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Abstract

Driving strategy in dynamic environment is crucial to the automated vehicle safety. In extremely emergency scenarios with
unavoidable collision (UC), especially those with complex impact patterns, the potential crash risk should be well consid-
ered. This paper proposes a crash mitigation (CM) algorithm for UCs, which directly embeds a generalized crash severity
index (CSI) model to vehicle-to-vehicle collisions of multiple impact patterns. The idea is that during the short time before
a collision, the vehicle will actively adapt its position and poses to minimize the potential crash severity level after the colli-
sion. To this end, the generalized CSI model is introduced to estimate the potential crash severity of all sample paths, from
which a crash-severity-optimal trajectory is obtained. To improve the inferring time efficiency of the planning module, a
neural network is constructed and deployed to approximate the nonlinear severity model. The proposed algorithm is first
validated through simulations of UC scenarios, including entry ramp merging, intersection crossing and downbhill/uphill
crossing. Then for the intersection crossing scenario, the algorithm is deployed to a real car and validated through digital-
twin experiments. Results show that by combining the braking and steering interventions for better crash severity reduction,
the proposed strategy can achieve better mitigation effects than commonly used collision avoidance (CA) strategies. This
reveals that a new mindset of comprehensive safety strategy should not focus only on CA, but also the last resort of CM if
collision is unavoidable. Our work may contribute as a promising solution to the safety problem in emergency scenarios.

Keywords Automated driving - Collision avoidance - Crash mitigation - Crash severity - Motion planning

Abbreviations AES Automated emergency steering
Al Artificial intelligence CG Center of gravity

ADAS Advanced driving assist system CA Collision avoidance

AEB Automated emergency braking M Crash mitigation

CMI Crash momentum index
CSI Crash severity index
DOF  Degrees of freedom
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Automated emergency collision avoidance (CA) technology has made tremendous progresses in recent years.
However, the existing CA approaches, either braking or steering based, cannot handle well the extremely
emergency CA scenarios with limited space and time. This is a research gap to be bridged before the zero-
fatality vision of road traffic, namely Vision Zero, can be realized. To further extend the safety limits of
vehicles, especially that of automated vehicles in future, we propose a drifting-based CA approach that adopts
an aggressive, but controllable, over-steering maneuver. To this end, first the trajectory planning of drifting is
formulated and solved as a constrained optimal control problem, which considers vehicle dynamics, actuator
limits and collision constraints. Then the knowledge of the three CA approaches’ capability limits is obtained
and used for CA decision. Given a planned trajectory, a feedback linearization based controller is further
designed to complete the drifting maneuver. Finally, using a real vehicle with by-wire actuators, a series
of simulations and road tests are carried out. Results show that our proposed drifting-based algorithm can
successfully fulfill agile CA tasks in extreme conditions. With further improvements, this preliminary and

conceptual work may contribute as a promising complement to current active safety technologies.

1. Introduction
1.1. Motivation

As a key category of vehicle active safety technology, emergency
collision avoidance (CA) has achieved tremendous progresses in recent
years. For passenger vehicles, the application of Autonomous Emer-
gency Braking (AEB) system has reached a considerable penetration
rate since 2020, while Autonomous Emergency Steering (AES) system
has also been developed (Seewald et al., 2015) and commercialized,
e.g. in the 2017 model of Volvo XC60.

In principle, the ego vehicle activates CA functions when a collision
with an intruding obstacle is about to happen, and the vehicle’s eva-
sive maneuver is achieved via braking or steering. Fig. 1(a) gives an
emergency scenario example, where the ego vehicle drives to the east,
Obstacle I is about to merge from the south, and Obstacle II drives
towards the west in the opposite lane. Using the moving coordinate
system fixed to the ego vehicle, the current longitudinal distances of
two obstacles are denoted as x,,, and x,,,, respectively. If Obstacle I
does not slow down to yield and x,,, is short, the ego vehicle may adopt
AEB or/and AES for CA as follow.

(1) AEB will activate braking and try to stop before obstacle I, as
shown in Fig. 1(b). If the ego vehicle has a high initial speed

* Corresponding author.
E-mail address: dfli@zju.edu.cn (D. Li).

https://doi.org/10.1016/j.conengprac.2023.105625

or very close distance x,,, from Obstacle I, AEB may not guar-
antee a complete avoidance of collision, although according to
traffic rules the decision of using AEB may not risk bearing any
responsibility in such collision.

AES based CA will activate steering to make a double lane change
maneuver by temporarily occupying the opposite lane, as shown
in Fig. 1(c). Although it is impossible for a complete stop before
collision, if necessary, braking will also be applied to reduce
the speed. Such evasive maneuver is only allowed when the
gap between the ego vehicle and Obstacle II is large enough,
especially enough for the stopping distance of Obstacle II. The
risk of colliding with Obstacle I is partially or completely shifted
to that with Obstacle II, while it is the responsibility of developer
to calibrate the AES algorithm by balancing such additional risk
and the potential safety benefits.

(2

—

However, the above two conventional CA approaches cannot handle
all collision-imminent scenarios, meaning that further efforts must be
made to achieve the vision of zero fatality in road traffic, also known
as Vision Zero. For example, either AEB or AES cannot succeed CA
in the challenging scenario with more emergency initial conditions in
Fig. 1(d), where both obstacles are too close to the ego vehicle. To this
end, here we propose a drifting based CA approach, aiming to avoid
the collision by an agile drifting maneuver in such narrow space.
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