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Abstract: The aim of the article is the optimisation process of the ADAS (Ad-
vanced Driver Assistance Systems) control. The methodology is based on the classi-
fication of ADAS systems according to the situations of unavoidable accidents. The
evaluation of expected consequences uses injury biomechanics, which represents the
extended definition of HMI (Human-Machine Interaction). The evaluation of in-
jury mechanism and the machine intervention enables to control this process with
the target to minimise the consequent injuries. Then the decision making takes
new inputs to the control process and it enriches the multiparametric control of
the system with the target to minimise the consequences.
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1. Introduction

The importance of car assistance systems continues to grow over time, and it cer-
tainly cannot be expected that this should not be any different in the future. On
the contrary, it is possible to predict even faster development of these technologies
and their transformation from assistance systems to control systems, which will be
only assisted by a driver [13].

The complexity of assistance systems makes the situation in assessing their
safety relatively complicated. It is not very precise and meaningful if the safety of
the subsystem is assessed without taking into account the impact of its behavior
on neighboring or superior systems [2]. The evaluation of the level of security of
the system is done according to the ability to fulfill the target function [16, 18, 15].
The consequences of the system failure are evaluated in the very limited extension.
However, safety analysis of car assistance systems is currently facing both of these
problems, and this paper aims to contribute to searching for a solution.
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The paper offers a methodology for optimising a target function of assistance
systems regarding the consequences of their potential failures.

The use of the proposed methodology is illustrated in the example of assessing
the safety of adaptive cruise control system with the ability of automatic crisis
intervention in driving. For that it also uses its own computational models.

A classification methodology being used within this paper is rather classical
one. It therefore differs from various modern approaches recently used e.g. in the
Neural Network World journal [4, 7, 21, 9, 8, 17].

The conversion to the numerical values of the outputs is required for any op-
timization methods based on mathematical procedures. The minimization of the
traffic accident injuries severity (the finding minimum or maximum of the criterial
function is just optimization) cannot work with the verbal classification of injuries
(if the fuzzy strategy is not utilised). It is necessary to use a numerical classification
expressing the severity of the injury, for example classification of the Abbreviated
Injury Scale AIS or appropriate combination of injury criteria [20, 1].

The accident injury classification system design is not easy for the theoretical
situation of the driver assistance system failure. The Beyond-Design-Basis Safety
Assessment (BDBSA) methodology was designed to manage this most demanding
part [22, 23, 12, 14]. The scheme of the methodology is depicted in Fig. 1.
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Fig. 1 Decision algorithm methodology [own research]

2. BDBSA

Cases beyond the boundary conditions of an accident correspond to situations in
which ADAS is unable to prevent an accident. In general, if properly designed,
ADAS should be able to avoid impacts in high-probability scenarios and highly
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unlikely scenarios should lead to unavoidable collisions. Due to the very low prob-
ability, these cases are not considered at the design stage and are therefore treated
as “beyond design cases” (by analogy with the same term in the “defense-in-depth”
approach in nuclear engineering [6]). To analyze the impact on passengers and rel-
evant vehicle entities of such cases beyond the design, we use the term BDBSA
(beyond-design-basis safety assessment).

The BDBSA corresponds to the third level of the proposed multi-level secu-
rity approach. As can be expected, not all unavoidable accidents have the same
consequences. It is therefore recommended to carry out further analyzes of these
conflict scenarios in order to estimate their impact, in particular as regards the
injuries of the persons involved. In the following paragraphs, a simple and easy-to-
implement approach will be presented as the BDBSA concept, which will analyze
the consequences of such unavoidable traffic accidents, when an assistance-driven
car collides with a car in front of it. However, the methodology can be easily
extended to completely different collision scenarios.

The results of the BDBSA can be used to determine whether the consequences
of an unavoidable accident are considered acceptable or not. If they are considered
unacceptable, the consequences of the accident should be mitigated by adding
additional passive safety systems in the vehicle or by shifting the impact boundary
conditions with an additional ADAS safety layer or by modifying the functionality
of the system back at the design stage.

2.1 Safety evaluation

To evaluate the consequences (with a focus on crew injuries) according to the pa-
rameters of the collision (obtained from the previous phase), the presented method-
ology proposes three possible ways:

1. Correlation evaluation – based on the correlation between impact speed
and injuries proceeding for example from data presented in [19, 10]

2. Mathematical-model evaluation – based on a relatively simple mathe-
matical description of an accident; as an example see [5, 11]

3. Evaluation by finite-element simulation – based on a detailed simulation
of an accident [13]

The first methodology was firstly presented in [12] and is recommended for
a simple and fast BDBSA evaluation of predefined specific crash configurations.
The other two methodologies of evaluation are then described in [13], and can be
used in more general cases than the first methodology. Mainly the evaluation by
finite-element simulation.

3. Optimisation of design process based on FEM
simulations

Finite element modeling (FEM) and simulation (Fig. 2) is the most common way of
computer simulations of car crash tests. During the development of passive safety
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Fig. 2 Crash scenario [own research]

of cars, it enables detailed verification of the functioning of individual elements of
passive safety without the need for repeated destructive testing, which is expensive.

This method of modeling is based on assembling models of individual parts of
the car, their validation on the basis of a few destructive tests, and finally creating
an assembly of all these subsystems into one unit – a complete car and performing
virtual tests with it.

Evaluating the consequences of an accident in this way (i.e. FEM) is clearly the
most accurate of all the proposed methods, but at the same time the most difficult
to process [13]. Both in terms of time resources, computing resources, and in terms
of human resources. Creating a sufficiently high-quality finite-element model to
simulate the impact of a car so as to reliably simulate the behavior of a real vehicle
requires the work of a thoroughly trained expert – a CAE engineer.

If this method is used by car manufacturers, the assembly of such a model
should not be a significant obstacle. Automobile manufacturers already routinely
build these models to simulate homologation, customer and other crash tests, and
could therefore use such a model directly. In the case of using this method, for
example by forensic experts, it would mean for them the creation of a whole model
from practically zero, which is in practice a disproportionate requirement for their
work. They should use one of the procedures described above.

A huge advantage of this approach is its adaptability to any variation of the
collision scenario. The high accuracy of the results is ensured with a good compu-
tational model for practically any collision configuration.

The decision process based on BDBSA has much higher sensitivity comparing
to the direct FEM calculations.

The assumption that BDBSA is necessary for control strategy safety optimiza-
tion was confirmed in an example of adaptive cruise control system (equipped in
green ego car) in scenario, which is depicted in Fig. 3. The scenario assumes a con-
tinuous flow of traffic, which suddenly starts to slow down rapidly. The driver of a
red vehicle reacts to this situation by quick changing the lane and thus significantly
reduces the safety distance of the green vehicle. The traffic flow continues to slow
down and the adaptive cruise control system must therefore react. The best way
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Fig. 3 Pre-crash scenario of strategy heading to the center [own research]

to simulate the parameterized scenarios is using any vehicle dynamic simulation
software. Authors used Altair MotionSolve in co-simulation coupling with Altair
Activate where the ADAS was modeled.

For the purpose of verifying the assumption, two control strategies of ADAS
behavior were proposed in assessing the inevitability of a collision. The first strat-
egy tries to aim the center of the front of the vehicle to the center of the obstacle,
the second tries to prevent the collision until the last moment by a combination of
braking and evasive maneuver. A detailed description of both strategies is in next
sections.

3.1 Strategy heading to the center

As soon as the assistance system evaluates that there is an obstacle in the predicted
path of the vehicle moving at a higher speed than the set threshold speed relative
to the car, it triggers a crisis control strategy. The approach threshold speed is
chosen so that the system is not too aggressive and does not overreact to small
variations in the speed of the leading vehicle.
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Because we assume an assistance system features, it allows the driver to react
as first. The delay for the driver’s reaction is based on the current speed and
distance from the obstacle (risk of collision) and on the driver’s standard reaction
time. After this time, the system starts to brake intensively to reduce the impact
speed as much as possible.

If an ego vehicle approaches the obstacle at the limit distance and at the same
time the radar detects the whole rear part of the car (or the whole obstacle), then
it can detect its center and to start the car control. The aim of this procedure is
to direct the center of the front part of the ego car to the center of the car in front
of it (or the obstacle) to achieve the “full scale” crash.

3.2 ADAS avoidance strategy

The second ADAS management strategy has got the same role as the first strategy
in the first phase when the obstacle is detected. They differ at a later stage.

If the system determines the expected collision unavoidable, it performs an
evasive maneuver by intervening the sine steering movement. Then the ego vehicle
moves to the right edge of the road. At the end of this maneuver, it keeps the
vehicle in the original direction of travel until the end of the scenario (see Fig. 4).

In this solved unfavorable situation is accepted the assumption, that the width
of the roadside is large enough to enable the impact overlap after performing an
evasive maneuver 50 % of the width of the vehicle. This type of collision is tested
(by even smaller overlap) by both ECE and EuroNCAP tests.

Fig. 4 Sequence of images illustrating the operation of ADAS with an avoidance
strategy [own research]

For an initial speed of 80 km/h, an analysis was made of a comparison of the
two considered ADAS control strategies: aiming and avoidance ones. As part of
this analysis, 32 scenarios were examined, which, despite the intervention of the
assistance system, led to an accident. Of these 9 accident situations had the same
input parameters as some of the others. Typically, these were collisions that took
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place in the phase of constant deceleration of the leading (and aggressive) vehicle,
when the magnitude of the required final speed has no effect on the parameters of
the collision so far. Therefore, 23 finite-element calculations were finally performed.

The results of the analysis are shown in Fig. 5 and Fig. 6.

Fig. 5 Comparison of both strategies in terms of whether the strategy leads to
collision [own research]

Fig. 6 Comparison of both strategies with BDBSA methodology [own research]

The chart in Fig. 5 provides the results of simulation of a given scenario with
respect to the existence of the collision (1 . . . crash, 0 . . . no crash). The chart in
Fig. 6 presents the expected HIC or HPC (Head Injury (Performance) Criterion)
in the case of collision. These data are the background for the vehicle assistance
system decision making and the algorithm optimisation.

A comparison of the two strategies refutes the original assumption that the
avoidance strategy will have a negative effect on the safety of the crew. In a de-
liberately unfavorable scenario for this strategy, this steering strategy always led
to a front-rear overhang. This impact configuration involves only part of the de-
formation zones in reducing the consequences of the accident, and therefore the
consequences of the accident should be more severe according to the original as-
sumption.
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However, this turned out not to be the case. This can be caused by several
factors:

• The flexibility of deformation zones of the modeled car (and cars in general)
is optimized to achieve the best results in standardized impact tests, which,
however, take place under more unfavorable conditions than achieved in sim-
ulated scenarios (higher impact speed, stationary barrier, deformable barrier
less than the collision partner, or not at all, etc.). This can then lead to
deformation zones being too stiff for impacts at speeds, which for a given
structure of the deformation zone, are lower than the critical deformation
rate of the beam. Therefore, if fewer of them are involved in the deformation
process, it can have a positive effect on the resulting accelerations acting on
the crew.

• In an impact with an overlap, collision partners spin around each other, which
has an effect on the dissipation of kinetic energy.

• The measured value of HPC takes into account only the sliding components of
the acceleration acting on the head. Unfortunately, it neglects the rotational
components, which, especially in the collision event where rotations occur,
can affect the accuracy of the result to some extent, although probably in
this case only to a small extent.

The comparison also shows the benefit of this methodology compared to the
current state of safety testing of assistance systems. It can be seen that both
management strategies lead to the same number of accidents, and even accidents
occur with the same collision scenario parameters. Using the methodologies used
so far, both strategies would be evaluated as of the same quality. However, the
presented methodology shows that from the point of view of security, there is a
significant difference between the two strategies (Fig. 6).

The conclusion of the comparison may be a recommendation to verify the avoid-
ance strategy on a wider range of collision scenarios, because the analysis speaks
significantly in favor of this solution.

Of course, it would be possible to use this methodology to identify situations
where which strategy is more advantageous, respectively safer, and which ADAS
should choose in which situation.

4. Optimisation process

For optimization of safety behaviour of ADAS, i.e. minimization of hazard intensity,
a following optimization approach, based on the multiparametric control of the
system [3], can be used:

Function f(x) to be minimized by iterations:

fi(x) ≤ sup
i

(x); i = 1, 2, . . . , n. (1)

After linear decomposition:

fξ(ax + by + cz + . . .) ≤ a · fξ(x) + b · fξ(y) + c · fξ(z) + . . . . (2)
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I.e. vehicle parameters:
vx . . . longitudinal velocity
vy . . . lateral velocity
ax . . . longitudinal acceleration
ax . . . lateral acceleration

Decision which are given by ADAS:
r1 . . . brake
r2 . . . accelerate
r3 . . . turn left
r4 . . . turn right

Then finding a local minimum should be proven on specific cost function:

g(x) = a ·HPC + b · TTI + c · 3MS + d · V C + e ·NIC + . . . , (3)

where HPC, TTI, V C,NIC, 3MS and many other biomechanical criteria. Pre-
sented are some examples of the criteria, the complex information including for-
mulas are published in [1].

HPC is the Head Performance Criterion, frequently used for head injury evalu-
ation based on measured linear acceleration in the head gravity centre of the crash
test dummy. The definition is:

HPC =

{
(t2 − t1)

[
1

(t2 − t1)

∫ t2

t2

a(t)dt

]2,5}
max

, (4)

where t1 is start of interval, t2 end of interval and a(t) acceleration in time.
TTI is the Thoracic Trauma Index, the criterion takes into evaluation the lateral

acceleration measured on the ribs and 12th thoracic vertebrae.

TTI = 0, 5 · (RIBY + T12Y ), (5)

where:

RIBY maximum acceleration detected on the upper and lower rib [g]
T12Y maximum acceleration of the lower spine (vertebrae Th12) [g]

VC is a Viscous Criterion preventing the development and propagation of vis-
cous wave through the internal organs on the base of measurements of thorax
deformation and the speed of this deformation.

V C =
d[D(t)]

dt
· D(t)

D
, (6)

where:

D(t) deformation of chest (in time)
D Defined constant – usually half of dimension of chest [m]

NIC is the Neck Injury Criterion based on the forces and torque measurements
on the cervical spine.

3MS is a very general injury criterion evaluation acceleration signal and its
remaining at the signal level in the cumulative time 3 ms.
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There are many other useful injury criteria suitable for the evaluation process.
The combination of suitable criterions provides the estimation of expected suf-

fered polytrauma during the crash.
The injury biomechanics enables to create the chart if expected consequences

for various crash scenarios. On this base the multiparametric control of ADAS is
a tool for minimising the severity in injuries during unavoidable accidents.

Utilising this approach the HMI gets a new dimension – the interaction between
the human body and the machine in the case of an accident. The interaction is
done by the contact forces, acceleration fields, etc., and the proper design and the
restraint systems help to control the injury mechanism.

5. Conclusion

The target of the study is the classification of Advanced Driver Assistance Systems
(ADAS) beyond the basic design bases, i.e. BDBSA method (Beyond-Design-Basis
Safety Assessment). Taking into consideration extended HMI (Human-Machine
Interaction) by the injury biomechanics, the decision making is based on the con-
sequences of the unavoidable accidents. The multiparametric control enables to
include the injury assessment into the target function. The decision process covers
the entire process of precrash vehicle dynamics and the crash mechanics.
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