cohort of vehicles, with similar qualitative results observed from an analysis of the initial data available.
Furthermore a study of claim damage severity based around claim costs and repair times estimated lower severity levels
for the XC60 relative to control cohorts, for own damage liability, of the order of 10%-15%. This study is the first of its
kind using UK claims and indicates the potential benefit of AEB technology. Further statistical analysis is intended with
additional risk information for the XC60 and Golf 7, and other AEB study vehicles.

INTRODUCTION

In recent years, collision avoidance or mitigation systems have become a feature on an increasing number of
new vehicles, and show the potential to reduce injury and vehicle damage. Autonomous Emergency Braking or
"AEB’ is a safety technology which monitors the traffic conditions ahead and automatically brakes the car if
the driver fails to respond to an emergency situation. AEB systems use various different names even where the
functionality is similar. Systems also feature different sensors to monitor the traffic situation, such as cameras,
lasers and radars. Some systems use a number of these together in sensor 'fusion'. These systems also have
different speed ranges where they are active and they have different injury reduction potential. City Safety is a
low-speed AEB technology, first made available as standard by Volvo on their XC60 model, and released in
the UK in November 2008. The technology is designed to help prevent or mitigate front-to-rear impacts, at
speeds up to 30 km/h, which is one of the common types of crashes. However City Safety may well have an
effect in other crash configurations so long as the collision speeds are minimal and its sensor has time to allow
a vehicle to react. City Safety works using a LIDAR (light detection and ranging) sensor mounted onto the
upper windscreen to detect other vehicles travelling in the same direction around 6-8 metres in front of the
vehicle. This technology has subsequently been fitted as standard to a number of other Volvo vehicles. This
sensor is manufactured by Continental and is low cost, and as such has allowed proliferation.

The Volkswagen Golf 7 has the Front Assist AEB system fitted as standard to all of its trim levels with the
exception of the base version, and has been available in the UK since November 2012. This system consists of
a long-range RADAR (radio detection and ranging) manufactured by Bosch and fitted to the front grille, and
can detect vehicles up to 80m ahead. Front Assist applies full braking up to 30km/h, and between 30-80km/h
provides driver warning of a stationary object; between 30-200km/h the system applies its full capacity of
driving warnings, partial braking and brake assistance.



A number of international studies have used real world data to establish the impact of AEB on claims’
frequency and cost. In the USA the Highway Loss Data Institute (HLDI) have conducted statistical studies
around the experience of the Volvo XC60 and S60 compared with appropriate vehicle control cohorts, while
controlling for factors such as age, gender, population density, US State, and calendar year [1-2]. Since the
City Safety system has been standard fit, identification of a cohort of appropriate vehicles was simple. Their
research also addresses a possible “Volvo-effect’ by comparing the loss experience of these Volvo City Safety
vehicles against Volvos without it. Their most recent published results on this demonstrated frequency
reductions arising from City Safety [3-4], for each of 1st and 3rd party damage and 3rd party injury liabilities.
A similar analysis of damage severity using claim cost data generated mixed results.

A Swedish study carried out jointly by the Volvo Car Corporation and the leading Swedish Insurer Volvia
focused solely on rear-end crashes [5]. In particular the real world data was used to measure the effectiveness
of City Safety in avoiding crashes for the striking vehicle, by comparing the XC60 against other Volvo car
models without this technology, while controlling for car ownership and size types. Their analysis
demonstrated 23% effectiveness for City Safety in reducing front-into-rear crashes, when compared against a
selection of other Volvo models, and 30% effectiveness when compared against XC70. Another recent
Swedish study undertaken by Folksam [6] to analyse police reported front-into-rear crashes with at least one
injured occupant, used the induced exposure method to compare a range of City Safety models to a selection of
different control cohorts and for different impact speed ranges. Results demonstrated a range of levels of
effectiveness of City Safety. A preliminary analysis was carried out by AZT Automotive/Allianz on the claims
experience for the XC60 City Safety in Germany [7]. In their modelling of this they compared the XC60 to a
number of its competitors, while controlling for a number of factors, for both comprehensive coverage and
third party liability coverage. The conclusion of this study indicated no clear City Safety effect on claim
frequency or average; however the selection of competitor vehicles was limited.

Because avoiding or mitigating the speed/severity of a crash is going to have a beneficial effect for society by
reducing injuries and damage to vehicles, it is important to study the impact of such systems on UK roads. The
research presented in this paper is concerned with an analysis of the effect of the Volvo City Safety and
Volkswagen Front Assist on UK claim experience using available real world data, and the implications for
injury reduction.

METHODS

This study uses real world insurance claims data to analyse the effects of AEB on claim frequencies and costs,
focusing primarily on the Volvo XC60 with City Safety fitted as standard since November 2008, but also the
Volkswagen Golf 7 with its Front Assist system. All collision types are considered, not just front-into-rear impacts
that AEB is designed to address. Potential AEB benefit is measured by comparing the XC60 against a control cohort
of appropriate small SUV models without AEB fitted, and similarly for the Golf 7 (AEB) and a small family car
control cohort.

The XC60 sits in the compact (small) SUV class, with a UK new purchase price varying between £25,000 and
£40,000 at the time of writing. Some are fitted with 4-wheel drive whilst others with 2-wheel drive. A cohort of
control vehicles were selected to include some 4x4s and some “cross-overs’, all seen as being similar to the XC60
and also likely to feature in any such buyer’s potential list. Of these vehicles only those with build dates of 2008 or
later were used. The Golf 7 is a small family car and currently the third most popular selling vehicle in the UK,
launched in late 2012. AEB is fitted as standard on all its trim levels with the exception of the base model. A control
cohort of small family cars was selected to compare against, which includes the Golf 6 model and Golf 7 base
model.

The analysis is carried out separately across the liability types Own Damage, Third Party Damage and Third Party
Injury. An Own Damage claim relates to claims payable to the insured party for damage to their vehicle. In practice
this primarily includes at-fault claims involving other vehicles or fixed objects, but also covers non-fault incidents
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such as hit by unknown third party, weather damage, animal strike, and possibly vandalism. A Third Party Damage
claim relates to the struck vehicle or object for the third/other parties. A Third Party Injury relates to third/other
parties injured through the actions of the insured/policyholder.

Data Sources
Two datasets featured in this study, with key characteristics and differences listed in Table 1.

Insurer Dataset: A request for anonymous claims data was submitted to UK Insurers in 2013 to monitor
the effects of AEB. This was completed by 12 Insurers and represents nearly 60% of the motor Insurance
market in the UK by gross written premium. The resulting dataset includes claims count, cost and exposure
information for the XC60 and Golf 7 and their respective control cohorts. For the XC60 study claims dating
2009 to Mid-2014 were collated, and for the Golf 7 this date range was 2013 to Mid-2014. Exposure is defined
in Insured Vehicle Years (IVYs), whereby a vehicle insured for 6 months would have an exposure of 0.5.

Research Claims Database: This database of Insurer authorised vehicle repair claims is utilised by
Thatcham for research purposes, and includes approximately 90% of the UK Insurance market by volume. The
claims data held within the Research Claims Database lends itself to a study of damage severity, given that it
contains information on repair costs and times, for a wide range of vehicles. Claims are for all liability types,
but are mostly unidentifiable in this database; however the vast majority is related to vehicle collision damage.
It has been assumed that claims involving damage to a front bumper are the striking vehicle, and therefore
classifiable as Own Damage; however it is noted that front bumper damage could arise if a given vehicle is
struck by a reversing vehicle, but this is a relatively minor subset. This analysis has been undertaken on the
XC60 only to date.

Tablel.
Summary of available dataset characteristics and differences.

Insurer Dataset Research Claims Database Dataset

Liability Type Identifiable by Own Damage, Third Party =~ Not available; estimates with front bumper

Damage, Third Party Injury damage assumed to be Own Damage
Impact circumstance Not available Not available
Claim Status Settled and outstanding Authorised Insurer claims; some retail
Claim Count Split by vehicle Make/Model/Variant Split by vehicle Make/Model/Bodyshape
Claim Cost Cost to Insurer; Include ancillary costs Repair costs and times; no ancillary cost

where appropriate information

Exposure Included Not available
Total Losses Included; not identifiable Included; identifiable
Claim Year 2009 to Mid-2014 2009 to 2014
Vehicle Age 2008-on 2008-on

Statistical Analysis

Claim frequency is the number of claims in a period of unit exposure, typically recorded in insured vehicle years.
Vehicle claim severity may be measured as an average claim cost or average repair time. A generalised linear model
was employed to model this claim frequency (per 100 Insured Vehicle Years) or claim severity as response
variables, with model series and claim calendar year as predictor variables. These statistical models were used to
compare the AEB study vehicle (XC60 or Golf 7) loss experience with that of the weighted average of the
appropriate control cohort, while controlling for effects of calendar year. A Poisson distribution was used for the



claim frequency analysis and a Gamma distribution for the claim severity analysis, in both cases using a logarithmic
link function.

The AEB study vehicle was set as the baseline for the model series variable, and all its control cohort vehicles were
calculated relative to it. Given that the response variable is related to model series categorical variables by a log link
function, the relative ratio of a given model series to the AEB study vehicle baseline level is found by taking the
exponential of its regression coefficient.

Frequency analysis was carried out using the Insurer dataset, given that this included data on exposure by model
series. Severity analysis presented here utilised the Research Claims Database dataset, looking separately at estimate
costs, parts costs and repair times. A number of key factors may potentially distort the findings of the analysis of
claim severity, which are outlined here along with approaches adopted to counter their influence:

1) Claim costs are not only influenced by levels of damaged incurred, but also by the cost incurred in replacing the
parts (the replacement parts cost). It is therefore sensible to control for the effect of varying parts costs in a severity
analysis based around claim costs. This was achieved by limiting the control cohort vehicles to only those with
comparable parts costs to that of the XC60.

2) Differences in vehicle design will result in variation in levels of damage sustained, and this must be taken into
consideration when drawing conclusions from an analysis of impact severity based on repair times. For example,
some of the SUV cohort will have different repair or styling strategies. This will also be affected by passive
pedestrian protection strategies that can increase component damage in a given impact. This design issue has been
investigated using an alternate measure of vehicle susceptibility to damage, discussed below (see Results: Severity
Analysis).

3) Vehicle Age is an important factor in explaining claim frequency and cost, with newer vehicles likely to have
higher claim incidence relative to older vehicles, but lower claim costs and times. Therefore vehicles registered pre-
2008 have been excluded from the XC60 analysis, and vehicles registered pre-2013 have been excluded from the
Golf 7 analysis. Also vehicle age where available has been used as a predictor.

4) Vehicle Mass in theory can influence damage severity, with a lighter vehicle more likely to sustain more damage
than a heavier vehicle. However an analysis of vehicle kerb weight for the model series’ under consideration here
does not show any correlation with repair costs or times.

RESULTS

Frequency Analysis: Volvo XC60

A Poisson regression analysis was carried out separately for damage and injury liabilities. Table 2 summarises the
results obtained for the predictors for Third Party Injury, while Table 3 provides details of the statistical model
output for each control vehicle and calendar year. The intercept value corresponds to the claim frequency for the
baseline, which is the claim frequency for the XC60 in 2014. All other coefficients are relative to these.

Table2.
Predictors for Third Party Injury
Degrees of Freedom Wald Chi-Square P-Value
Model Series 27 106.5 < 0.0001
Calendar Year 5 31.75 < 0.0001




Table3.
Frequency Analysis for Third Party Injury: Statistical Output

95% Wald
Confidence Interval Hypothesis Test
Standard Wald Chi-  Degrees of
Category Variable Coefficient Error Lower Upper Square Freedom P-Value
Intercept -5.18 .0840 -5.345 -5.016 3803.67 1 <0.0001
Chevrolet Captiva 2007 734 1615 417 1.050 20.64 1 <0.0001
Chevrolet Captiva 2011 534 2361 .071 997 5.11 1 .024
Honda CRYV 2010 .088 .1047 -.118 293 .69 1 403
Range Rover Evoque 2011 400 1135 178 .623 12.46 1 <0.0001
Land Rover Freelander 2007 212 .0854 .045 .379 6.17 1 013
Land Rover Freelander 2011 .073 .1833 -.286 432 .16 1 .691
Suzuki Grand Vitara 2007 .106 1555 -.199 411 47 1 494
Suzuki Grand Vitara 2011 220 1874 -.147 587 1.38 1 .240
Hyundai X35 2010 .194 .1032 -.008 .396 3.54 1 .060
Renault Koleos 2008 433 .1388 161 705 9.75 1 .002
Ford Kuga 2008 .149 .0862 -.020 318 2.99 1 .083
Mercedes M Class 2009 428 .1020 228 .628 17.64 1 <0.0001
Mitsubishi Outlander 2007 -.063 2414 -.536 410 .07 1 793
Mitsubishi Outlander 2011 123 2176 -.304 .550 32 1 572
Audi Q3 2011 218 1372 -.051 487 2.52 1 112
Audi Q5 2009 .307 .0966 117 496 10.08 1 .001
Nissan Qashqgai 2009 287 .0835 123 451 11.81 1 .001
Toyota Rav 4 2010 -.042 1579 -.351 .268 .07 1 792
Lexus RX 2009 518 1232 276 759 17.65 1 <0.0001
Kia Sportage 2010 401 .0950 215 .588 17.87 1 <0.0001
Volkswagen Tiguan 2008 155 .0873 -.016 326 3.15 1 .076
Nissan X-Trail 2008 .078 1336 -.184 .340 34 1 .559
BMW X1 2010 .000 .1143 -224 224 .000 1 .997
BMW X3 2007 .090 .1602 =224 404 32 1 574
BMW X3 2011 153 2555 -.348 .654 .36 1 .549
Volvo XC90 2007 465 .1013 266 .663 21.04 1 <0.0001
Volvo XC90 2010 .539 1291 .286 792 17.45 1 <0.0001
Volvo XC60 2009 0 0 0 0 0 0
2009 .248 .0879 .076 421 7.99 1 .005
2010 264 .0624 .141 .386 17.85 1 <0.0001
2011 263 .0526 .160 .366 24.97 1 <0.0001
2012 170 .0486 .074 265 12.17 1 <0.0001
2013 125 .0460 .035 215 7.39 1 .007
2014 0 0 0 0 0 0

From the Insurer dataset there were 177 XC60 Third Party Injury claims from a corresponding 26,715 insured
vehicle years. This actual claim frequency of 0.66 per 100 insured vehicle years is compared against those estimated
for the control vehicles. The XC60 is found to have an injury claim frequency that is 21% lower than that of the
weighted average of the control cohort, with a 95% confidence interval for this result estimated between 8% and
32%. Figure 1 depicts the actual claim frequency for the XC60, and the estimated claim frequency for control cohort
vehicles with confidence intervals relative to the XC60. Three of the control vehicles are found to have lower claim



frequencies than the XC60, but these are not statistically significant. A number of the control vehicles with claims
frequencies higher than the XC60 are also not significant.
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Figurel. Claim frequency for Volvo XC60 compared to control SUVs: Third Party Injury.

Table 4 summarises the results of the analysis across all three liability types, and a combined Own Damage and
Third Party Damage category. In all liability types the model series and calendar year variables were statistically
significant, and the XC60 is found to have a lower claims frequency compared to the weighted average of the

control cohort.

Table4.
Summary of Liability Results for XC60 compared to SUV Control Cohort
XC60 SUV Control XC60 Claim Frequency
Reduction
Exposure Claim Claims per  Claims per 100 % Confidence
(IVYs) Count 100 1VY's IVYs Reduction Interval

(Actual) (Estimated)
Own Damage 26,715 1,757 6.58 7.00 -6 % (-10%, -1%)
Third Party Damage 26,715 844 3.16 3.45 -8% (-14%, -1%)
Own & Third Party
Damage Combined 26,715 2,601 9.74 10.49 -7 % (-11%, -3%)
Third Party Injury 26,715 177 0.66 0.84 -21% (-32%, -8%)

Figure. 2 shows the loss experience for the XC60 and the individual control cohort vehicles, for Own Damage and
Third Party Damage combined. Here again there are control vehicles with a claim frequency lower than that of
XC60, which are in most cases not statistically significant; though one exception to this is the Ford Kuga. It is
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suspected that the lack of further predictor variables available for claim frequency, such as driver age, annual
mileage, urban versus rural etc., is impacting the claim frequency estimation for individual control vehicles here.
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Figure2. Claim frequency for Volvo XC60 compared to control: Own Damage & Third Party Damage combined.

The “Volvo-driver’ is an expression used to refer to the belief that individuals that buy a Volvo car are already
safety-conscious, and are therefore pre-disposed to safe driving, with or without AEB. It is therefore sensible to
consider this potential factor within this AEB benefit study: in this analysis the XC60 has a lower claims frequency
than the Volvo XC90 for both damage and injury liabilities, which suggest the lower claim frequencies observed for
the XC60 are not explained by this Volvo driver issue.

Frequency Analysis: Volkswagen Golf 7 (AEB)

Results for the analysis of Third Party Injury claims for the Golf 7 (AEB) when compared against the small family
car control cohort are shown in Table 5. Calendar Year is not found to be statistically significant and is therefore
excluded. Table 6 provides details of the statistical model output for each control vehicle. The intercept value
corresponds to the claim frequency for the baseline, which in this case is the claim frequency for the Golf 7 (AEB);
all other coefficients are relative to these. Figure 3 depicts the actual claim frequency for the Golf 7 (AEB), and the
estimated claim frequency for control cohort vehicles with confidence intervals relative to the Golf 7 (AEB).

TableS.
Predictor for Third Party Injury
Degrees of Freedom Wald Chi-Square P-Value
Model Series 13 32.1 0.002




Table6.
Frequency Analysis for Third Party Injury: Statistical Output

95% Wald
Confidence Interval Hypothesis Test
Standard Wald Chi-  Degrees of
Category Variable Coefficient Error Lower Upper Square Freedom P-Value
Intercept -5.273 .1644 -5.595 -4.951 1028.84 1 <0.0001
BMW 1 Series 2011 .682 1815 327 1.038 14.14 1 <0.0001
Peugeot 208 2012 527 .1789 177 878 8.69 1 .003
Mercedes A Class 2012 .632 2054 .229 1.034 9.47 1 .002
Audi A3 2012 .615 2160 192 1.039 8.12 1 .004
Vauxhall Astra 2010 .823 1924 445 1.200 18.27 1 <0.0001
Toyota Auris 2010 .396 3564 -.302 1.095 1.24 1 .266
Toyota Auris 2012 677 2531 180 1.173 7.14 1 .008
Honda Civic 2012 237 2043 -.163 .638 1.35 1 .245
Ford Fiesta 2013 .654 1743 312 995 14.06 1 <0.0001
Ford Focus 2011 .536 1834 177 .896 8.55 1 .003
VW Golf 2009 441 3434 -.233 1.114 1.65 1 200
VW Golf 2012 (no AEB) 730 3138 115 1.345 542 1 .020
Renault Megane 2012 494 2621 -.020 1.008 3.55 1 .059
VW Golf 2012 (AEB) 0 0 0 0 0 0
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Figure3. Claim frequency for Volkswagen Golf 7 (AEB) compared to control cohort: Third Party Injury.

Table 7 summarises the results of the Golf 7 (AEB) analysis across all three liability types, and a combined Own
Damage and Third Party Damage category. In all liability types the model series was statistically significant, while
calendar year is also significant in the damage claims’ analyses. For Third Party Injury and Third Party Damage
liabilities the Golf 7 (AEB) is found to have a clearly lower claims frequency compared to the weighted average of
the control cohort. For Own Damage liability this is not the case, with effectively no difference in claim frequency
observed between the Golf 7 (AEB) and the weighted average of the control cohort. In general the Own Damage
category includes a greater presence of claim types that are immune to AEB than is the case for Third Party



Damage, and it is therefore consistent that any Own Damage AEB effectiveness observed is lower than that of Third
Party Damage. Additional exposure and claims volume for the Golf 7 (AEB) is required to further validate these

results, and also whether differences between LIDAR and RADAR sensor technology are being manifested in these
Golf 7 (AEB) and XC60 findings.

Table7.
Summary of Liability Results for Golf 7 (AEB) compared to Small Family Car Control Cohort
Small Family Golf 7 (AEB) Claim
Golf 7 (AEB) Car Control Frequency Reduction
Exposure  Claim Cllél(l)nll\s]gesr Claims per 100 % Confidence
(IVYs) Count IVYs (Estimated) Reduction Interval
(Actual)
Own Damage 7,216 610 8.45 8.51 -1% (-9%, 8%)
Third Party Damage 7,216 844 2.55 3.18 -20% (-31%, -7%)
Own & Third Party
Damage Combined 7,216 2,601 11.00 11.81 -7 % (-13%, 0%)
Third Party Injury 7,216 177 0.51 0.94 -45% (-61%, -24%)
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Severity Analysis: Volvo XC60
The Research Claims Database dataset is used to study the impact of AEB on claim severity, and is measured using

claims costs and times. A subset of Own Damage claims, identified as those involving damage to the front bumper
and registered 2008 or later, has been extracted for the XC60 and its control cohort. Gamma regression was used to
model average cost and time quantities, with model series, calendar year and vehicle age as predictor variables.

For the regression analysis of average repair time the predictor variables model series, calendar year and vehicle age
were all significant. The XC60 is found to have a repair time that is on average 10% lower than the weighted
average of the SUV Control cohort, with a 95% confidence interval for this result estimated between 4% and 15%.
Again a number of vehicles have an estimated average repair time that is lower than the XC60, but none of these

reached statistical significance.
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FigureS. Average repair time for Volvo XC60 compared to control SUVs: Own Damage.

Any discussion of severity as measured by repair time must also consider the issue of vehicle design susceptibility to
damage. Thatcham Research carries out an assessment of every new vehicle to evaluate this issue, using a
standardised 15 km/h offset barrier test. These damageability and repairability times, known more commonly as
"D&R Times’, form part of the UK Insurance group rating system, and have been used as a guide when considering
this real world data. The D&R Times (unpublished) for the control cohort list range from 10 hours up to 31 hours;
the XC60 lies in the mid-range. However it is noted that all of the control cohort vehicles with a D&R Time lower
than that of the XC60 are estimated by the statistical model as having an average repair time greater than the XC60,
indicated by the lighter-coloured bars in Figure 5. Or expressing this another way, the claim severity for the XC60
relative to the control cohort as estimated by the statistical model is lower than would have been expected by the
D&R Times assessment data. This consideration of D&R Times does not remove the influence of vehicle design
susceptibility to damage from this severity study, but does demonstrate that the XC60 severity reduction result is not

explained by it.

Table 8 and Figures 6 and 7 summarise the findings from this repair time study, and also from analyses of claim
repair costs and claim parts costs within the Research Claims Database dataset. For these costs studies only those

10



control cohort vehicles with parts costs comparable to that of the XC60 were included. Again the model series
predictor variable was significant, but calendar year and vehicle age were not. For both the repair cost and parts cost
studies the XC60 was found to have a lower average cost relative to the control cohort, by 14% and 13%
respectively. Available D&R Times data suggests that vehicle design was not the explanation behind these severity
results. For both of these repair cost studies the Renault Koleos had the lowest estimated cost, and in the parts cost
study this was significantly lower compared to the XC60. Again vehicle design issues may play a role here.

Given that this analysis is of claims with front bumper damage, it is suggested that the observed cost and repair time
reduction for the XC60 relative to the control cohorts is explained by the presence of impact mitigation as well as
prevention. If all incidents are front-end Own Damage claims and therefore all equally preventable by AEB, then
any reduction in frequency of these is unlikely to much alter the average claim cost or time for the XC60. It follows
then that any reduction in the average cost or time could be brought about by mitigation of these impacts.

Table8.
Summary of Damage Severity Results for XC60 compared to SUV Control Cohort

XC60 SUV XC60 CLAIM
CONTROL SEVERITY EFFECT
Claim Count  Own Damage Own Damage % Reduction Confidence
Interval
Average Repair Time 1,501 17.9 hours 19.8 hours -10% (-15%, -4%)
Average Repair Cost 1,501 £2,683 £3,111 -14% (-22%, -6%)
Average Parts Cost 1,501 £1,770 £2,024 -13% (-23%, -4%)
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Figure6. Own Damage Repair Cost Severity Analysis: Volvo XC60 v SUV Control Cohort
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Figure7. Own Damage Parts Cost Severity Analysis: Volvo XC60 v SUV Control Cohort

DISCUSSION

A series of statistical analyses of claim frequency and severity for the Volvo XC60 and Volkswagen Golf 7 with
their respective AEB standard-fit systems, compared against appropriate control cohorts, across damage and injury
liability types, has generated a range of results that suggest an AEB benefit. Calendar year and vehicle age were
controlled for throughout this study. Real world claims data was utilised from two different datasets, and the
strengths and shortcomings of both of these have been outlined.

For frequency analysis an apparent AEB effect is detected across each liability type. Third Party Injury claim
frequency for the XC60 was 21% lower than the control cohort. For Third Party Damage the XC60 has a claim
frequency that is 8% lower than the control cohort, and for Own Damage the XC60 is 6% lower. Given that Own
Damage includes more collision scenarios than Third Party Damage which are immune to AEB, the lesser frequency
reduction observed for the Own Damage is in line with this. Analysis of the Golf 7 (AEB) also demonstrated
substantial AEB benefits for Third Party Injury and Third Party Damage, of 45% and 20% respectively; however for
Own Damage no AEB effect was observed. It may be the case that differences in sensor technology affecting target
recognition and thus warning and auto-brake intervention strategies of the Volvo City Safety and Volkswagen Front
Assist systems are being manifested in these results. The latter has functionality across the full range of driving
speeds and therefore has the potential to be effective in some of the higher speed crashes and injuries that are
beyond the speed range of Volvo City Safety system. Additional claims data for the Golf 7 will also help confirm
these results. The injury reduction results reported here can be expected to have a substantial societal impact.

AEB also has the potential to reduce claim costs through prevention and mitigation of impacts, and results from
severity analyses of the XC60 using claim costs and repair times suggest this is the case. An analysis of total repair
cost and parts cost for claims with front bumper damage extracted from the Research Claims Database show
respectively 14% and 13% cost reductions for the XC60 compared to an appropriate control cohort. A reduction in
average claim cost may be interpreted in the context of the distribution of Own Damage claim costs, and whether
those claims prevented by AEB have the effect of shifting the average of this distribution towards a lower value.
This may indeed be the case if medium-high cost front-end impacts are being removed from this cost distribution.
However this reduction may also be explained by impact mitigation having the effect of lowering the average repair
cost, which is more applicable to the front bumper claims-only dataset, since distribution of costs are likely to be
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less dispersed and its average claim cost less affected by the aforementioned impact prevention. Repair times were
also employed as a measure of damage severity, and the average repair time for the XC60 was 10% lower than that
of the control cohort. This repair time severity analysis lends itself to the same interpretations as the cost studies.

The available claims data analysed here does not feature factors such as driver age and gender, driver profession,
annual mileage, previous driving offences, population density, and so on, which are generally known to be
significant in the study of claim risk. Inclusion of factors such as these would improve the accuracy of the statistical
modelling of claim frequency and severity, and assessment of AEB benefits. In the analysis reported here the XC60
has a lower claims frequency than the Volvo XC90 across all three liability types, and a lower average claim
severity for Own Damage, which suggests the results observed for the XC60 are not explained by any “Volvo-
driver’ effect.

The UK frequency reduction results discussed here are broadly in agreement with those reported elsewhere, in
particular those by HLDI. Compared to the 21% injury claim effectiveness for the XC60 and the 45% injury claim
effectiveness for the Golf 7 (AEB) relative to their respective control cohort reported in this UK study, HLDI [3]
observed a 33% lower claim frequency for the XC60 compared to an SUV control cohort and 34% lower than a
Volvo control cohort; and the City Safety Volvo S60 has an 18% lower claim frequency than a midsize luxury car
control cohort, and 22% lower relative to the Volvo control cohort. These USA results were generated from
statistical models which included a number of significant claim risk predictors, which increased the accuracy of their
AEB impact estimation. In the USA the closest equivalent to Own Damage is referred to as Collision coverage and
is understood to include proportionally more crash types that are preventable by AEB. This may go some way to
explaining the higher claim frequency reductions of 20% and 9% for XC60 and S60 respectively observed for this,
compared to the 6% XC60 effectiveness result for UK Own Damage. For Third Party Damage the equivalent
liability category results reported by HLDI were a 15% lower claim frequency for the XC60 and 16% for the S60,
which are comparable with the 8% and 20% results for the XC60 and Golf 7 (AEB) studies respectively observed in
UK data. Overall, given the agreement between this UK study and that from HLDI there is good evidence that AEB
is having a significant effect to reduce both damage and injury claims.

Findings from the analysis of UK claim severity also shows some agreement with similar studies carried out by
HLDI: for Collision coverage the XC60 had a 10% lower average claim cost relative to the control cohort, and 13%
lower for the S60; UK results here were of the order of 10%-15%.

CONCLUSIONS

This paper summarises the findings from an analysis of UK Insurer claims data and appears to demonstrate that
AEB is responsible for substantial claim prevention of Third Party Injury arising in vehicle claims. The study
considered the Volvo XC60 with City Safety, and the Volkswagen Golf 7 with Front Assist, and these were
compared to an appropriate control cohort and findings have been interpreted in terms of impact on claims. The
absence of additional predictor variables is recognised as a shortcoming of this research, the inclusion of which
would improve model accuracy and reliability of the findings. It is also the case that further clarity on crash
circumstances within the liability data would be valuable in measuring AEB benefits, in particular front-to-rear
claims data. This research is a first of its kind in the UK to look at the issue of AEB impact of claims experience,
and further studies around Insurer claims data with enhanced detail and risk information are intended to build on the
findings reported here. As more vehicles with this technology become available Thatcham Research will continue to
monitor AEB performance trends.

This study shows the effectiveness and value of AEB systems, especially in the reduction of injuries and in
particular whiplash cases. The results of these and other findings have supported the implementation of an insurance
discount system for AEB systems, and also the testing of such systems with Euro NCAP and other consumer test
organisations which will encourage the proliferation of AEB within the vehicle parc.

13



ACKNOWLEDGEMENT

The authors would like to acknowledge the contribution of the real world claims data from the Insurers, and to thank
HLDI for their support with analytical methodology.

REFERENCES

[1] Highway Loss Data Institute (HLDI). 2011 Volvo City Safety Loss Experience — Initial Results. HLDI Bulletin,
2011, 28(6).

[2] Insurance Institute for Highway Safety (ITHS) 2010. Avoid crashes. Status Report, 2010, 46(6).

[3] Highway Loss Data Institute (HLDI) 2012. Volvo City Safety Loss Experience — an update. HLDI Bulletin,
2012, 29(3).

[4] Insurance Institute for Highway Safety (ITHS) 2013. Crash Avoidance. Status Report, 2013, 48(3).

[5] Isaksson-Hellman, I and Lindman, M. 2012. The Effect of a Low-Speed Automatic Brake System Estimated
from Real Life Data. Annals of Advanced Automotive Medicine, 2012, 56, p. 231-240.

[6] Kullgren, A. AEB Analysis. 2014, RCAR P-Safe meeting, March.

[7] Lauterwasser, C and Redlich J. 2011. Preliminary Analysis of the Claims Experience with Standard City Safety
based on GDV/Allianz data. 2011, RCAR AGM, presentation by AZT & German Insurance Research Association.

14



REAL-WORLD PERFORMANCE OF CITY SAFETY BASED ON SWEDISH
INSURANCE DATA

Irene Isaksson-Hellman
If P&C Insurance
Sweden

Magdalena Lindman
Volvo Car Corporation
Sweden

Paper Number 15-0121

ABSTRACT

The number of passenger cars equipped with Auto Brake functionalities in traffic is increasing rapidly.
Following this, the opportunity to study real world performance of these systems is growing. The low-speed
Auto Brake system City Safety, launched in 2008 and a standard feature on all recent Volvo Cars’ models, is a
technology designed to help the driver mitigate and in certain situations avoid rear-end collisions at low speed
by automatically braking the vehicle. Previous analysis of the City Safety technology showed promising results
in terms of reducing real world crashes.

In this study, further evaluation of City Safety was performed based on insurance claims data. Using a unique
dataset containing all new Volvo cars in traffic in Sweden from 2010 to 2014, including the possibility to
control for other advanced driver assistance systems such as ACC, FCW and Auto Brake functionalities, the rate
of rear-end frontal collisions per insured vehicle years was studied. First, car models with and without City
Safety were compared. Second, the same car model with and without City Safety was compared, thereby
controlling for specific characteristics in different models. Finally, the second generation of City Safety, that
operates at speeds up to 50 km/h, was compared to the first generation (<30 km/h). Results showed that the
overall claim frequency of rear-end frontal collisions was 28% lower for City Safety equipped models than for
other Volvo models without the system. The result of the comparison between the same models was similar
while no significant collision avoidance effect of the upgraded system to speeds up to 50 km/h was found. The
expected crash mitigating effect of City Safety can be added to these results, providing a further potential to be
explored in future real world follow-up studies.

This study confirms previous encouraging results of the crash reducing effect of the City Safety functionality.
The findings of Auto Brake safety performance in real world traffic, shows the relevance of this type of vehicle
systems for increased traffic safety and emphasizes the importance of the introduction of such systems on the
market.

INTRODUCTION

In 2008, the world first standard mounted passenger car collision avoidance system was introduced in Volvo
cars, targeting low-speed rear-end frontal collision situations. City Safety uses a lidar sensor monitoring the area
in front of the vehicle and initiate braking if a crash is imminent (Distner et al., 2009). A limited number of real
world follow-up studies are available. HLDI (2011, 2013) presented the first indications of the real-world effect
of City Safety, as insurance claims data for cars with and without City Safety were compared. Claim frequency
rates for the XC60, equipped with City Safety, were lower than for all other midsize luxury SUV's combined. A
similar effect was found for other Volvo cars. When studying Swedish insurance claims, it was found that the
rate of rear-end frontal collisions was significantly reduced by 23% in the Volvo XC60 equipped with City
Safety compared to other Volvo car models without City Safety registered during the same period of time
(Isaksson-Hellman and Lindman, 2012). In Swedish police-reported injury crashes 2010-2014, a reduction of
striking rear-end crashes was found that ranged between 35% and 41% for cars with City Safety (Rizzi et al.,
2014). The limited number of real world follow-up studies on collision avoidance systems indicates that finding
datasets of appropriate content is challenging. Fields et al. (2013) suggest improving the follow-up study process
by combining data from several databases using meta-analyses and thus obtain results more quickly, but so far,
research into this approach has been limited.

The aim of this study was to calculate the effect of City Safety by comparing cars with and without the standard
mounted low speed Auto Brake system. The overall effectiveness was studied as well as the specific
performance of selected car models. Also, the first and second generations of the system were compared. A
dataset comprising all new Volvo cars in crashes in Sweden noted in insurance claims was analyzed to evaluate
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the real world performance of City Safety. The influence of non-standard mounted advanced driver assistance
systems (ADAS) was considered in the effect estimations.

METHODS

Crashes in Sweden form the basis for this evaluation of City Safety. By using data from claims at the insurance
company Volvia/If, rear-end frontal collisions were identified and the rate per insured vehicle years was
calculated. Three different analyses were performed. First, an aggregated group of Volvo models with City
Safety was compared with a group of models without the system. Then, the effectiveness of City Safety was
evaluated for two selected Volvo car models, V70 and XC70. Finally, the updated version of City Safety
launched in MY 2013, which operates at speeds up to 50 km/h, was compared with the first generation of the
City Safety, with functionality at speeds up to 30 km/h. Separate analyses were performed in order to control for
the effect of other (non-standard mounted) ADAS, e.g. Adaptive Cruise Control (ACC), Forward Collision
Warning (FCW) and Auto Brake functionalities, that partly address the same crash situations.

Data

Insurance data is an important source of information regarding real world crashes. A comprehensive motor
insurance for cars covers both injuries to people involved in a crash as well as damage to vehicles and property.
The collision damage insurance pays for vehicle damage to the policy holder’s own car, while the third party
liability insurance covers personal injuries and damage to other vehicles and property. CDW (Car Damage
Warranty) is a unique Swedish concept, valid the first three years and covers damage to the policy holder’s own
car. This warranty has been a Swedish competitive standard a long time and is funded by each car manufacturer.
On behalf of Volvo Cars, Volvia Insurance handles this unique warranty which provides an excellent
opportunity to study the number of collisions for all new Volvo cars in traffic.

Crashes reported to the insurance company cover all levels of crash severity, from slight crashes with only
minor damages to the car to severe crashes with fatal injuries and heavily damaged cars. These data are
advantageous compared to other crash databases where the quantity and the representativeness of data often is a
problem in car safety evaluations. For example, considering low speed collision avoidance system effectiveness
evaluations, the collection criteria in crash databases often exclude low-severity crashes. The insurance claim
data include information on crash type, damaged parts, car model, ownership, insured vehicle years, and
estimated mileage per year. The variable crash type makes it possible to identify rear-end frontal collisions,
giving the opportunity to evaluate the conflict situation for which City Safety was designed.

Data from SMHI, (Swedish Meteorological and Hydrological Institute) was used to evaluate temperature
variations for the winter season.

Data Selection

The data selected for this study cover insurance claims from 1 July, 2012, to 30 June, 2014. The number of rear-
end frontal collisions, see Figure 1, were counted for each model, and the exposure was calculated by summing
up the number of insured vehicles from vehicle years starting on July 1, 2012 and ended on June 30, 2014. Only
cars with model year 2010 and later were included. Situations taken into account were collisions with vehicles
in traffic, collisions with parked vehicles were excluded.

Figurel. Illustration of a rear-end frontal collision situation (white car).

Three subsets were selected for the different analyses. First, for an overall estimation of the effectiveness, a
group of Volvo vehicle models with City Safety was selected to be compared with a group of vehicle models
without the system, Table 1. Next, the rate of rear-end collisions and the effectiveness of City Safety was
evaluated for the same Volvo car models: V70 and XC70 in order to control for possible unique
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characteristics in different car models. The Volvo car models XC60, V60, and S60, were introduced with
City Safety as standard mounted equipment, while the Volvo car models S80, V70 and XC70 were first
introduced without the system, see Table 1. From MY 2012 and onwards, the City Safety functionality was
available also in these models.

Tablel.
Exposure (number of insured vehicle years) and model years for car models with and without City Safety
included in the study.
With City Safety |Without City Safety|
All All
Insured Insured
MY vehicle MY vehicle
years years
S80 2012-2014| 1632 [2010-2011| 2902
V70 2012-2014| 30724 [2010-2011| 36271
XC70 2012-2014| 12549 [2010-2011| 6275
S60 2011-2014| 10172
V60 2011-2014| 35912
XC60 2010-2014| 27733
Total 118722 45448

Finally, the second generation of City Safety, operating at speeds up to 50 km/h, was compared with the first
generation with functionality at speeds up to 30 km/h. In Table 2, the vehicle models, model years included and
exposure are presented. Cars of MY 2012 were compared with cars of MY 2013-2014 during a one year period,
between 1 July, 2013 and 30 June, 2014.

Table2.
Vehicle models, model years and exposure for the first and second generation of City Safety.
City Safety 30km/h City Safety 50km/h
Models:

S80 Insured Insured

V70.XC70 MY vehicle MY vehicle

S’60 years years

V60,XC60 2012 22163 | 2013-2014 | 37642

Along with City Safety, other ADAS addressing the same crash situations were introduced as optional features
in the same car models. The number of cars with these optional systems is increasing as shown in Figure 2.
Samples with car individuals not equipped with optional ADAS were identified, to control for the effect in rear-
end frontal collisions not related to City Safety, see Table 3.
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2008-2014.
Table3.
Exposure and model years for models with and without City Safety and optional ADAS functionalities.
With City Safety Without City Safety
With ADAS Without ADAS With ADAS Without ADAS
MY MY
Insured Insured Insured Insured
vehicle years vehicle years vehicle years vehicle years
$80, V70, XC70 2012-2014 $80, V70, XC70 2010-2011
S60, V60 2011-2014 15848 102874 2681 42767
XC60 2010-2014

Additionally, the rate of rear-end frontal collisions per insured vehicle years for the Volvo XC60 was studied by
stratifying for seasonal effects. Road conditions, an important factor influencing the rate of rear-end collisions,
varies a lot in Sweden due to variations in climate between summer and winter, (Isaksson-Hellman et al., 2012).
Road conditions during the winter also vary a lot between years, and between different geographical locations in
Sweden. The rate of rear-end frontal collisions for the winters in the study presented in Isaksson-Hellman et al.,
(2012), December 2009-February 2010 and December 2010-February 2011 and for the winters in the present
study, December 2012-February 2013 and December 2013-February 2014 was compared together with the
average temperature (°C) retrieved from SMHI, at three different locations in Sweden.

Statistical methods
To evaluate the effect of City Safety, the rates of rear-end frontal collisions per insured vehicle years were
calculated and vehicle models with and without the system were compared.

The rate of rear-end frontal collisions was estimated by the number of claim frequency per insured vehicle years

Ratey cs = (Nwcs I'VYy cs)

Where
n,, cs = Number of rear-end frontal collisions for cars with City Safety
VY, ¢s = Number of insured vehicle years for cars with City Safety
The rate of rear-end frontals for cars without City Safety was defined in the same way. The number of claims

occurring over insured vehicle years can be considered using a Poisson distribution, and the 95% confidence
interval for the rate was calculated by using a normal approximation to this distribution.
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Ratey, cs + 1.96% v Ratey cs/VYyy s

To evaluate if City Safety equipped vehicles have a different rate of rear-end frontal collisions, the difference
between the rates for vehicles with and without the system was calculated together with a 95% confidence
interval.

RD = Ratewo cS - Ratew cs

Poisson distribution and test-based methods were used to construct the confidence interval. (Sahai and Kurshid,

1995).

2
2 _ _ m*VYy cs / m*VYw cs*VYwo cs
X =\Nwcs VY ( o~ )

Where
m= the total number of events observed
VY= the total number of insured vehicle years

The confidence limits were then calculated by

RD,=RD + 1.96 * \/RD?/x?

The effectiveness of City Safety can also be presented as a difference between rates for models without and with
City Safety divided by the rate for models without City Safety:

Ratewo cS — Ratew CS
e =

Ratey,, cs

RESULTS

First, Volvo car models equipped with City Safety, and Volvo car models without City Safety were compared to
estimate the overall effect of the system. The rate of rear-end frontal collisions estimated by insurance claims
per 1,000 insured vehicle years, was 4.0, 95% CI [3.6, 4.3] for vehicle models with City Safety and, 5.5, 95% CI
[4.9, 6.2] for vehicle models without the system. The results showed a significant difference between the rates of
rear-end frontal collisions in models with and without City Safety on the 95% significance level;

55-4.0=1.5,95% CI [0.8, 2.3]
The effectiveness was estimated to

5.5—-4.0
e= ——— =283%.
5.5

The result was estimated for vehicle models where an optional ADAS were available. Considering City Safety
only, the rate of rear-end frontal collisions estimated by insurance claims per 1,000 insured vehicle years was
4.2, 95% CI[3.8, 4.6] for the cars with City Safety and without ADAS, and 5.6, 95% CI [4.9, 6.3] for cars
without City Safety and without ADAS. The results showed a significant difference between the rates of rear-

end frontal collisions, comparing groups of Volvo models with and without City Safety with any optional
ADAS;

5.6-42=14,95% CI[0.6, 2.2]
The effectiveness for City Safety when controlling for non-standard ADAS was estimated to

5.6—4.2
5.6

Specifically, the effectiveness of City Safety was evaluated for the same Volvo car models: V70 and
XC70. These models were first introduced without the system but from a certain MY, the City Safety
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functionality was available also in these models. In the comparison of the same Volvo car models with and
without City Safety, the rate of rear-end frontal collisions was 4.1, 95% CI [3.5, 4.7] for the car models with
City Safety, while the rate for the same models without City Safety was 5.8, 95% CI [5.1, 6.5]. Considering the
comparison for the same models without ADAS the rate per 1000 insured vehicle years was

4.3,95% CI[3.6, 4.9] and 5.8, 95% CI [5.1, 6.6] respectively for cars with and without City Safety. Both
results showed a significant difference between the rates of rear-end frontal collisions on a 95% level;

With non-standard ADAS 5.8 -4.1 =1.7,95% CI [0.7, 2.6]
Without non-standard ADAS 5.8 -4.3=1.5,95% CI[0.5, 2.5]
The effectiveness was estimated to; 29% and 26% respectively.

Finally, the evaluation of the City Safety systems’ update to its second generation showed that for cars with
the City Safety version operating at speeds up to 30 kmvh, the rate of rear-end frontal collisions was 3.7, 95% CI
[2.9, 4.5], while for the system operating at speeds up to 50 km/h, it was 3.6, 95% CI [3.0, 4.2]. The rate of rear-
end frontal collisions was lower, but no significant difference was found:

3.7-3.6=0.1,95% CI [-0.9, 1.1]

The effectiveness was estimated to 3% for the second generation of City Safety compared to the first generation
of the system.

In Figure 3a, average temperatures (°C) for winter seasons in Isaksson-Hellman et al. (2012), (December 2009-
February 2010 and December 2010-February 2011) and winter seasons included in the present study (December
2012-February 2013 and December 2013-February 2014) were compared for three different locations in
Sweden. The average temperature during the previous winter seasons was lower than in the present study. The
rate of rear-end frontal collisions was shown to be larger during the previous winters than during the winters in
the present study.
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Figure3a. Average temperature (°C) during the winters for three geographical locations in Sweden.
Figure3b. Rate of rear-end frontal collisions in corresponding time periods.

DISCUSSION

This evaluation of the City Safety performance, based on insurance claims from real world traffic crashes in
Sweden, strengthen the previously presented findings that City Safety is effectively preventing rear-end frontal
collisions. The benefit of City Safety is reflected in lower rates of crashes per insured vehicle years. This study
shows that cars with City Safety were exposed to 28% less rear-end frontal collisions than cars without the
system.

The overall crash reduction effect was slightly larger than the one reported in Isaksson-Hellman et al. (2012). In
the present study, additional car models with the City Safety functionality were available and a different period
of time was studied. Also, two influencing factors were further explored, providing insight into the performance
of City Safety. First, and most significant, the importance of considering non-standard mounted ADAS in a City
Safety evaluation was confirmed in this study. This has been presented as one of the main limitations in
previous real world follow up studies presented (HLDI, 2011, 2013; Isaksson-Hellman et al., 2012; Rizzi et al.,
2014). A notable increase of ADAS take-rate over the last years was found in the Volvo car population, Figure
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2. When controlling for optional ADAS, the benefit of City Safety was estimated to 25%. The other aspect
considers the refined City Safety technology. In MY 2013 the second generation of City Safety was launched,
which operates at speeds up to 50 kmv/h in comparison to 30 kmv/h in the first generation. A non-significant
effect of 3% less rear-end frontal collisions from the increase in operating speed was noted. In a prospective
study (Lindman et al., 2012) no additional crashes avoided were predicted for the 50 km/h City Safety compared
to the 30 km/h version based on a sample of crashes with at least one injured occupant. Considering that the data
in the present study also comprised crashes of lower severity as it was collected from a larger sampling frame,
the result was sound in relation to the prediction study. Adding up to the collision avoidance effect there is a
crash mitigating effect expected that was not estimated in this study. Since the relative risk for injuries in frontal
impacts increases with impact speed up to high crash severity levels (Kullgren et al., 2000), decreasing the
impact severity by means of autonomous braking will contribute to occupant injury reduction.

When comparing the same vehicle model with and without City Safety, the bias resulting from different car
model characteristics was decreased. For example, it is possible that drivers that chose to purchase car models
with City Safety differ in ways that could affect crash likelihood. The effectiveness of City Safety for the V70
and XC70 models was estimated to 29% for all cars and 26% when controlling for other ADAS. This is only
slightly different from the overall effectiveness, indicating robust overall results.

There is also a possibility that traffic environmental aspects influence the results. Road conditions due to
seasonal changes was shown to influence the rate of rear-end collisions (Isaksson-Hellman et al., 2012). In the
present study, it was shown that in the cold winters included in the 2012 analysis, a higher rate of rear-end
frontal collisions was found compared to in the relatively mild winters in the present study. Reports from SMHI
(Swedish Meteorological and Hydrological Institute) confirmed presence of more snow and ice resulting in
more adverse road conditions all over Sweden during the period studied in Isaksson-Hellman et al., (2012).
Despite the differences in rear-end frontal collision rates, the effect presented in 2012 and in this study were
similar suggesting that the findings on the City Safety performance were robust.

A challenge when evaluating the safety performance in real world traffic is to secure the amount and quality of
data needed to be able to perform reliable analyses. Data from insurance claims is one excellent source of
information for that purpose. This was demonstrated as the three first real world data analyses of City Safety
were performed by using insurance data (HLDI, 2011, 2013; Isaksson-Hellman et al., 2012). Still, some
limitations are obvious. While the insurance data used for the present analysis were detailed enough for
classifying the collision type of interest, rear-end frontal collisions, there was still fine points missing in the
information needed to isolate the exact operating situations of City Safety. It was not possible to control for
driving speed in order to evaluate the driving situation for which City Safety was designed.

Additionally, it was not known whether the driver had turned off the system prior to the crash. However, since
turning off the functionality requires substantial navigation in the car settings menu and since the system always
is default on at every start, it is not likely that many trips were driven with the system disabled.

In future research, the additional effect of crashes mitigated due to City Safety lowering the speed in the crash
should be studied. Concerning occupant injuries, a significant reduction of soft tissue neck injuries in rear-end
impacts is expected since these are frequent in occupants of both the impacting and the impacted car, (Avery
and Weekes, 2008; Jakobsson, 2004; Jakobsson et al., 2004; Kullgren et al., 2000). In this study, only reductions
of host vehicle rear-end frontal collisions were evaluated. Occupant injury reduction in the host and lead vehicle
is yet to be quantified in future studies.

CONCLUSIONS

The overall benefit of City Safety is estimated to 28% fewer rear-end frontal impacts for cars with the system
than for cars without it. When controlling for non-standard mounted collision avoidance systems such as ACC,
FCW and Auto Brake functionalities, the effect was 25%. The pronounced collision avoidance performance was
confirmed in a comparison of the same car models with and without the system. When evaluating the second
generation of City Safety that operates in higher speeds than the first generation, a non-significant collision
avoidance effect of 3% was found. Adding up to the collision avoidance effect, there is a crash mitigating effect
expected that was not estimated in this study. The possibility to control for the presence of ADAS represents a
significant improvement of the Auto Brake safety evaluation method.
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ABSTRACT

In Europe, nearly 20% of all road deaths are pedestrians (Pace et al, 2012). Pedestrians have been protected
only by the requirements for passive protection at the front of passenger cars and there has been little evidence
to show that this measure has been effective. Autonomous Emergency Braking (AEB) systems have been
clearly demonstrated to substantially reduce the incidence of car-to-car rear crashes and manufacturers have
now extended the functionality to pedestrian, and in some cases pedal cyclist, collisions. If a comparable level
of effectiveness is proven, then these systems will offer substantial reductions in the number of those killed
and seriously injured on our roads. The research challenge described by this paper was the development of a
test procedure that could be used to encourage the fitment of these systems and the development of high levels
of performance in a way that could be linked to real world safety.

Thatcham Research led the AEB Group (a partnership of insurance research centres, OEMs and Tier ones) in
the development of test procedures. This contributed substantially to the Harmonisation Platforms in a major
collaboration with the vFSS group and the EU funded ASPECCS project. Work began with studies of real-
world accident data. A cluster analysis identified the most prevalent collision scenarios and smaller samples of
more detailed data were used to characterise each scenario in terms of speeds, impact points, relative positions
and sight lines. Physical testing identified the characteristics required of the pedestrian test target and the
performance of production and advanced prototype vehicles as well as establishing the conditions required for
repeatability and reproducibility.

In Europe almost 75% of serious pedestrian crashes can be characterised by three scenarios: walking from the
nearside of the road with open sight lines; running from the far side of the road; and walking out from behind a
parked vehicle. In the vast majority of crashes the vehicle involved was travelling at 60 km/h or less. To ensure
the systems worked well in the real world it was found that the test should involve adults and children,
different impact points and different pedestrian speeds. The pedestrian target found to be most effective was
the 4A design, and this was further tuned to optimise the radar and visual signatures to ensure consistent
function across different sensor types and proving ground locations.

AEB has considerable potential to reduce the frequency and severity of vulnerable road user collisions. Robust
test procedures, representative of real world collisions, have been developed and adopted by Euro NCAP for
implementation in the 2016 ratings. However, VRU collisions are a problem in many areas of the world and
the harmonisation of these tests and assessments in other NCAP regimes remains a priority, alongside the
continuous technical development to expand the tests to include night-time performance and functionality in
pedal cycle collisions.

INTRODUCTION
While collisions between cars and pedestrians are relatively rare (for example, representing approxiamtely 1% of
insurance claims in the UK) they tend to be very severe in terms of injury outcome, representing 20% of all road

deaths in Europe (Pace et al, 2012). While Regulations and consumer test procedures have been implemented in
order to reduce severity of injury when a collision does occur, the number of deaths and serious injuries remains
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substantial and does not appear to be reducing as fast as for other collision types. Autonomous Emergency Braking
(AEB) systems have been clearly demonstrated to substantially reduce the incidence of car-to-car rear crashes and
manufacturers have now extended the functionality to pedestrian, and in some cases pedal cyclist, collisions. If a
comparable level of effectiveness is proven, then these systems will offer substantial reductions in the number of
those killed and seriously injured on our roads. The research challenge described by this paper was the development
of a test procedure that could be used to encourage the fitment of these systems and the development of high levels
of performance in a way that could be linked to real world safety.

The work involved collating evidence on the circumstances of pedestrian collisions from around the world in order
to develop a small number of generalised collision scenarios that could be considered representative of a large
proportion of all pedestrian crashes. These scenarios were then converted to test scenarios and procedures that
assessed the performance of vehicles equipped with pedestrian sensitive AEB.

USING REAL WORLD COLLISION DATA TO DEFINE TEST SCENARIOS

An extensive analysis of GB accident data was undertaken in order to provide the primary evidence under-
pinning the development of the test procedures, and this was reported in full by Lenard & Danton (2010).
Studies were made of police reported crash data covering the whole of Great Britain (STATS19) and of a
detailed sample of crashes that were attended by research personnel On-The-Spot (OTS) of the accident. Both
data sets were subjected to a multi-variate cluster analysis, which defined several groups of accidents with
common features. In both sets of data, it was found that the single largest cluster involved pedestrians crossing
from the nearside during daylight in fine conditions with moderate speeds (average 43 km/h). Less than half of
the vehicles involved braked and the average speed reduction was 7 km/h. Children were over-represented in
the data but remained a minority.

The next largest cluster (14%) was characterised by children crossing from the nearside (running) during fine
daylight conditions but masked by vehicles or other obstruction of view.

Clusters 3 and 4 were similar and in combination represented 21% of the population with common
characteristics including crossing from both farside and nearside in darkness and sometimes wet weather
without obstructions to the field of view. On average the speeds were slightly higher at 50 km/h. It is worthy of
note that the analyses above are for all casualties. When considering only fatalities, clusters 3 and 4 combined
represent 42% of the populations, showing that darkness is associated with lower frequency but higher severity
crashes.

When all frontal collisions with pedestrians were considered in terms of the lateral position at which the
collision occurred, it was found that 42% occurred in the nearside quarter of the front and a further 22% the
most offside quarter. Thirty-six percent collided with the two quarters either side of the vehicle centerline.

Children under the age of 16 were frequently involved in the crashes (43% of those with known age) but less
frequently killed (11% of those with known age). Conversely, those over the age of 65 were less frequently
involved (11%) but more frequently killed (33%). However, it was young adults between the age of 19 and 45
that were most likely to be killed (50%).

Information from these analysis was collated into a subset of collision types and international comparisons
were sought from other partners in the AEB Group (a partnership of insurance research centres, OEMs and
Tier one suppliers). The results are shown in summary form in Table 1, below.



Table 1.

International comparison of the frequency of different pedestrian crash types.

UK UK Germany USA
L. . STATS 19 oTs uDv IIHS
Co mblnlng accident data | n=10574 n=175 n=234 1997-2006 FARS
. . cluster analysis cluster analysis (N=18,571) & GES

from intern atlonal sSOources | frontalcollisions | frontal collisions 3rd party vehicle | all car-
claims 2002- pedestrians
2006
frontal collisions

Pedestrian walks from

32%

nearside
59%
Pedestrian walks out from i
0,
behind obstruction 14% 7% 27%
Pedestrian runs out from
the far side 9% 37% 28%
Pedestrian walks along in
the dark 3% 5% 8% 9%
g e Overall: going
Pedestrian walks out into ahead 87%
6% / 18% -

the path of turning car Turning 13%

It can be seen that, within Europe at least, there is broad agreement that in the region of three quarters of all
frontal collisions with pedestrians fall within the first 3 groups listed of walking from the nearside, walking out
from behind an obstruction and running from the far side. Within this, there was variation between UK and
Germany with UK finding collisions with obscured pedestrians more of a problem and Germany finding
pedestrians crossing from the far side more of a problem.

The data also suggested that the vast majority of collisions occurred when cars were travelling at less than 60
km/h before the collision.

DEVELOPING REPRESENTATIVE TEST TARGETS

The development of the test targets has been the subject of a previous ESV paper (Lemmen et al, 2013) so
within this paper the results will simply be summarized briefly and updated for the latest status. The previous
work identified a range of dummy attributes that were important enablers of recognition by different sensors
and proposed specifications for them. These included:

Size and posture

Infra-red reflectivity
Radar Cross Section (RCS)
Contrast with background

In terms of the propulsion system required to deliver the dummy to the point of impact, it was decided to use a
low profile platform approach rather than an overhead gantry. The rationale for this was the reduced visual and
radar signature of the platform and the more realistic appearance of the test, from a consumer point of view. At
that stage, a range of dummy and delivery system solutions remained under consideration. However, since that



time extensive further development was undertaken such that the static dummy produced by 4A emerged as a
leading contender. Preliminary testing in partnership with Thatcham and Continental in Austria and the UK
showed that the dummy was remarkably robust, surviving regular impacts at 60 km/h with only very minor
cosmetic damage to either dummy or vehicle. The preliminary tests also suggested that the recognition by
visual sensors was good but that variations in performance were found between the two test sites, suspected of
being a contrast problem as a result of different backgrounds. The radar signature was found to be adequate for
some vehicles. However, for the Mercedes E class, it was found to be inadequate, discussion with the
manufacturer suggesting that this was because the radar signature was “brighter”, i.e. a stronger radar return,
than that of a real pedestrian and this reduced detection confidence for their algorithm, whereas for the
algorithms of other manufacturers this was not considered a problem.

v1 Clothes — Rothis (cluttered v1 Clothes — UH (plain background) v2 Clothes — UH (plain background)
background)

Figure 1: Illustrations of the 4A dummy, it’s durability and contrast.

In late 2014, two further dummy workshops were organized by the Harmonisation Platforms, one hosted by
BASt in Germany to fine tune the radar signature of the dummy and the other hosted by Thatcham in the UK to
consider the effects of different colour clothes and the contrast with the background. At each event a wide
variety of manufacturers brought their instrumented vehicles to test for recognition of the dummy and 4A had
prepared different versions of key components such as clothes to allow for tuning.

The results of these workshops were such that modifications were made to interior components of the dummy

and the dummies foot in order to amend the radar cross section and the colouring selected as the most suitable
against a variety of backgrounds was blue trousers with a black top and black hair, as illustrated below.
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Figure 2: Final version of the static dummy arising from the 2014 Harmonisation Platform Events (Source: 4A)

The OEMs involved in the event considered that this dummy was acceptable for current sensors. However,
reservations remained in terms of its future performance for more sophisticated radar systems that were being
developed to recognize the radar signature of arm and leg movement in order to provide a more confident
classification of the target as a pedestrian, potentially without fusion with a camera sensor. It was, therefore,
agreed that if industry successfully developed a dummy with articulated arm and/or leg movement that could
operate on the low profile platform delivery systems with levels of robustness and acceptability to visual
systems at least equal to that of the standard dummy then this would be accepted.

Such a dummy is under development by industry in partnership with 4A. There has been limited independent
testing of this new solution at the time of writing but first experiences suggest that the result is very
impressive. The dummy survived high speed collisions well and was easy to re-assemble and the adult version



tended to produce similar results (with current sensor systems) to the static dummy. In the version presented,
the dummies feet were considered to be too far from the floor, and the articulated child dummy was less well
recognized than its static counterpart. This was considered likely to be a postural problem and suitable
amendments are underway. If these final modifications are successful then the articulated dummy will be
adopted for the final procedure.

Figure 3: Image of the proposed adult articulated dummy (source: 4A).

EVALUATING CANDIDATE TEST SCENARIOS

During the development of the test procedure, a wide range of test scenarios proposed by the various
stakeholders. Each of these could have been justified on the basis of the available accident data and each had
advantages and disadvantages. However, it was considered that to minimize the test burden the number of test
scenarios had to be kept low. The results of preliminary rounds of testing and analysis involving these
scenarios is described below.

Testing in Darkness

The accident data showed that for killed and seriously injured pedestrians, performance in darkness would be
very important. Some AEB Pedestrian systems will not work in darkness whereas others will. There is,
therefore, a strong rationale for implementing a test in darkness. However, such a test would add considerable
technical and operational complexity to an already difficult test. For example, to ensure reproducibility the
actual level of light would need to be closely controlled to defined levels. Given that most pedestrian collisions
occur in urban areas with street lighting then the test should be representative of that condition, however, street
lighting can vary considerably by region. Additionally, tuning the characteristics of the dummy to be
sufficiently representative of a real human has proved complex. It remains unknown whether those same
properties are adequate to be representative of a real human at night.



It was considered that overcoming these difficulties would be likely to take considerable time and delay the
introduction of a test procedure. For that reason, it was agreed at an early stage that tests in darkness would not
be considered for the protocol due to be implemented in 2016. Instead, it is proposed that manufacturers be
awarded additional points on confirmation that the system continues to work at low levels of illumination.
Additional night-time performance tests will be considered for inclusion as an update to the protocol for 2018.

Adult walks from nearside, no obstruction

The accident evidence reviewed in this paper agreed closely with that from all other stakeholders that this
scenario represented the most common accident mechanism by a substantial margin. Walking speed was
generally agreed to be 5 km/h. The main variable considered for discussion was the impact point on the front
of the car, whether this should be at a point 25% of the vehicle’s width from the nearside, 50% or 75%.

Most of the early testing was done at an impact point of 50%. In this test scenario it was found that all vehicles
tested generally showed considerable performance but variation between models existed. For example, a
production radar camera fusion system would typically avoid collisions at vehicle speeds of up to 30 km/h and
would mitigate a small amount (10 km/h) even at a test speed of 60 km/h. However, an advanced prototype
stereo camera (tuned for highest possible avoidance) was capable of avoiding collision from a vehicle speed of
50 km/h. None of the vehicles tested offered performance at a vehicle speed of 10 km/h. This is a function of
the lateral field of view of the sensor. When the vehicle is travelling very slowly it is not much faster than the
pedestrian dummy, which means the pedestrian dummy does not begin to move until the vehicle is very close.
At this point it is not within the field of view of the sensors tested, and then reappears back in the field of view
at short Time To Collision (TTC), limiting the opportunity available for the AEB system to activate.

Engineering analysis of this scenario suggests that the time that the sensor detects the pedestrian with
sufficient confidence to act should not be affected by different impact points on the front of the car. Thus, the
closer the impact point is to the nearside, the less time is available for the car to brake. Thus, it would be
expected that performance would be reduced compared to the results above at 25% impact point and increased
at a 75% impact point, though in the 75% scenario the system may not fully exploit that opportunity if it does
not have early confidence that the pedestrian will not fully pass the vehicle before impact or that the collision
cannot be avoided by steering.

Adult walks from farside, no obstruction

It was also clear from the accident data that an adult crossing the road from the farside of the vehicle was one
of the more common situations. However, the evidence was more conflicting about the speed of the
movements. In this scenario the adult was assumed to walk at 5 km/h.

The lateral separation between the starting position of the pedestrian and the impact point on the car is greater
in the scenario than in the one where the pedestrian walks from the nearside. So, the time available for the
system to detect and react to the pedestrian is theoretically greater, offering the opportunity for superior AEB
performance. However, this is limited by two factors:

e Sensor field of view: the sensor field of view will continue to limit performance at low vehicle speeds

e Confidence in impact prediction: Moving human beings are highly dynamic and can stop or change
direction quickly so most AEB systems will not be sufficiently confident of an imminent collision to
autonomously brake until the pedestrian is either in the direct path of the vehicle or close to entering
the path. This threshold is likely to be symmetrical around the vehicle so in fact the time available to
brake in this farside scenario will actually be the same as that for the nearside walking scenario.

Adult runs from farside, no obstruction
In the UK data from the OTS study, it was identified that adults crossing from the farside were often running.

It was not possible to identify the actual speed of these pedestrians but it was assumed that this translated to a
pedestrian speed of 8 km/h.



In terms of layout and sequence of events this scenario is identical to the adult walking from the farside one.
However, the increased pedestrian speed has the effect of exacerbating the sensor field of view difficulty at
low speeds because the car will be closer (longitudinally) to the pedestrian at the point the pedestrian first
begins to cross the road. Thus, the pedestrian will enter the sensor field of view with a smaller time to collision
than at lower pedestrian speed. The additional speed also reduces the time available to brake for systems that
will only apply braking when the pedestrian crosses into the vehicle path. Systems that use path prediction
might suffer less with the latter problem because a pedestrian moving more quickly will also take longer to
stop or change direction so the point at which the algorithm decides a collision is imminent may also become
earlier.

As such this is a more challenging scenario for the technology than either of those previously discussed.
However, technological opportunities do exist to overcome those challenges and improve performance. This is
reflected in preliminary test results at a 50% impact point that suggest a simple mono camera installation was
inoperative at speeds below about 25 km/h and above about 50 km/h. At test speeds in-between it reduced
collision speeds by a few km/h. However, an advanced sensor fusion system was able to mitigate a 20km/h test
speed to a 5 km/h impact speed and was able to fully avoid higher speed impacts from travel speeds of up to 55
km/h. At a test speed of 60 km/h the impact speed was reduced to less than 30 km/h.

Elderly adult walks slowly from farside

Accident data presented by the ASPECCS project suggested that a substantial proportion of those crossing
from the farside were elderly and thus moving slowly, estimated to be represented by a test speed for the
pedestrian of 3 km/h.

In terms of detection, a slow pedestrian speed could potentially be more challenging, because very low speed
movement can be harder to quantify accurately than higher speeds. However, if detected, the slower pedestrian
speed would reduce the problems with sensor field of view and allow more time for braking for those systems
that will only brake once the pedestrian has entered the path.

Child runs out from behind parked vehicles at the nearside.

The accident data was generally agreed that collision mechanisms involving obstructed line of sight and
children were common and that such accidents often involved running. Initially, this was assumed to be
represented by a dummy speed of 8 km/h, the same as assumed for the running adult in the farside scenario.

In physical terms, the obstruction was achieved by parking a small car immediately in front of the pedestrian
and a larger car in front of that. The obstructed view meant that the time for which the pedestrian was visible
between emerging from behind the car and entering the path of the test vehicle was very small. This severely
limits the amount of time the sensing system has to detect and track the pedestrian. Although it is possible that
future sensing systems may find ways of detecting the movement of the pedestrian behind the obstruction,
none of those tested to date have demonstrated such performance.

Initial tests of this scenario were undertaken at impact points positioned 25% of the vehicles width in-board of
the nearside of the vehicle. This impact point limits the time available for braking, if braking is initiated at a
fixed geometric boundary (i.e. when the pedestrian crosses into the vehicle’s path). The 8 km/h pedestrian
speed also reduces the time available for braking, compared with the benchmark walking scenarios.

The test results for this scenario supported the theory that this was a very challenging one for AEB systems to
prevent. Of those systems tested in this scenario, the best performance was modest speed reductions of around
5 km/h from tests speeds of around 20 to 25 km/h. Simulations of the performance that might be expected from
future systems suggested that this could be improved upon somewhat but not substantially.



ANALYSIS AND SCENARIO SELECTION

The preliminary tests and analyses of the candidate test scenarios identified a range of variables that were
important in relation to the accident data and/or to the ability of current systems to perform. These were:

e Impact point (25%, 50% or 75%): The 25% point is more representative of the most frequent
collisions and is more technically challenging for systems

e Pedestrian speed (3, 5 or 8 km/h): Evidence was mixed from the accident data, higher pedestrian
speeds are more technically challenging in respect to time available to brake and sensor field of view
but the low speed was potentially more challenging for detection and classification.

e View (obstructed or clear): Collisions where the view of the pedestrian is clear 2 seconds before
impact are more common than those that are masked from view. However, the latter represents a
substantial and sensitive minority, often involving children, and is more technically demanding.

e Pedestrian age/size (adult or child): Adults are more frequently involved but children represent a
substantial, over-represented and sensitive minority and could be more technically challenging,
particularly in the presence of an obstructed view.

The two most closely agreed scenarios in the preliminary list of candidate scenarios were the adult walking
from the nearside unobstructed and the child running from behind cars parked at the nearside. The first of these
was a test that closely represented common accident types and the available AEB systems were able to
demonstrate a strong positive effect, though the magnitude of effect varied for different systems. However,
with respect to each of the variables above it involved the less challenging options for all of them. The second
scenario was also representative of the accident data but combined the most challenging option for all of the
above variables in one test. Thus, it was found that current and likely future systems would be able to offer
only very small benefits.

It was, therefore, considered that the challenging options should be distributed around the test scenarios more
evenly. This resulted in the final selection of test scenarios shown in Table 2, below.

Table 2: Final selection of test scenarios for implementation in Euro NCAP in 2016

Far side Near side
g Adult Adult Child
% 8km/h 5km/h 5km/h
- 50% (central) 25% & 75% 50% (central)
§ 20-60km/h 20-60km/h 20-60km/h

In this way, the child emerging from behind a parked car is still represented but with a slightly lower dummy
speed than originally considered (though still within the range of a running child) and involving a collision
with the centre point of the front of the car. The main baseline scenario remains the adult walking from the
nearside but this test should be undertaken at impact points towards the edges of the car, which is
representative of collision data and fairly reflects the challenge of avoiding such collisions. The farside test is



undertaken with the higher speed dummy, which is representative of the UK association with adults running
from that side and which also acts to ensure symmetry of performance, while challenging the sensor field of
view and the braking performance.

Of the list of key variables identified above, a 3 km/h elderly pedestrian is the only one not represented in this
matrix. The rationale behind this was that for this type of pedestrian the key element was almost binary; could
the pedestrian be detected reliably or not. Once detected reliably, such pedestrians would be easier to avoid
than those represented by the other scenarios. The ability to detect 3 km/h pedestrians has therefore been
included as a pre-requisite of the test and is demonstrated by a single test at one vehicle test speed.

VERIFICATION OF PROPOSED PROCEDURES

Tests have now been undertaken with a range of vehicles against all of the defined procedures to assess
how well they work and to test the repeatability & reproducibility of the test procedures and to assess
the scoring system (reported separately). In order to demonstrate the effectiveness of the procedures the
results from two vehicles, representing the outliers of current production cost and performance, have
been shown below. The Mini One is equipped with a single mono-camera AEB and the Lexus LS460 is
equipped with a very sophisticated sensor fusion system comprising radar, stereo camera and infra-red
Sensors.

Nearside Adult 5 km/h 25% impact point Nearside Adult 5 km/h 75% impact point
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Figure 4: Results of final test procedures applied to single mono-camera and sophisticated sensor fusion systems.

It can be seen that the mono-camera system fitted to the Mini is mainly a mitigation system. There are
only a very few scenarios where it is capable of avoidance but it offers useful speed reductions in the
baseline nearside adult scenarios and nearside child scenario. By contrast, the sophisticated sensor
fusion system fitted to the Lexus avoids in almost every test except the nearside obstructed child test. It
is understood that the extremely good performance of the Lexus is enabled by the use of a path
prediction algorithm that enables the brakes to be applied a short time before the pedestrian enters the
vehicle path. However, the advantage of this system is denied in the obscured scenario where the
pedestrian is hidden for large parts of the time required to produce the path prediction.
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CONCLUSIONS

Pedestrians remain a serious road safety concern in Europe, representing almost 20% of all fatalities from road
traffic accidents. Analyses of the circumstances of those crashes involving the front of the car show that the
vast majority involve pedestrians crossing the road approximately perpendicularly to the direction of travel of
the car. The largest group of such collisions involve adults walking from the nearside without being masked by
parked vehicles or other obstructions. This is followed by adults crossing from the farside of the road. Children
crossing from behind parked vehicles represents a significant and over-represented minority of crashes.

Developing test targets that appear sufficiently ‘human-like’ in the eyes of a range of different sensor systems,
whilst being sufficiently cheap and robust to be used in full contact testing has proved challenging. However, a
static dummy that is effective for all current production sensors tested to-date is now commercially available.
An articulated dummy that will future proof the test against the future development of radar sensors that rely
on the movement of limbs is in the final stages of development and will be adopted for the test.

Test procedures have been developed based on a combination of the evidence from real world accident data
and the ability of current and likely future AEB systems to influence the outcome in such scenarios. A set of
three test scenarios have been proposed, offering comprehensive coverage of the variable identified as most
important, including varying impact point, pedestrian speed, and vehicle speed, nearside and far side approach,
adult and child pedestrians, obstructed and clear views.

These test procedures have been applied to a range of vehicles and do successfully reward fitment of even
simple systems while also clearly discriminating between the different levels of performance found in the
market today. It is expected that these developments, once fully implemented in consumer testing will be

expected to drive significant reductions in pedestrian casualties.

Euro NCAP has agreed to implement these procedures within it’s protocols in 2016 but pedestrian crashes are
a problem across the developed world and the globalization of the vehicle industry means that there will be
considerable benefits to implementing a harmonized test in as many international programs as possible.
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