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Abstract

Despite the recent successes in the development of autonomous vehicles, there are still major
challenges regarding the motion planning of autonomous vehicles in complex traffic situations.
In complex traffic situations, autonomous vehicles need to select from various maneuver
options, such as overtaking another vehicle to the left or right, but not all maneuvers are
safe or reach the desired set of goal states. Since the exhaustive exploration and validation of
all maneuver options is typically impossible due to hard real-time constraints, the question
arises how to quickly identify feasible maneuver candidates. This challenge becomes even more
evident when considering the maneuver-based cooperation within a group of communicating
vehicles, where the number of joint maneuvers grows exponentially with each participating
vehicle. Moreover there are infinitely many traffic situations and their future evolution is
unknown, therefore, motion planning methods need to generalize to arbitrary traffic situations
so that safety can be ensured at all times.

To address the aforementioned challenges, this thesis proposes a holistic motion planning
approach that can be used for individual, cooperative, and safe motion planning in arbitrary,
complex traffic situations. By combining set-based reachability analysis and continuous opti-
mization, we demonstrate how to (a) efficiently explore the solution space for trajectory plan-
ning of autonomous vehicles and (b) to identify suitable representations of collision avoidance
constraints for arbitrary trajectory planners based on nonlinear programs or (successive) con-
vexification. Since the computation times of our approach typically decrease with increasing
criticality of the traffic situation, our approach is particularly suited for planning fail-safe
trajectories. In this regard, we integrate our approach into a safety layer that guarantees
that the autonomous vehicle complies with legal safety, i.e., the autonomous vehicle never
causes accidents even though other road users are allowed to perform any legal behavior. The
safety layer verifies whether intended trajectories of the autonomous vehicle comply with legal
safety and provides fail-safe trajectories that can be executed in critical situations. To enable
maneuver-based cooperation, we propose a cooperation mechanism in which communicating
vehicles negotiate space-time reservations based on their reachable sets. This cooperation
mechanism is suited for arbitrary, mixed traffic situations and facilitates the transition from
individual to cooperative driving.

To demonstrate the benefits of our approach, we extensively validated it in simulation and
the drivability of the planned trajectories using a BMW T7-series vehicle. Our test cases include
real traffic scenarios publicly available in the CommonRoad benchmark suite that we have
initiated with the aim to increase the reproducibility of scientific results. The CommonRoad
benchmarks for motion planning are uniquely identified by a short ID, making it easy to
describe all necessary details of experiments in publications. CommonRoad is open source and
can be easily extended by other researchers helping to accelerate motion planning research.
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Zusammenfassung

Trotz jiingster Erfolge in der Entwicklung des autonomen Fahrens bestehen weiterhin grofle
Herausforderungen in der Bewegungsplanung autonomer Fahrzeuge in komplexen Verkehrssi-
tuationen. In komplexen Verkehrssituationen miissen autonome Fahrzeuge ein Fahrmanover
aus einer Vielzahl an moglichen Manovern auswahlen, jedoch sind nicht alle Manover sicher
oder erreichen die gewiinschte Menge an Zielzustanden. Da die vollstandige Exploration und
Validierung aller Fahrmandver auf Grund von harten Echtzeitbedingungen fiir gewohnlich
unmoglich ist, stellt sich die Frage wie moglichst schnell geeignete Manoverkandidaten gefun-
den werden konnen. Diese Herausforderung wird sehr deutlich bei der Betrachtung mand6ver-
basierter Kooperationen von Gruppen kommunizierender Fahrzeuge, bei der die Anzahl der
kombinierten Fahrmanover mit jedem teilnehmenden Fahrzeug exponentiell anwachst. Zu-
satzlich gibt es eine unendliche Anzahl von Verkehrssituationen, deren zukiinftige Weiter-
entwicklung unbekannt ist, weshalb Bewegungsplanungsmethoden auf beliebige Verkehrssi-
tuationen generalisierbar sein miissen um den sicheren Betrieb autonomer Fahrzeuge zu
gewahrleisten.

Um diese Herausforderungen zu adressieren, fithrt die vorliegende Arbeit einen ganzheit-
lichen Ansatz fir die individuelle, kooperative und sichere Bewegungsplanung autonomer
Fahrzeuge in beliebigen, komplexen Verkehrssituationen ein. Mittels der Kombination aus
mengenbasierter Erreichbarkeitsanalyse und kontinuierlicher Optimierung zeigt diese Arbeit
wie (a) der Losungsraum fiir die Trajektorienplanung effizient exploriert und (b) geeignete
Nebenbedingungen fiir die Kollisionsvermeidung fiir beliebige Trajektorienplaner basierend
auf nichtlinearen Programmen oder (sukzessiver) Konvexifizierung identifiziert werden kénnen.
Da die Rechenzeiten des vorgestellten Ansatzes in kritischen Verkehrssituationen fiir gewohn-
lich abnehmen, eignet sich dieser insbesondere fiir die Planung ausfallsicherer Trajektorien.
Der vorgestellte Ansatz wird deshalb in eine Sicherheitsebene fiir Trajektorienplaner inte-
griert, die gewahrleistet, dass autonome Fahrzeuge keine Unfalle verursachen, obwohl andere
Verkehrsteilnehmer jede mogliche legale Bewegung ausfiihren diirfen. Die Sicherheitsebene
verifiziert dabei die geplanten Trajektorien des autonomen Fahrzeuges und berechnet aus-
fallsichere Trajektorien, die in sicherheitskritischen Situationen ausgefithrt werden konnen.
Fir die manoverbasierte Kooperation wird ein Mechanismus vorgeschlagen, bei dem kommu-
nizierende Fahrzeuge Raum-Zeit-Reservierungen basierend auf erreichbare Mengen aushan-
deln. Der Kooperationsmechanismus ist fiir die Anwendung in Verkehrssituationen mit ge-
mischtem Verkehr aus menschlichen Fahrern und autonomen Fahrzeugen geeignet und er-
leichtert den Ubergang von individuellem zu kooperativem Fahren.

Die Vorteile des vorgestellten Verfahrens werden ausgiebig in Simulation und die Fahrbarkeit
von geplanten Trajektorien mit Hilfe eines BMW 7er Versuchsfahrzeuges demonstriert. Die
verwendeten Testfille beinhalten reale Verkehrsdaten, die offentlich in der CommonRoad
Benchmark Suite zuganglich sind. Die CommonRoad Benchmark Suite wurde im Zuge der
vorliegenden Arbeit initiiert, um die Reproduzierbarkeit wissenschaftlicher Ergebnisse zu
verbessern. Die CommonRoad Benchmarks fiir die Bewegungsplanung sind tiber eine kurze



ID eindeutig identifizierbar, so dass alle notwendigen Details von Experimenten in Publika-
tionen einfach beschrieben werden konnen. CommonRoad ist frei verfiighar und erweiterbar
durch andere Wissenschaftler, um den wissenschaftlichen Fortschritt in der Bewegungspla-
nung autonomer Fahrzeuge zu beschleunigen.
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Chapter 1

Introduction

Autonomous vehicles are envisioned to revolutionize the transportation sector [11]. The ex-
pected benefits are numerous including the reduction of traffic injuries and fatalities; time
savings since persons are no longer involved in the driving task and can engage in other
activities; transportation for persons with restricted mobility; and decrease in vehicle own-
ership due to a higher utilization of on-demand vehicle sharing [11]. To further enhance the
benefits of autonomous driving, wireless communication technologies can be used to connect
autonomous vehicles, enabling the explicit exchange and coordination of maneuvers [12]. By
orchestrating the motions of a group of connected autonomous vehicles, the capacity of the
road infrastructure can be increased, e.g., by traffic shaping [13] or by reducing the inter-
vehicle distance [14], resulting in improved traffic flow and shorter commuting times. In
addition, connected autonomous vehicles have the potential to further increase traffic safety
by enabling collision avoidance maneuvers that would not be possible through individual plan-
ning, e.g., when an evasive maneuver in dense traffic requires coordination with surrounding
road users, as otherwise a collision would occur.

Given its tremendous potential, the development of autonomous driving has received much
attention in the last years. An important aspect in the technical realization of autonomous
vehicles is the development of motion planning algorithms. Initially, research has mainly
focused on the motion planning for individual vehicles, while cooperative motion planning
has recently gained increasing interest. Although remarkable progress has been made, the
following research questions remain open:

e How can we efficiently plan drivable, i.e., collision-free and dynamically feasible, motions
for autonomous vehicles that reach certain goal states in arbitrary, cluttered environ-
ments with multiple static and dynamic obstacles?

e How can we efficiently plan cooperative maneuvers for autonomous vehicles in mixed
traffic situations, i.e., situations where human-driven and autonomous vehicles share
the road with vulnerable road users such as pedestrians?

e How can we ensure that the planned motions of autonomous vehicles are safe at all
times in any traffic situation?

e How can we unify the motion planning for individual vehicles and a group of cooperative
vehicles?

The goal of this thesis is the development of methods and algorithms for the holistic solution of
the above mentioned research questions. In the following sections, we discuss the challenges
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of individual, cooperative, and safe motion planning for autonomous vehicles and give an
overview of current approaches in the literature that aim to solve these challenges.

1.1 Individual Motion Planning

Automated vehicles need to be able to cope with complex traffic situations, i.e., traffic sit-
uations with several static and dynamic obstacles and non-trivial road layouts such as in-
tersections or multi-lane highways. However, both the obstacles and the structure of the
road layout may result in the autonomous vehicle only being able to operate in a small sub-
set of its state space, making it difficult to find feasible motions. To operate autonomous
vehicles in complex traffic situations, automated driving architectures have been developed
that break down the overall problem into more manageable and easier to solve sub-problems.
The architectures typically consist of a perception module to generate a model of the current
environment; a decision module to plan trajectories given the current environment model and
various task-specific constraints; and a control module responsible for tracking the computed
trajectory [15]. The decision module is often separated into the route planning, behavioral,
and motion planning layer [16]. This work focuses on the motion planning layer which is
concerned with the planning of local trajectories that reach a set of goal states starting from
the initial state of the autonomous vehicle. The goal states are typically provided by the
behavioral layer that is responsible for tactical decision making. Below, we discuss the chal-
lenges arising in the field of motion planning in complex traffic situations and review solution
approaches found in the literature.

1.1.1 Challenges

Fig. 1.1 illustrates the main challenges of motion planning in complex traffic situations. The
autonomous vehicle is approaching a construction site and a pedestrian is predicted to cross
the road (see blue areas in Fig. 1.1). The trajectories of the autonomous vehicle are subject
to constraints that ensure drivability, i.e., collision avoidance with surrounding obstacles
and feasibility in terms of vehicle dynamics, taking into account dynamic and kinematic
limits (e.g., minimum and maximum steering angles, acceleration, and curvature changes).
In general, the vehicle dynamics are non-linear and collision avoidance with surrounding
obstacles is an inherently combinatorial problem. For each obstacle in the environment,
different maneuver choices can be taken, such as yielding, overtaking on the left or right side,
or following (see Fig. 1.1); and with each additional obstacle in the environment, the number
of maneuver options grows exponentially.

Especially in complex traffic situations, it can become increasingly difficult to find drivable
motions in time. The main reasons are: (a) it may not be possible to exhaustively evaluate
all possible maneuvers under strict real-time constraints due to the high number of maneuver
options. (b) Many maneuvers may not be drivable which is often the case in safety-critical
situations, i.e., complex traffic situations with small and convoluted solution spaces for motion
planning. (c) It might be necessary to detect narrow passageways in the solution space for
trajectory planning. As shown in Fig. 1.1, it may be challenging to find a drivable trajectory
that avoids the pedestrian, since the space on the road for such a maneuver is rather limited.
(d) Some maneuvers may not reach the desired set of goal states (see Fig. 1.1) provided by
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autonomous vehicle trajectory

) prediction

construction site

pedestrian
Figure 1.1: The autonomous vehicle has to reach a set of goal states while approaching a construc-
tion site and a pedestrian who is likely to cross the road. There are several maneuver
options that the autonomous vehicle can select, but not all maneuvers lead to the
desired set of goal states.

the behavioral layer. There may also be the possibility that the set of goal states cannot be
reached at all, which would require some kind of error handling or default behavior.

In general, the planned trajectories should not only be drivable, but also optimal in terms
of a cost function that, for instance, minimizes acceleration or jerk. Since the motion planning
problem is generally PSPACE-hard (at least as difficult to solve as an NP-complete problem)
[16], it is challenging to find solutions in time. To reliably operate autonomous vehicles in any
traffic situation, we require motion planners that generalize well to different and previously
unseen traffic situations.

1.1.2 Literature Review

Many techniques for the motion planning of autonomous vehicles have been developed over
the past years that aim to solve the aforementioned challenges. Recently, approaches based
on machine learning have gained increasing interest, such as reinforcement learning or end-to-
end learning [17-19]. In contrast to approaches based on hierarchal architectures for motion
planning, end-to-end learning approaches do not distinguish between the perception, decision,
and control module, instead they generate the control commands for the autonomous vehicle
directly from the sensor data [20]. Current solutions based on machine learning are promising,
but their scalability to arbitrary traffic scenarios, safety, and interpretability are still open
research questions. Our review on motion planning techniques therefore focuses on graph
search, incremental search, and variational methods according to [16]. Further comprehensive
overviews of different motion planning techniques for autonomous vehicles can be found in
[15,16,21,22].

Graph and Incremental Search Techniques

To plan trajectories for the autonomous vehicle with graph search algorithms like A*or ARA*
[23], the state space of the autonomous vehicle is typically discretized by sampling the control
or state space. For instance, by forward simulation of a selected vehicle model using sampled
control inputs [16], motion primitives can be generated. The obtained motion primitives can
be concatenated to create a search graph [24,25] (see Fig. 1.2). To reduce the computational
burden at runtime, motion primitives can also be precomputed offline [26], so that complex
vehicle models can be applied. However, the concatenated motion primitives can form an
irregular pattern. In the worst case, no final state of one concatenated motion primitive
coincides with another, resulting in a huge search tree. To overcome this problem, motion
primitives can be constructed so that the resulting graph creates a regular pattern referred
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prediction goal
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Figure 1.2: Motion primitives are concatenated to find a drivable trajectory for the autonomous
vehicle. Motion primitives that lead to a collision with surrounding obstacles are
colored in red. Due to the fixed discretization of the graph, there may exist no collision-
free combination of motion primitives that evades the pedestrian.

to as state lattice [27-29]. To further reduce the combinatorial complexity, the initial state
of the autonomous vehicle can be directly connected to several goal states via geometric
curves such as quintic polynomials [30] or circular arcs [31]. The resulting search tree has a
single root node to which each goal node is connected by a single edge. A key advantage of
graph search techniques is that they naturally explore combinatorial maneuver choices such
as overtaking an obstacle to the left or right side. However, graph search techniques are only
resolution complete, i.e., a coarse resolution may result in solutions not being found, which is
critical when maneuvering in tight spaces. Therefore, the selection of the number of candidate
trajectories is challenging: a high number of possible trajectories might be necessary to find
a solution, but can lead to a high computational burden.

In contrast to graph search methods, which have a fixed discretization of the search graph,
incremental search methods gradually refine the discretization of the state space [16]. Pop-
ular representatives of incremental search techniques are rapidly exploring random trees
(RRTs) and variants thereof that apply random sampling to efficiently explore complex search
spaces [32-34]. Under certain assumptions, RRTs are probabilistically complete [16], which
means that the probability of finding an existing solution converges to one if the number
of samples approaches infinity. However, computation times are usually unpredictable and
can become increasingly higher in cluttered environments, since narrow passageways in the
solution space may not be detected in time. In addition, the obtained trajectories are often
jagged and therefore uncomfortable for passengers. There exist asymptotically optimal vari-
ants of RRTs, e.g., RRT* [34]; however, the convergence rate to optimal solutions is rather
slow [35,36]. Anytime RRT* [37] improves on the computational efficiency of RRT*, but the
resulting trajectories tend to be jagged and suboptimal for limited planning times [35]. For
a comprehensive overview of further variants of RRTs, we refer to the surveys in [35,36].

Optimal Control Techniques

Motion planning can also be formulated as a constrained optimal control problem, where a
cost function is minimized subject to a set of constraints, e.g., physical and safety constraints.
To obtain solutions for the constrained optimal control problem, variational methods, such
as direct and indirect methods, can be applied [16]. In contrast to graph search and incre-
mental search approaches, the trajectories are optimized in the continuous state and control
space, thus, eliminating undesired discretization effects. However, one major difficulty lies
in the handling of collision avoidance constraints that are generally non-convex and non-
differentiable, making it difficult to find a collision-free solution efficiently. Therefore, a grow-
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ing body of literature has investigated various formulations of collision avoidance constraints,
which we review below.

Mixed-integer Optimization Current solutions often use mixed-integer programming to
model disjunctive decisions, i.e., inequality constraints related by “OR” operators, that arise
during maneuver planning [38-40]. Using the so-called Big-M method, logical expressions
such as disjunctive constraints can be reformulated as inequalities with binary variables [41].
Thus, binary variables enable the modeling of discrete maneuver decisions in the trajectory
optimization such as overtaking an obstacle on the left or right side. Although mixed-integer
programs can find globally optimal solutions provided that the underlying continuous sub-
problems are convex, their application for systems with strict real-time requirements is limited
due to their high computational complexity.

Nonlinear Optimization If globally optimal solutions are not required, nonlinear program-
ming can be applied to identify locally optimal solutions. Collision avoidance can then be
expressed via the distance or the signed distance function between convex sets such as polyhe-
dra or ellipsoids [42,43] that model the autonomous vehicle and obstacles. While the distance
function is zero for intersecting objects, the signed distance function changes sign as soon as
objects intersect. Thus, in contrast to the distance function, the signed distance function
provides an estimate of the penetration depth of two objects and, therefore, can be used to
plan least intrusive trajectories if collisions cannot be avoided. Generally, the (signed) dis-
tance function is non-differentiable, but there exist exact and smooth reformulations based
on strong duality of convex optimization [42]. However, the resulting collision avoidance con-
straints are non-convex, and thus, the approach strongly relies on a suitable initial guess. In
general, non-convex optimization problems may get stuck in infeasible local minima and no
bounds on the number of iterations exist.

Convex Optimization Convex optimization problems can be solved efficiently to global
optimality [44]. Typically, a single or a sequence of convex optimization problems are used
to approximate the original non-convex optimization problem for trajectory planning see,
e.g., [45,46]. The convexification of collision avoidance constraints is often achieved by direct-
linearization [47], projection and subsequent linearization [46], convex under-approximation
of the feasible set of positions, e.g., using polytopes or ellipsoids [48], or decoupling the
longitudinal and lateral vehicle dynamics [45]. However, these methods either require a
collision-free initial guess; are conservative with respect to the set of feasible positions, which is
problematic in situations that demand precise maneuvering; or simplify the vehicle dynamics.

Driving Corridors Non-linear as well as convex optimization problems can benefit from
guidance through the solution space, e.g., in form of driving corridors that represent spatio-
temporal constraints (see Fig. 1.3). By determining driving corridors, combinatorial aspects
of motion planning are (partially) solved prior to optimization, e.g., the driving corridor in
Fig. 1.3 determines that the construction site must be overtaken to the left and the pedestrian
on the right. In this way, driving corridors can eliminate infeasible local minima due to obsta-
cles as passing sides are determined prior to optimization and convex under-approximations
of the feasible set of positions can be obtained more easily. Often inspired by the concept
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autonomous vehicle —construction site

(TY] NN

prediction goal

pedestrian
Figure 1.3: A illustration of a driving corridor shown in green that represents spatio-temporal
constraints for the motion planning of the autonomous vehicle. For sake of clarity,
the time-dependence of the driving corridor is neglected, i.e., the spatio-temporal con-
straints may change over time, e.g., due to moving road users.

of homotopy or homology [49], there exist topological approaches that identify driving cor-
ridors through the decomposition of the collision-free space into (convex) cells; a sequence
of cells represents a driving corridor [50-53]. Another line of research determines driving
corridors by computing a tunnel around a coarse reference path or trajectory that is obtained
through sampling or graph search [54-57]. Within the tunnel, the final trajectory can be
optimized. By assigning a passing side to each obstacle, support vector machine optimization
can be leveraged to obtain driving corridors [58,59]. However, current solutions either ne-
glect the vehicle dynamics, suffer from a high combinatorial complexity, inherit drawbacks of
discretization-based motion planning methods, cannot decide on the passing side of obstacles,
or are only applicable to static environments.

1.2 Cooperative Motion Planning

The ability of autonomous vehicles to behave cooperatively is gaining increasing interest;
however, despite this interest, there seems to be no commonly accepted taxonomy of cooper-
ation in the field of autonomous vehicles [12,60-63]. To categorize this work, we adopt the
definitions and taxonomy presented in [12,62,64] and discuss their main results below.

1.2.1 Types of Cooperation

In [12,62,64], vehicles quantify the usefulness of their cooperative behavior through utility
functions and the total utility is defined as a combination of the vehicle’s individual utilities.
Cooperative behavior is then defined as “|...] a behavior that willingly and knowingly increases
the total utility of participating road users in a coupled situation” [64, p. 9]. There are various
ways in which road users can show cooperative behavior, with communication playing a
central role.

Road users can implicitly communicate with each other meaning that behaviors of other
road users are interpreted and utilities are estimated. Cooperation can then be achieved
without explicit communication, which is typically referred to as interactive behavior-aware
motion planning [20]. These approaches typically do not separate the behavioral and motion
planning layers (see Sec. 1.1) to consider the interdependence of the actions of the autonomous
vehicle and the reactions of surrounding road users. Often, game-theoretic [65,66] or proba-
bilistic approaches [67,68] are leveraged [20].

Road users can also explicitly exchange information, e.g., via vehicle-to-vehicle, vehicle-to-
infrastructure, or vehicle-to-everything communication, which is referred to as information-
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based cooperation [12]. Applications of information-based cooperation are cooperative per-
ception and prediction. Moreover, road users may coordinate their behavior with other road
users such that the total utility increases, which is referred to as maneuver-based coopera-
tion [12]. Maneuver-based cooperation with explicit communication allows the vehicles to
negotiate coordinated maneuvers. Typically, sensor data, state information, intentions, and
possible maneuver options are therefore explicitly communicated [12]. Since explicit com-
munication eliminates the uncertainties about the intentions of communicating road users,
thus, contributing to increased road safety, we focus mainly on cooperation using explicit
communication.

1.2.2 Challenges

Although maneuver-based cooperation with explicit communication has several advantages,
e.g., reduced uncertainties in the prediction of cooperative vehicles or in the perception of
the environment, many challenges of individual motion planning also apply to cooperative
motion planning (see Sec. 1.1.1). Even if we ignore obstacles in the environment, cooperative
motion planning is still an inherently combinatorial problem whose complexity grows expo-
nentially with the number of cooperative vehicles. For instance, if N cooperative vehicles
can each perform M admissible actions, we obtain M® possible maneuvers. Despite this
sheer amount of possible maneuvers, cooperative vehicles must be able to find an agreement
in time on how to coordinate their driving behavior. This agreement must be adapted to
the current traffic situation and take into account the objectives of the involved vehicles.
As it will take a considerable amount of time before autonomous vehicles are fully adopted,
non-communicating and vulnerable road users must be considered as obstacles in the motion
planning. In addition, collision avoidance between cooperative vehicles must be considered.

1.2.3 Literature Review

Several methods for cooperative motion planning have been developed over the years see,
e.g., the comprehensive surveys on cooperative intersection management [69-71] and lane
changing or merging [71]. Below, we review approaches based on formation control, multi-
vehicle trajectory planning, and reservations.

Formation Control

Vehicle platooning has been studied for many years for its potential to improve traffic through-
put and reduce fuel consumption [14,72,73]. In general, a platoon is a group of vehicles moving
in a linear formation with reduced relative distance [72,73]. Besides the linear formation there
are also other ways to arrange a group of vehicles, e.g., wedge shape or diamond shape [74].
The generation of a desired formation and its maintenance while the participating vehicles
move along a trajectory can be realized by means of formation control [74,75]. Existing
approaches to formation control can be categorized into behavior-based, leader-follower, and
virtual structure approaches [74,75].

Behavior-based approaches implement different control schemes for each vehicle, such as
avoiding obstacles and maintaining the formation to yield the final behavior of a wvehicle
[76-78]. The implemented control schemes may have conflicting goals, but are executed



Chapter 1 Introduction

simultaneously by computing their weighted combination [75]. This approach is suitable
for use in cluttered environments; however, a major limitation is the difficulty in proving
system stability, since the design of the controller is usually independent of the kinematics or
dynamics of the vehicles |74, 75].

In the leader-follower approach, following vehicles aim to maintain a desired distance/
orientation relative to the leading vehicle, which was applied to orchestrate the longitudinal
motion of a platoon at a signalized intersection [79], for instance. While the leader-follower
approach is widely adopted [75], the main disadvantage of the approach is that a malfunction
of the leading vehicle can negatively affect the entire formation [74,75].

The virtual structure approach considers the spatial relationship between vehicles as rigid
structure, e.g., vehicles in wedge shape formation, which was applied for cooperation in
multi-lane traffic situations [80], for instance. Due to the inflexibility of the virtual structure
regarding deformations, collision avoidance capabilities may be limited [75].

Multi-vehicle Trajectory Planning

If cooperative vehicles are not required to maintain a formation, conflict-free maneuvers can
be planned using trajectory planning approaches, e.g., mixed-integer optimization [40,81,82],
elastic bands [83], or graph-based methods [64,84,85], which we briefly discuss below.

Mixed-integer Optimization Generally, the coordination problem of multiple communicat-
ing vehicles can be formulated as a constrained optimal control problem [86]. Similarly to
individual motion planning (see Sec. 1.1), we require constraints that ensure the drivability
of the planned motions for each vehicle. The overall cost function can be formulated as the
weighted sum of the individual cost functions of the cooperative vehicles. Depending on the
weighting chosen, costs may be biased in favor of one or a few cooperating vehicles, or the
costs of all vehicles may be considered equally weighted. Using mixed-integer programming,
collision avoidance among cooperative vehicles and obstacles can be formulated with binary
variables [40,82]. However, the flexibility to plan arbitrary cooperative maneuvers is gained
at the cost of high computational effort.

It is also possible to restrict the set of admissible cooperative maneuvers in advance by
using a hierarchical maneuver automaton [81]. The top layer is a finite state machine that
qualitatively encodes possible maneuvers, such as lane change to the left or right side, over-
taking, or lane keeping. The lower layer is a hybrid automaton that describes different phases
of such a maneuver, e.g., in [81], three phases are distinguished for the overtaking maneuver
based on the relative distances of the vehicles involved. The transitions of these phases are
modeled with binary variables. In [81], it is shown that the formulation reduces the worst-
time complexity of the optimal control problem, but the approach is currently not applicable
to mixed traffic situations.

Elastic Bands Elastic band methods have also been applied to cooperative motion planning
[83]. An elastic band consist of several nodes that represent the positions of a cooperative
vehicle at discrete time steps. Constraints on the nodes can be formulated using virtual forces,
such as a repulsive force to maintain a desired distance from other cooperative vehicles and
obstacles. The elastic bands are deformed until an equilibrium is achieved, i.e., the forces
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vanish at each node. According to [83], the method scales well with the number of cooperative
vehicles, but the solutions depend strongly on the initialization of the elastic bands.

Graph-based Methods Cooperative motions can also be planned using graph-based ap-
proaches. For example, candidate trajectories for the cooperative vehicles can be obtained
by connecting their initial state with sampled target states using polynomials; all possible
combinations of their trajectories can be computed and evaluated for drivability and cost [64].
Similar to graph search in individual motion planning, it is also possible to build a tree of
motion primitives by simulating the vehicle models of the cooperative vehicles forward with
a discretized set of control inputs [84]. At each level of the tree, the composite state and
control inputs of the cooperative vehicles are considered. By pre-computations and pruning,
computation times can be improved [84]. Since the tree grows rapidly with the number of
cooperative vehicles, only coarse discretizations of the time horizon and control inputs of
motion primitives are computationally tractable. To reduce the combinatorial complexity of
motion planning for multiple vehicles, conflict resolution schemes based on the reservation of
road areas can be considered that are discussed next.

Reservation-based Conflict Resolution

Since the space on the road is a shared but limited resource, it seems intuitive to grant
individual vehicles exclusive access to certain areas on the road for a limited period of time. A
popular mechanism for conflict resolution between several communicating vehicles is therefore
space-time reservations, which ensure that a certain spatial region on the road is not occupied
by more than one vehicle at any time. Reservation requests can be described in many different
ways, e.g., by parts of lanes [87], by discretization of the space on the road into tiles [88], or
by critical points in intersection areas [89)].

The allocation of reservations can be performed distributed see, e.g., [87], or centralized
see, e.g., [88]. In fully distributed approaches, the vehicles rely exclusively on their local
knowledge, whereas in fully centralized approaches there is a central unit, e.g., a roadside
unit or vehicle, which orchestrates the motions for all vehicles based on the information
collected. While fully distributed approaches are usually less computationally intensive and
robust against failures [90], the solutions achieved can be suboptimal. In contrast, fully
centralized approaches are often computationally intensive with high communication effort
and suffer from a single point of failure [90], but globally optimal solutions can be achieved.

There also exist different policies for reservation assignments, e.g., simple approaches such
as first-come, first-served [88], but also market-inspired approaches [91-93]. A common mech-
anism for market-based approaches are auctions [90], where participants can bid for a number
of offered items. In the winner determination phase, the allocation of items to bidders is de-
termined. Auctions are especially interesting for conflict resolution in traffic, as individual
goals of vehicles, but also common goals can be considered. Furthermore, auction-based ap-
proaches are often hybrid approaches [90], i.e., parts of the calculation can be distributed over
several vehicles so that the advantages of distributed approaches are preserved, but decisions
are made by a central unit so that the solutions found may be of higher quality than with
distributed approaches.
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1.3 Safe Motion Planning

The full benefits of autonomous driving will only be realized when autonomous vehicles,
whether they are driving individually or within a group of vehicles, are able to make safe
decisions in any traffic situation at any time. What challenges must be overcome to ensure
the safety of autonomous vehicles?

1.3.1 Challenges

In [94], three criteria for motion safety were introduced. These state that the autonomous
vehicle must reason (a) over an infinite time horizon to decide its own future motion, taking
into account (b) its own dynamics and (c) the future behavior of obstacles in its environment
[94]. If any of these criteria is violated, safety cannot be ensured. For instance, if its is ignored
that the autonomous vehicle is not able to stop instantaneously due to its dynamics, a collision
may occur. Similarly, a collision may occur if it is incorrectly assumed that all obstacles in
the environment are static. Furthermore, if only a limited time horizon is considered for
motion planning, a collision may happen just outside this time horizon. Since the motions of
the autonomous vehicle are typically planned over finite time horizons due to computational
reasons, the motion planner has to consider at least the time horizon until the autonomous
vehicle can reach a set of safe goal states [94]. This safe set of goal states needs to ensure
persistent feasibility, i.e., motion planning is recursively feasible.

As the future evolution of a traffic scene is unknown and there are an infinite number of
unique real-world traffic scenarios that an autonomous vehicle could potentially encounter
(see, e.g., scenarios in Fig. 1.4), it is challenging to meet all safety criteria, especially in the
light that the autonomous vehicle has only limited time to make decisions.

(d) Occluded intersection (e) Green light at busy intersection (f) Dense traffic

Figure 1.4: Traffic scenarios recorded in the cities of Munich and Garching-Hochbriick, Germany,
on October 25, 2018, between 1 p.m. to 6 p.m.
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1.3.2 Literature Review

Until now, vehicle safety has been based primarily on simulation and testing prior to deploy-
ment. Simulation techniques can provide counterexamples, i.e., situations in which unsafe
decisions were taken, but can only cover a finite number of test cases. Moreover, a recent
study [95] has revealed that a fleet of 100 autonomous vehicles would have to be driven tens
of years to demonstrate their reliability. Thus, relying solely on testing is impractical. As
only a finite number of test cases can be covered, both techniques cannot provide sufficient
safety guarantees [20,95].

In contrast to simulation and testing, formal verification can be applied to mathematically
prove the safety of autonomous vehicles. To this end, a formal specification is needed that
defines requirements to be met by the autonomous vehicle. Typically, the formal specification
relies on the concepts of safe and unsafe sets of states for the motion planning of autonomous
vehicles that depend on the future motion of other road users. Before we elaborate on different
techniques of formal verification, we begin with a brief overview of motion predictions of other
road users, followed by the introduction of different concepts of safe and unsafe sets of states.

Motion Prediction

Since the actual future behavior of obstacles is unknown, we can only estimate their future
behavior in terms of motion predictions. A comprehensive survey on motion prediction in
the context of autonomous driving is given in [96]. Many approaches compute most likely
behaviors of other road users, e.g., using probabilistic or machine learning methods [97-100].
By planning motions for the autonomous vehicle based on these predictions, the risk of
collisions can be reduced. However, if road users deviate from their predicted behavior—
which often occurs in real traffic—collisions can no longer be ruled out.

To guarantee strict collision avoidance without residual risks, set-based reachability analysis
can be leveraged to compute all possible future behaviors of other road users [101-103].
Reachability analysis computes the set of states that a system can reach at a given time
considering its initial state and dynamics. However, the reachable sets grow rapidly over
time as more positions become reachable. Therefore, assumptions or specifications must be
made about the possible future behaviors of other road users, otherwise the maneuverability
of the autonomous vehicle will be severely limited.

Safe and Unsafe Sets

Based on the motion prediction of obstacles, unsafe sets of states can be computed using the
concept of inevitable collision states. Inevitable collision states [104,105] are states where the
autonomous vehicle cannot avoid a collision with obstacles regardless of the future trajectory.
Thus, by keeping the autonomous vehicle outside of inevitable collision states at all times,
collision avoidance can be guaranteed because there exist at least one trajectory that is
persistently feasible for an infinite time horizon.

In contrast, it is also possible to compute safe sets of states based on motion predictions
that are invariant sets [106,107]. Invariant sets represent states in which the system is safe for
an infinite time horizon. Since the computation of inevitable collision states and invariant sets
is often costly, the work of [108] proposes to compute invariably safe states. Invariably safe
states are subsets of the collision-free states that guarantee that a collision-free trajectory
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to another set of invariably safe sets exists for an infinite time horizon. It is shown that
an under-approximation of invariably safe states based on formal safe distances for vehicle
following and evasive distances can be efficiently computed. To ensure that the autonomous
vehicle always stays within the computed safe set of states or outside an unsafe set of states,
we can use formal methods which we discuss next.

Formal Methods

Popular techniques of formal verification are model checking, theorem proving, correct-by-
construction controller, and set-based reachability analysis that we review below.

Model checking [109-111] verifies whether a formal specification holds for a finite-state
model of a system by exhaustively exploring the state space of that model. Thus, it is pos-
sible to provide counterexamples, i.e., states in which the formal specification is violated.
However, model checking techniques inherently suffer from the curse of dimensionality and,
therefore, the computational effort increases considerably for high-dimensional state spaces.
Another technique is theorem proving [112,113] that relies on logic and mathematical rea-
soning to prove that a desired system property holds. Theorem proving is applicable to
high-dimensional systems, but due to its complexity, theorem proving typically requires user
interactions.

It is also possible to automatically synthesize controllers that are provably correct [114,115],
i.e., it is guaranteed that the system fulfills the formal specification under the computed
control law. Thus, it is possible to keep the autonomous vehicle in a safe set of states.
It is common to use a hierarchical approach to controller synthesis [114], which typically
works with a discrete abstraction of the environment. Another line of research uses set-
based reachability analysis to guarantee collision avoidance [101,116,117]. By computing
the reachable set of the autonomous vehicle, it can be verified whether unsafe states in the
environment can be reached. The main challenges are the generalization to arbitrary traffic
scenarios and the computational efficiency.

Using formal methods, strict safety guarantees can be given. However, it is still impractical
to aim for absolute safety, i.e., the autonomous vehicle is never involved in any accident
regardless of what happens. The reason for this is that the autonomous vehicle may not
be able to avoid collisions due to intentional malicious behavior of other vehicles, such as
when another vehicle deliberately provokes a rear-end collision. Therefore, many works rely
upon a relaxation of absolute safety and are dedicated to eliminating self-inflicted accidents of
autonomous vehicles. We therefore proceed with the discussion of various safety specifications
for the prevention of self-inflicted accidents.

Safety Specifications

Self-inflicted accidents by autonomous vehicles must be ruled out, as they can lead to serious
personal injury and property damage, causing enormous economic losses. With this in mind,
much work has been devoted to preventing self-inflicted accidents of autonomous vehicles
[101, 118-120]. There are three key concepts that are responsibility-sensitive safety [119],
not-at-fault driving [118], and legal safety [101,120].

Responsibility-sensitive safety [119] formalizes common sense rules for vehicles, such as
that it is illegal to hit someone from behind or take the right of way. Based on safe distances
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in the longitudinal and lateral directions, proper responses by the autonomous vehicle are
defined. If all vehicles behave according to the proper responses, no collisions will occur.

In [118], not-at-fault driving is introduced, in which the autonomous vehicle is required
to avoid collisions with surrounding obstacles while moving. If the autonomous vehicle is
stationary, it is always considered to be not-at-fault. The approach in [118] assumes that a
conservative prediction is given, which always includes the real behavior of obstacles. Based
on the conservative prediction and offline computed reachable sets of the autonomous vehicle,
trajectories are planned that are provably not-at-fault. Therefore, each trajectory is divided
into three phases, namely the moving phase, the braking phase, and the stopping phase.
The braking phase represents a fail-safe maneuver that brings the autonomous vehicle to a
standstill in hazardous situations.

In legal safety [101,120], the motions of the autonomous vehicle must be collision-free
against all legal behaviors of other road users. The legal behaviors of other road users are
based on traffic rules, e.g., the Vienna Convention on Road Traffic [121] may serve as a
reference [120]. Legal safety also stipulates that the autonomous vehicle must avoid or mit-
igate collisions with road users that violate traffic rules. In safety-critical situations, the
autonomous vehicle should come to a stop in dedicated areas on the road, e.g., emergency
lanes on highways [120].

1.4 Contributions

This thesis proposes a holistic motion planning method for autonomous vehicles that (a)
handles complex traffic scenarios with multiple static and dynamic obstacles, (b) can be
used for individual and cooperative motion planning with only slight modifications, and
(c) is particularly suitable for planning safe motions in critical traffic situations. The key
idea is to efficiently represent the collision-free space of feasible motions to eliminate the
disadvantages of existing optimization-based trajectory planning methods (see Sec. 1.1.2).
By using set-based reachability analysis, our proposed approach computes the collision-free
reachable states of the autonomous vehicle over time. To obtain a computationally efficient
representation of collision avoidance constraints for the trajectory optimization, we identify
dynamics-aware driving corridors within the reachable sets. From these driving corridors,
collision avoidance constraints are extracted.

By combining existing optimization-based trajectory planning algorithms with our ap-
proach, several advantages are offered. The reachable sets of the autonomous vehicle are
computed online, allowing us to explicitly consider each traffic scenario on-the-fly, i.e., during
the operation of the autonomous vehicle. Since the computation of the collision-free reachable
sets is based on simple collision detection methods, different obstacle representations such as
circles or polygons can be chosen, making our approach applicable in arbitrary traffic scenar-
ios, i.e., traffic scenarios with different road geometries and number and type of obstacles.
As we use set-based reachability analysis, the computational effort of our approach typically
decreases with increasing criticality of the traffic scenario, i.e., with shrinking solution space
for trajectory planning. Moreover, even narrow passageways in the solution space can be
detected which can be of utmost importance in safety-critical situations.

We conceptualized driving corridors in such a way that the collision avoidance constraints
extracted from them can be integrated into arbitrary gradient- and Hessian-based solvers.
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The obtained collision avoidance constraints can be either represented by convex keep-out
zones or polyhedral sets of feasible positions. Depending on the choice of representation,
various existing trajectory planners based on nonlinear programming as well as (successive)
convexification can be leveraged. This also entails that various vehicle models can be used for
motion planning, even models that consider the combined longitudinal and lateral dynamics
of the vehicle. The proposed driving corridors facilitate the search for a suitable initial guess
for nonlinear optimization problems and eliminate local minima induced by obstacles. The
driving corridors can be restricted to end in a predefined set of goal states, e.g., standstill on
the shoulder lane, allowing one to reason over infinite time horizons (see Sec. 1.1.1).

We have implemented the proposed motion planning method as a prototype in C++ and
Python for use in a BMW T7-series test vehicle and validated successfully the drivability
of planned motions. In simulation, we have demonstrated that by augmenting existing
optimization-based motion planners with our computation of driving corridors, infeasible lo-
cal minima due to obstacles are eliminated. We have further compared our motion planning
method to state-of-the-art planning algorithms based on sampling and mixed-integer pro-
gramming, showing that our method has reliable runtimes and identifies narrow passageways
without increased computational effort.

The unique characteristics of our approach make it particularly useful in safety-critical
situations. We therefore extended previous work on safe motion planning [45,122] and safety
verification [101] by integrating the computation of driving corridors into the fail-safe tra-
jectory planner proposed in [45], which provides safe fallback trajectories for safety-critical
situations. The integration of driving corridors facilitates the efficient computation of fail-safe
trajectories in arbitrary traffic situations and the consideration of multiple safe sets of states.
The modified fail-safe trajectory planner is embedded into a safety layer for existing motion
planning frameworks to guarantee legal safety (see Sec. 1.3.2), i.e., autonomous vehicles never
cause accidents even though other road users may legitimately perform any kind of behavior
in compliance with traffic rules. The safety layer verifies online intended motions generated
by an existing motion planner of the autonomous vehicle and provides fail-safe trajectories in
dangerous situations using the presented motion planning approach. As a result, the safety
layer prevents the autonomous vehicle from causing accidents at all times independent of the
nominal motion planner, e.g., even motion planning methods based on machine learning can
be applied.

We have successfully validated the proposed safety layer in critical urban traffic situations
that we recorded in real traffic in the area of Munich. The recorded traffic scenarios include
measurement, uncertainties and are publicly available for usage by other researchers and
interested parties. We have also successfully demonstrated the general applicability of the
proposed safety layer by testing it with three different intended motion planners. One motion
planner even ignored other road users, but the experiments confirm that our approach ensures
legal safety at all times. Overall, the results indicate that a non-conservative and safe driving
behavior can be achieved with the proposed safety layer.

Our proposed motion planning method can be extended to enable maneuver-based co-
operation among communicating vehicles. We therefore consider loosely coupled groups of
communicating vehicles with planning horizons of a few seconds in mixed traffic situations.
Non-communicating road users are treated as obstacles, while the motions of communicating
vehicles are planned jointly. Our cooperation mechanism is based on space-time reservations
so that vehicles can have exclusive access to areas on the road for a limited time. The space-
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time reservations are negotiated among the cooperative vehicles based on their reachable sets.
To perform the negotiations, we have developed two different schemes: the first scheme aims
at distributing the space on the road fairly, i.e., all vehicles have equally large areas on the
road available for motion planning. The second scheme is based on combinatorial optimization
inspired by auctions, which enables to take into account individual objectives of cooperating
vehicles. The resulting space-time reservations are represented by subsets of the reachable
sets of cooperative vehicles. These subsets can then be used for motion planning as in the
single-vehicle case; thus, making it easy to transition from cooperative to non-cooperative
driving.

The methods developed in this work were tested with scenarios from the CommonRoad
benchmark suite available at commonroad.in.tum.de, which was co-initiated by the author
of this work. CommonRoad provides researchers with a platform to test and compare their
motion planning algorithms, improving the reproducibility of experimental results. Since
the project start in 2017, many people have contributed to CommonRoad. Several open
source software tools for motion planning of autonomous vehicles have been developed, e.g.,
the CommonRoad-IO package, which provides methods for reading, writing and visualizing
CommonRoad scenarios and planning problems, and the CommonRoad Drivability Checker,
which unifies tests for collision avoidance, kinematic feasibility, and road-compliance to ensure
the drivability of planned motions for autonomous vehicles. As CommonRoad is an open
source project, it can be easily used and extended by other researchers.

1.5 Publications and QOutline

This thesis is based on six peer-reviewed, first-author publications that have been published
in international journals or conferences [1-6]:

[1] C.Pek*, S. Manzinger*, M. Koschi*, and M. Althoff, “Using online verification to prevent
autonomous vehicles from causing accidents,” Nature Machine Intelligence, vol. 2, no. 9,
pp. H518-528, 2020.

[2] S. Manzinger, C. Pek, and M. Althoff, “Using reachable sets for trajectory planning of
automated vehicles,” IEEE Transactions on Intelligent Vehicles, vol. 6, no. 2, pp. 232248,
2021.

[3] L. Schéfer*, S. Manzinger*, and M. Althoff, “Computation of solution spaces for
optimization-based trajectory planning,” IEEE Transactions on Intelligent Vehicles, 2021,
[early access|.

[4] S. Manzinger and M. Althoff, “Tactical decision making for cooperative vehicles using
reachable sets,” in Proc. of the IEEFE Intelligent Transportation Systems Conference, 2018,
pp. 444-451.

[5] S. Manzinger and M. Althoff, “Negotiation of drivable areas of cooperative vehicles for

conflict resolution,” in Proc. of the IEEE Intelligent Transportation Systems Conference,
2017, pp. 1-8.
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[6] M. Althoff*, M. Koschi*, and S. Manzinger*, “CommonRoad: Composable benchmarks
for motion planning on roads,” in Proc. of the IEEFE Intelligent Vehicles Symposium, 2017,
pp- 719-726.

* These authors have contributed equally and share the first authorship.

The publications [1-6] are included in this thesis together with a short summary of the
content and a description of the contributions of all authors. The following peer-reviewed
publications of the author from related research are excluded:

[7] C.Pek, V. Rusinov, S. Manzinger, M. C. Uste, and M. Althoff, “CommonRoad Drivabil-
ity Checker: Simplifying the development and validation of motion planning algorithms,”
in Proc. of the IEEE Intelligent Vehicles Symposium, 2020, pp. 1013-1020.

[8] A. Zhu, S. Manzinger, and M. Althoff, “Evaluating location compliance approaches for
automated road vehicles,” in Proc. of the IEEFE Intelligent Vehicles Symposium, 2018, pp.
642-649.

9] S. Manzinger, M. Leibold, and M. Althoff, “Kooperative Bewegungsplanung autonomer
Fahrzeuge unter Verwendung von Manover-Templates,” in AAET - Automatisiertes und
vernetztes Fahren, I'TS automotive nord e.V., Ed., 2017, pp. 348-367.

[10] ——, “Driving strategy selection for cooperative vehicles using maneuver templates,” in
Proc. of the IEEFE Intelligent Vehicles Symposium, 2017, pp. 647-654.

The remainder of this thesis is structured as follows: Chapter 2 introduces the necessary
mathematical preliminaries and gives a brief overview of the novel methods proposed in this
thesis. Chapter 3 finishes with conclusions and outlines possible directions for future work to
further improve the performance of the proposed methods. Appendix A contains the reprint
of each included publication and Appendix B lists the Bachelor and Master theses supervised
by the author of this work.
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Chapter 2
Methods

2.1 Preliminaries

Let us introduce the compact set X C R" of admissible states x € X and the set Y C R™
of admissible control inputs u € U of an autonomous vehicle, whose motion is governed by

Trpr = f(Tp, up), (2.1)

where the system dynamics f(zy,u) is a continuously differentiable nonlinear function on
X. The discrete time step k € Ny corresponds to the time ¢, = kAt, with the time increment
At € R*T. Although the vehicle dynamics is an inherently continuous-time system, it is
sufficient for us to model it as a discrete-time system. This is because we formulate the
trajectory planning problems as discrete-time optimal control problems, as will be shown
later in Sec. 2.3 and Sec. 2.4. A possible state and input trajectory of the system is denoted
by «(-) and u(-), respectively. Without loss of generality, we assume that ¢y = 0 and the
planning horizon ¢, € R* is finite.

In the literature, the reachable set of a system is usually referred to as the set of states that
can be reached from an initial set of states A considering all admissible input trajectories
u(+). In this work, we use an extended definition of the reachable set and consider only those
states that do not enter a set of forbidden states. After introducing the occupancy operator,
we define the set of forbidden states of the autonomous vehicle.

Definition 1 (Occupancy) The operator occ(x) relates the state z € X to the set of points
in the position domain occupied by the autonomous vehicle as occ : X — P(R?), where P(R?)
denotes the power set of R2.

Definition 2 (Set of Forbidden States) Given the set Oy of occupied positions of all ob-
stacles (e.g., other cars and pedestrians) including the space outside of the road, the set of
forbidden states at time k is

Fr=A{x, € X | occ(zy) N Oy # 0} .
The reachable set of the autonomous vehicle is then defined as:

Definition 3 (Reachable Set) Let us introduce Rf = X} as the set of collision-free initial
states of the autonomous vehicle including measurement uncertainties. The reachable set

w41 at time step k + 1 is the set of states that can be reached within one time step from
Ry, € X without intersecting the set of forbidden states Fj1:

Ry = {xk+1 ceX ‘ dxp € Ry, Jup €U xp1=f(xp, up) A a1 € fk+1}.
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We further introduce the projection operator that projects a state x onto the position
domain to obtain the drivable area of the autonomous vehicle.

Definition 4 (Projection) The operator proj : X — R? maps the state z € X to the
position domain. Using the same notation, we project a set of states X: proj(X) =

{proj(z) |z € X'}

Definition 5 (Drivable Area) The drivable area Df at time step k is defined as the pro-
jection of the reachable set onto the position domain, i.e., D§, = proj(Rs).

2.2 Reachability Analysis

In this work, reachable sets are used to explore the collision-free state space of the autonomous
vehicle in cluttered environments. For this purpose, set-based reachability analysis is particu-
larly suitable since even narrow passages can be detected by its calculation in the continuous
state space. However, the computation of the exact reachable set R® is generally only possible
for certain classes of systems [123, Ch. 3]. Moreover, the non-linear vehicle models used for
motion planning and their rather high-dimensional state space make it difficult to calculate
the reachable set under hard real-time constraints. We therefore aim to compute accurate
approximations R and D of the exact reachable set R® and drivable area D¢, i.e., R ~ R°
and D ~ D¢, to achieve computational feasibility, which is explained below.

For the reachable set computation, the vehicle dynamics is approximated by two second-
order integrator models in the road-aligned coordinate system F“. The state z=(s¢, v¢, S0, vn)T
and input u = (a¢, a,)’ of the system are composed of the position s, velocity v, and accelera-
tion a in the longitudinal (- and lateral n-directions, where both the velocity and acceleration
are bounded:

1 At 0 0 A2 0
0 1 0 0 At

Tyl = 0 0 1 At Ty + 0 %AtQ Ug, (2.2&)
0 0 0 1 0 At
Ve Sk SV, vy < Ui < Ty, (2.2b)
ae < acp S ag, Gy < Anp < Ty, (2.2¢)

where [ and O denote the minimum and maximum value of a variable [, respectively.

In the absence of obstacles, a closed-form solution for the reachable set of a second-order
integrator model exists; however, the presence of arbitrarily shaped obstacles requires numer-
ical computations [124]. We therefore approximate the reachable set RS with the union of

base sets RS), 1 € Nyp. A base set Rg) is the Cartesian product of two convex polytopes Pc(ll)g
and Péz,)f in the (s¢,v¢) and (s, v,) plane [124], respectively, so that
777

Rs, ~ Ry =R, with R{) = P} x PV (2.3)

There are indeed other options to represent the reachable set, such as ellipsoids, zonotopes,
or oriented rectangular hulls, to name a few possible alternatives. Yet, we select polytopes
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as they are a convex and explicit set representation that is closed under the required opera-
tions such as Minkowski sum, linear mapping, and intersection. The projection of a base set
proj (Rl(j)) onto the position domain yields an axis-aligned rectangle D,(;) representing reach-
able positions. The union of D,(:) approximates the drivable area Dj: D ~ Dy, = |, D,Ef)

To simplify notation, we refer to both the union [ J, R,(f) and the collection {R,(CO), R,gl), ...} of
base sets R,(:) as Ry; this is done analogously for the drivable area Dy.

The initial reachable set is Ry = R(()O), where R(()O) encloses the set of initial states of the
autonomous vehicle including measurement uncertainties. In order to determine the reachable
set of consecutive time steps, the following procedure is performed iteratively [2,124]: first,
the base sets R,(j) of the previous time step k are propagated according to the system model
(2.2). We denote the propagated reachable set with R}\’Y. Second, the set of forbidden
states Fj4q is removed from the propagated reachable set RET{’ Since Rp\Y \ Frq1 cannot
be represented by convex polytopes in general, we approximate the result. Due to the removal
of forbidden states, a base set Rk ., may be reachable from multiple base sets R within
one time step. For later use, we Store this relationship in a directed graph Gr, in which a
node corresponds to a base set Rk and an edge indicates that R,i) reaches R( . For a more
detailed description of the algorithm, the reader is referred to [2,124] (see also Appendix A.2).

2.3 Motion Planning Using Reachable Sets

The trajectory planning problem of the autonomous vehicle is defined as:

Problem 1 (Trajectory Planning) Find an optimal control u*(-) € U and state trajectory
x*(+) € X that solve the following non-convex optimization problem:

h
rilin Z J(zg, ug) (2.4a)
such that
xo = To, Th € Xgoal, (2.4b)
VEe{0,...,h—1}: xp1 = flog, ug), (2.4c)
Vk e {0,...,h}: g(xg, ux, k) <0, (2.4d)
proj(zx) € Dy, (2.4e)

where Ty denotes the measured initial state and the cost function J : R"™ x R™ — R is
continuously differentiable. The dynamics (2.4c) is subject to the continuously differentiable,
time-variant constraints g : R™ x R™ x Ny — R" (2.4d), where n, denotes the number
of constraints. Examples of such constraints are acceleration limitations and minimum and
maximum bounds on the steering angle. Collision avoidance is represented by the non-convex,
non-differentiable constraint (2.4e), i.e., the positions of the autonomous vehicle are limited
by the collision-free drivable area at each time step k.

A feasible solution for Problem 1 can be found using non-convex or convex optimization
techniques (see Chapter 1.1.2). As outlined in Chapter 1, it can be advantageous or even
necessary for both convex and non-convex optimization to provide guidance through the

19



Chapter 2 Methods

construction site

=B N/AN

autonomous vehicle at g @ pedestrian

(a) The autonomous vehicle approaches a construction site and a pedestrian steps onto the road.
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(b) We compute the drivable area Dy of the autonomous vehicle for consecutive points in time tg, k €
{0,...,h}, to determine the collision-free solution space for trajectory planning. The drivable area at the
final time t5 is colored in gray.
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(c) Identification of different driving corridors C within the drivable area
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(e) Extraction of collision avoidance constraints from the driving corridor and trajectory optimization.

Figure 2.1: General procedure when using reachable sets for the motion planning of autonomous
vehicles in cluttered environments. The autonomous vehicle is heading towards a
construction site while a pedestrian is predicted to cross the road.

collision-free solution space. Since the obtained drivable area Dy, is typically non-convex and
often disconnected due to the presence of obstacles, we decompose it into driving corridors.
The resulting driving corridors C are temporal sequences of connected sets Cy, that are subsets
of the drivable area, i.e., Cx C D,. There may exist several driving corridors; however,
we refrain from introducing an additional identifier to differentiate between various driving
corridors in order to improve readability.
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2.3 Motion Planning Using Reachable Sets

The general procedure for the motion planning using reachable sets is composed of the
following steps (see Fig. 2.1):

1. Exploration of the non-convex solution space for trajectory planning by computing
reachable sets over consecutive time steps (see Fig. 2.1b);

2. Identification of driving corridors within the reachable sets (see Fig. 2.1c);
3. Selection of a suitable driving corridor for trajectory planning (see Fig. 2.1d);
4. Extraction of collision avoidance constraints from the selected driving corridor;

5. Optimization-based trajectory planning using the collision-avoidance constraints ob-
tained from the driving corridor (see Fig. 2.1e) that substitute (2.4e).

In the course of this work, we have developed two alternative methods to obtain driving
corridors that can be combined with various state-of-the-art motion planning methods (see
Figs. 2.2 and 2.3). We first summarize the main concept of each method and then briefly
compare both methods.

In [2] (see also Appendix A.2), Problem 1 is convexified by describing the motion of the au-
tonomous vehicle with respect to a predefined reference path and linearization. This enables
the decoupling of the longitudinal and lateral vehicle dynamics as shown in [45,125]. The
longitudinal dynamics are represented by a fourth-order integrator model with bounded veloc-
ity, acceleration, and jerk; the lateral dynamics is given by a linearized kinematic single-track
model with limits on the drivable curvature and change of curvature. Due to the decoupling
of the kinematics, we define a driving corridor for both the longitudinal and lateral trajectory
planning and refer to the driving corridors as longitudinal and lateral driving corridors. The
collision avoidance constraints extracted from the driving corridors are formulated as admis-
sible position intervals for the longitudinal or lateral trajectory optimization (see Figs. 2.2a

admissible lon. positions at ty, optimized lon. position at t
|

- & @ R

(a) The longitudinal driving corridor is a temporal (b) The longitudinal trajectory is optimized subject
sequences of connected sets from which we obtain to the box constraints of the longitudinal driving
the admissible longitudinal positions. corridor.

admissiblellateral positions at ¢
| ¥ | I : o ]
N N
(] % 8 e VA -

(c) A lateral driving corridor is a temporal sequence (d) The lateral trajectory is optimized subject to the
of connected sets with unique passing side. box constraints of the lateral driving corridor.

Figure 2.2: Main computation steps of [2] (see appendix A.2) for the example scenario shown
in Fig. 2.1a: the longitudinal and lateral trajectory of the autonomous vehicle are
optimized with respect to a longitudinal and lateral driving corridor which are identified
using reachability analysis.
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(a) Driving corridors are temporal sequences of con- (b) The complement of the driving corridor is over-
nected, vertically convex sets. We depict the driv- approximated with convex keep-out zones at each
ing corridor at a specific time t. time tj.

(c) Collision avoidance constraints are determined (d) The trajectory of the autonomous vehicle is op-
based on the convex keep-out zones, e.g., a convex timized subject to the collision avoidance con-
subset of admissible positions is extracted. straints of the driving corridor.

Figure 2.3: Main computation steps of [3] (see Appendix A.3) for the example scenario shown in
Fig. 2.1a: using reachable sets, our approach computes driving corridors that can be
combined with existing optimization-based trajectory planning algorithms that rely on
gradient- or Hessian-based solvers to plan trajectories for the autonomous vehicle.

and 2.2c¢). The overall design of our approach enables the consideration of collision avoidance
for the full-dimensional vehicle.

In [3] (see also Appendix A.3), a driving corridor can simultaneously represent different
maneuvering possibilities with respect to each obstacle in the environment, such as yielding,
evading, or following, but the passing sides for obstacles are uniquely described by a driving
corridor (see Fig. 2.1c). This is achieved by defining driving corridors as temporal sequences of
connected, vertically convex sets (see Fig. 2.3a). By over-approximating the complement of a
driving corridor with a fixed number of polyhedra (see Fig. 2.3b), we are able to exploit smooth
reformulations of the (signed) distance function for collision avoidance in nonlinear programs
[42] or to extract convex subsets of the set of feasible positions for convex optimization
problems (see Fig. 2.3c).

In contrast to [2], our approach introduced in [3] can be combined with many different
trajectory planning methods based on nonlinear programming or (successive) convexifica-
tion. While the driving corridors in [2] are adapted to the decoupled trajectory planner, the
driving corridors in [3] are intended to provide general representations of collision avoidance
constraints. The generic form of collision avoidance constraints allows the usage of various
vehicle models of different fidelity and the combined longitudinal and lateral trajectory plan-
ning. While our approach in [3] considers point mass models, our approach in [2] ensures
collision avoidance for the full-dimensional vehicle.

2.4 Cooperative Motion Planning
Let us consider a set of N cooperative vehicles V,,, n € N ={1,2,..., N}, whose motions are
described by (2.1). We introduce [J as the placeholder for a variable and the subscript 0J,

to denote the corresponding variable of the n-th cooperative vehicle. Our goal is to jointly
orchestrate the motion of the cooperative vehicles so that collisions with each other and

22



2.4 Cooperative Motion Planning

with non-communicating road users O, are avoided. Thus, the cooperative motion planning
problem is defined as:

Problem 2 (Cooperative Motion Planning) Find an optimal control w}(-) € U, and
state trajectory z(-) € A, for each cooperative vehicle V,, that solve the following non-
convex optimization problem:

N h
mm ZZ‘]" Theons Uk ) (2.5a)

n=1 k=0
such that
Vn e N :zon = Zon, Thn € Xeoaln, (2.5b)
Vk e {0,....h—1}, Vn € N : 210 = fu@hn, Ukn), (2.5¢)
Vk € {0,...,h}, Vn,j € N : go(Tpm, tpn, k) <0, (2.5d)
proj () € D, (250)
occ(xy,) Noce(xy ;) = 0,n # 4, (2.5f)
where 4(-) = [uf(-),ul("),...,u%(-)]T contains the control inputs for each vehicle over the

entire time horizon. As in Problem 1, (2.5¢) represents the vehicle dynamics that is subject
to constraints (2.5d). Collision avoidance with other road users is represented by (2.5¢) and
between the cooperative vehicles by (2.5f).

We simplify Problem 2 to obtain a solution in a computationally efficient way. Our approach
is inspired by reservation-based conflict resolution schemes, where vehicles reserve areas on the
road for exclusive use. To determine the potential areas on the road that can be reserved by
each vehicle, we leverage reachability analysis. Since we can incorporate non-communicating
road users in the reachable set computation, our approach is applicable to mixed-traffic
scenarios. While collision avoidance with non-communicating road users is considered by
constraint (2.5e), the reachable sets of two cooperative vehicles V,, and V;, n # j, may be
in conflict, i.e., two vehicles can reach the same area on the road at the same time (see
Fig. 2.4b). This means that a collision between two cooperative vehicles V,, and V; may occur
at a specific time step k:

Axgn € Rigm, I € Ryj: occ(Trn) Noce(xy,;) # 0. (2.6)

We demand that the cooperative vehicles negotiate their conflicting reachable set, such that
each vehicle receives its own area for trajectory planning (see Fig. 2.4c). The trajectory
planning for each cooperative vehicle can then be performed independently using our mo-
tion planning approaches introduced in Sec. 2.3 (see Fig. 2.4d). The overall procedure for
cooperative motion planning using reachable sets is then:

1. The iterative computation of the reachable sets for each cooperative vehicle V,, and the
negotiation of conflicting reachable sets for every time step until the planning horizon
is reached;

2. ldentification of driving corridors within the negotiated reachable sets for each V,;

3. Selection of a suitable driving corridor for trajectory planning for each V,;
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(a) Multi-vehicle trajectory planning is a highly com- (b) We compute the reachable sets of each coopera-
binatorial problem. tive vehicle.

o wx | on m

(c) Conflicting reachable sets are negotiated such (d) Vehicles can plan their trajectories independently
that each vehicle receives its own area on the road. within their negotiated drivable areas.

Figure 2.4: Cooperative motion planning using reachable sets: instead of planning the trajectories
for all vehicles directly, we resolve conflicts by negotiating conflicting reachable sets.
As a result, each vehicle receives its own area on the road for motion planning.

4. Extraction of collision avoidance constraints from the selected driving corridors;

5. Optimization-based trajectory planning for each vehicle V,, using the collision avoidance
constraints obtained from their driving corridors.

In our first work on cooperative motion planning using reachable sets [5] (see Appendix A.4),
we designed the negotiation process with the aim that the drivable space on the road is fairly
distributed between the cooperative vehicles. The approach focuses on traffic scenarios with
road networks that have negligible curvatures, e.g., highway scenarios. For the negotiation,
we group vehicles in coalitions that represent all unique subsets of vehicles with conflicting
drivable areas. The method to redistribute conflicting drivable areas within a coalition is
inspired by the centroid-based classification (see, e.g., [126]): each cooperative vehicle V,,
constitutes its own class. For each V,, in a coalition, we determine the geometric centroid of
the conflict-free drivable area. The conflicting reachable set is partitioned into smaller subsets
which are assigned to the vehicle with the nearest centroid.

In our second work on cooperative motion planning [4] (see Appendix A.5), we introduce
a grid on the road as an abstraction layer and cooperative vehicles determine grid cells that
they can reach via reachability analysis. Conflicting grid cells are then negotiated. In contrast
to our previous approach in [5], the reachable sets of cooperative vehicles can be computed in
their own vehicle-specific curvilinear coordinate system, facilitating the handling of different
environments. Furthermore, the abstraction layer allows to formulate the negotiation process
as a combinatorial optimization problem—the so-called winner determination problem [127]—
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2.5 Ensuring Legal Safety of Autonomous Vehicles

which is also known from auctions. The basic principle is as follows: each conflicting cell on
the road is considered as a single assets. These assets can be combined in different packages
that are unions of assets. Each cooperative vehicle can now bid on different packages. We
aim to find a distribution of packages such that the revenue is maximized and no single asset
is assigned more than once. This winner determination problem is generally NP-hard to
solve [128] and requires each vehicle to evaluate 28 — 1 packages, where B is the number of
conflicting cells. Fortunately, computational tractability can be achieved through hierarchical
structuring of packages as a tree [128], where packages are decomposed into disjoint subsets at
each level of the tree. In this way, finding the optimal allocation of packages has polynomial
time complexity in the number of conflicting cells. The complexity of the negotiation process
is thus independent of the number of vehicles. Moreover, the maximum number of possible
packages to be evaluated reduces to 28 — 1.

2.5 Ensuring Legal Safety of Autonomous Vehicles

We have developed an online verification framework [1] (see Appendix A.1) to ensure legal
safety in urban environments:

Problem 3 (Legal Safety) The autonomous vehicle must not collide with any legal behav-
ior of other traffic participants:

Yt >ty occ(z(t)) N O (t) = (),

where O'°8l(t) denotes the occupied positions of other road users for all their legal behaviors
including the area outside of the road.

Our safety layer is located between the motion planning layer and control module of the
autonomous vehicle, and the safety verification is carried out in successive verification cycles.
A new verification cycle is triggered when a new intended trajectory is forwarded from the
nominal motion planner to the safety layer. We assume that the forwarded intended trajecto-
ries are kinematically feasible but may not be safe, i.e., collision-free and recursively feasible.
Given the current environment model and the intended trajectory, our approach performs
the following steps to ensure legal safety (see Fig. 2.5): (1) prediction of all legal behaviors
of other traffic participants, (2) collision checking of the intended trajectory, and (3) fail-safe
trajectory planning. Below, we briefly explain all steps.

Our prediction technique represents a core module for the verification. We use SPOT [103]
to predict all legal future behaviors of other traffic participants (see Fig. 2.5). In contrast to
computing only a countable number of most likely behaviors (see Fig. 2.5), SPOT predicts an
infinite number of behaviors by using set-based computations. Since the exact computation
of the set 0'°88(¢) is infeasible, SPOT over-approximates (0'°&(t), i.e., the computed set is
a superset of O'°#4l(t). To obtain a tight superset of O0'82(¢), SPOT proceeds in two steps:
first, the set of all dynamically feasible behaviors of other road users is over-approximated
using reachability analysis. For the reachable set computation, we consider a second-order
integrator model, but unlike Def. 3, we do not consider a set of forbidden states. Second, illegal
behaviors are removed from the obtained reachable sets. The illegal behaviors are inferred
from our legal specification that is based on the Vienna Convention on Road Traffic [121].
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Figure 2.5: The proposed safety layer ensures legal safety at all times. Instead of predicting only
a countable number of most likely behaviors of other road users, we predict their set
of all legal behaviors. Based on the prediction, we verify whether intended trajectories
of the autonomous vehicle are legally safe and provide fail-safe trajectories for safety-
critical situations. The fail-safe trajectories lead the autonomous vehicle to a safe set
of states in which it can remain legally safe for an infinite time horizon.

The legal specification contains rules, such as speed limits and safe distances. The fewer
traffic rules we define in the legal specification, the more cautiously the autonomous vehicle
will behave. This is because the prediction remains over-approximative even if no traffic rules
are considered in the legal specification, since only illegal behaviors are removed from the set
of all dynamically feasible behaviors.

Based on the predicted occupied positions of other road users, we can verify whether
intended trajectories are safe and can plan fail-safe trajectories. To verify the safety of the
intended trajectory, we check if it is collision-free against the predicted occupancy sets from
SPOT. Usually, the intended trajectory is planned for longer time horizons, which is necessary
for the planning of anticipatory maneuvers, e.g., overtaking a slower driving vehicle. Yet, the
predicted occupancy sets by SPOT become increasingly larger for longer time horizons, as
more space on the road is reachable for other road users. We therefore only consider a short
part of the intended trajectory for the safety verification, otherwise the results would be
overly conservative. If the considered part of the intended trajectory is verified as safe, i.e.,
it is collision-free against the predicted set of legal behaviors, we continue to plan a fail-safe
trajectory.

The fail-safe trajectory must be collision-free against the predicted occupancy sets by SPOT
and transition the autonomous vehicle to a set of safe states (see Fig. 2.5). Within the set of
safe states, the autonomous vehicle is legally safe for an infinite time horizon, e.g., standstill
in dedicated areas on the road. To plan the fail-safe trajectory, we use our motion planning
approach that is based on the decoupling of the longitudinal and lateral dynamics of the
autonomous vehicle (see Sec. 2.3 and Appendix A.2).

The verification is successful, if the considered part of the intended trajectory could be
verified as safe and a feasible fail-safe trajectory could be planned. The considered part of the
intended trajectory and the fail-safe trajectory are then concatenated and can be executed
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by the autonomous vehicle. If the verification was unsuccessful, the autonomous vehicle
continues on its previously verified trajectory. By using the principal of induction, it can be
proven that the presented approach guarantees legal safety at all times (see Appendix A.1).
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Chapter 3

Conclusions

This thesis has investigated novel solutions for the motion planning of autonomous vehicles.
Below, we first summarize the work of this thesis and subsequently discuss future research
directions.

3.1 Summary

This work proposes a novel approach for individual, cooperative, and safe motion planning.
The core methods applied are reachability analysis and continuous optimization, which we
have combined to plan trajectories for autonomous vehicles in complex traffic situations. In
our experiments, we have successfully demonstrated that our approach generalizes to arbitrary
traffic situations, e.g., intersections [1], roundabouts [3], and highways [2]. Our experiments
show that our approach is suitable for planning trajectories in cluttered environments as
the runtime of our approach decreases with decreasing solution space for trajectory planning
(see [2]) and scales favorably with the number of obstacles (see [3]). We also compared our
approach with state-of-the-art motion planning methods. The experiments show that (a) in
contrast to sampling-based motion planners, our approach efficiently detects narrow passage-
ways in the solution space for trajectory planning without increased computational effort or
the necessity to tune parameters (see [2]). (b) For a small number of obstacles, our approach
has comparable median computation times with a planner based on mixed-integer quadratic
programming and lower computation times for a higher number of obstacles (see [2]). (c¢) By
augmenting a motion planner based on sequential quadratic programming with our approach,
feasible solutions can be found in traffic situations that were previously not solvable by the
original motion planner (see [3]). This is due to driving corridors eliminating local minima
induced by obstacles. Moreover, we have successfully demonstrated in experiments that driv-
ing corridors ease the initialization of trajectory planners based on successive convexification
so that the number of convex programming iterations can be reduced by an average of ap-
proximately 20% (see [3]). We have also successfully validated the drivability of planned
trajectories using a BMW 7-series vehicle, where we applied our method online and detected
obstacles in the environment using the on-board LiDAR sensors of the test vehicle (see [2]).

Our approach holistically treats individual and cooperative motion planning. The coordi-
nation of multiple vehicles is based on the negotiation of their conflicting areas on the road,
which are determined using reachability analysis. Since the motions of cooperative vehicles
can be planned within their negotiated areas as in the single vehicle case, the transition from
cooperative to individual driving is seamless. Although different methods can be implemented
for various traffic situations and driving modes, a safe transition between these methods must
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be ensured. However, there exist an infinite number of different traffic situations, therefore,
recognizing the most suitable method and ensuring the existence of an applicable method for
the current traffic situations is an error-prone and complex task. In contrast, our approach
handles arbitrary traffic situations automatically. We demonstrate the efficacy of our method
in multiple traffic scenarios featuring a roundabout, an urban road, a crossing, and a highway
scenario (see [4,5]). Although all these scenarios differ in their road geometry, the number of
cooperative vehicles and non-communicating road users, cooperative maneuvers are planned
successfully.

We have further embedded our novel motion planning method in a safety layer ensuring that
autonomous vehicles adhere to legal safety at all times. Our approach is particularly useful
for planning fail-safe trajectories since it (a) generalizes well to different traffic situations,
(b) typically becomes faster in critical traffic situations, and (c) can restrict trajectories
to end in a set of safe goal states so that recursive feasibility is ensured. The benefits of
the proposed safety layer are evaluated on complex urban traffic situations that we have
recorded in the cities of Munich and Garching-Hochbriick, Germany. The scenarios include
a left-turn maneuver at an intersection, a critical situation with a jaywalking pedestrian,
and a lane-change maneuver in dense traffic (see [1]). The experiments show that fail-safe
trajectories ensure that the autonomous vehicle respects the right of way of other road users
at intersections and keep the autonomous vehicle from stopping within the intersection area.
Our results further demonstrate that the conservativeness of our safety layer can be adjusted
by its users, e.g., mobility providers, since the set-based prediction SPOT allows one to define
legal behaviors differently for specific types of road users. In this way, one can easily consider
that inattentive pedestrians cross the road even though it is unlawful, and, in case all traffic
rules are disregarded, all dynamically feasible behaviors are predicted. Thus, legal safety is
always ensured regardless of the number of considered traffic rules. We have also formally
proved that this property holds, i.e., the safety layer is correct-by-construction according
to our legal specification. To demonstrate that our safety layer safeguards the autonomous
vehicle for arbitrary intended trajectories, we used three different methods to plan intended
trajectories for the autonomous vehicle. Even for intended trajectories that ignored other
road users, the proposed safety layer successfully guaranteed legal safety.

3.2 Future Work

The initial results of this thesis indicate that our approach efficiently plans drivable motions
for individual and cooperative vehicles in arbitrary, complex traffic situations. Moreover,
our experiments indicate that legal safety can be strictly ensured without suffering from
substantial performance drops. At the same time, our findings suggest opportunities for
future research, which we will explain in more detail below.

We use reachability analysis prior to trajectory planning to determine areas to which the
search for feasible trajectories can be limited. However, the reachable sets are currently
recomputed in each planning cycle, which requires a considerable amount of time. In order
to achieve short computation times, we propose to re-use the computed reachable sets of the
previous planning cycles in an anytime fashion, i.e., we start with a rough approximation of
the reachable set using previous results and refine it as long as time permits. The expected
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benefits are the availability of solutions after a short start-up phase and improvements in the
overall computational efficiency of our approach.

We further recommend that future research should be undertaken to estimate the drivability
and suitability of driving corridors. It is desirable to know prior to trajectory planning if a
feasible trajectory in a driving corridor exists. Moreover, if there exist multiple driving
corridors, the question also arises as to which corridor is best suited to the respective driving
task. For this, tactical reasoning and semantic maneuver interpretation are key aspects.
Therefore, a possible future direction would be to enrich driving corridors with semantics
[129]. Inspired by the concept of hybrid systems that exhibit both discrete and continuous
time evolutions, we can extend states in the reachable set computation with discrete state
information such as “in lane A” or “in front of vehicle B”. Given the semantic labels on
the reachable sets, we are able to extract driving corridors that represent desired driving
maneuvers such as first pass vehicle A, then follow vehicle B until reaching the stop sign.
Since many conceivable high-level maneuvers are inappropriate in traffic, e.g., repeatedly
overtaking the same vehicle by accelerating and braking, some tactical maneuvers could
already be excluded during the reachable set computation. The semantic labeling of reachable
sets also facilitates the consideration of traffic rules such as the safe distance [130].

Our results on cooperative motion planning using combinatorial optimization are encour-
aging and should be validated in further experiments. An important matter to resolve for
future studies is the development of a bidding strategy for cooperative vehicles. At present,
we use an utility function to determine the bids for the cooperative vehicles. All vehicles use
the same universal utility function to prevent one vehicle from constantly outbidding others
due to different scales and weights that may occur when using different utility functions.
Future work should focus on improving the bidding strategy which is usually influenced by
a pricing mechanism that determines how much a bidder must pay for a set of items. In fu-
ture studies, pricing mechanisms could be investigated that compensate cooperative vehicles
which hand-over drivable areas.

Our proposed safety layer (see Sec. 2.5) can be extended for fail-safe motion planning
with communicating vehicles. Further studies are needed to analyze the communication
requirements of the proposed approach in order to agree on a protocol for data exchange
between the cooperative vehicles. So far, we have assumed that the communication between
cooperative vehicles is stable, but it is of utmost importance to provide fail-safe solutions in
case of communication failures.

The prospect of being able to eliminate self-inflicted accidents of autonomous vehicles serves
as a continuous incentive to future research. Our results obtained on real data recorded in
urban traffic are promising; therefore, the evaluation should be extended to closed-loop test
drives in the future.

With regard to fail-safe motion planning, experiments can be conducted in situations of
unavoidable accidents caused, for example, by illegal or even hostile behavior of other road
users. Our novel motion planning method already allows one to find least-intrusive trajectories
as described in Sec. 2.3 by combining driving corridors with the smooth reformulations of the
collision avoidance constraints based on the signed distance function [42]. We propose that
further research should be undertaken to mitigate the impact of collisions to reduce the risk
of serious injury in situations of inevitable accidents.
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A.1 Using Online Verification to Prevent Autonomous
Vehicles from Causing Accidents [1]

Summary This work proposes a novel online verification technique that ensures legal safety
of autonomous vehicles in urban traffic situations (see Problem 3), i.e., autonomous vehicles
never cause self-inflicted accidents, although other road users may perform any behavior
in accordance with traffic rules. We therefore introduce a safety layer for existing motion
planners, e.g., those based on machine learning, which provide intended trajectories that are
kinematically feasible but may not be legally safe. Our safety layer offers three main features:
(1) online situation assessment, i.e., every situation is considered on-the-fly and all possible
future evolutions according to legal safety are taken into account. (2) Fail-safe operation, i.e.,
it is ensured that the autonomous vehicle always has a fallback solution available in hazardous
situations. (3) Correct by construction, i.e., independent of the existing motion planner and
the number of specified traffic rules, legal safety is guaranteed.

Based on reachability analysis and specified traffic rules, our technique first computes the
set of all future behaviors of other road users that comply with legal safety. Then, we compute
the drivable area of the autonomous vehicle, also using reachability analysis, from which we
determine driving corridors for the subsequent fail-safe motion planning.

We demonstrate the benefits of our approach in different urban traffic scenarios that we
recorded in real traffic. The selected traffic situations are among the situations in which most
accidents occur in urban traffic, i.e., a left-turn maneuver at an intersection, a critical situation
with a jaywalking pedestrian, and a lane-change maneuver in dense traffic. Furthermore, we
test our safety layer in combination with different motion planners that provide intended
trajectories. Our results indicate that legal safety can be guaranteed and at the same time
the driving behavior is not conservative.

Author Contributions S. M., C. P., and M. K. developed the verification technique during
replanning. M. K. developed the concept and algorithms for the set-based prediction. S. M.
and C. P. developed the concept and algorithms for the drivable area computation, driving
corridor identification, and fail-safe trajectory planning. M. A. developed the main concept of
online verification by integrating set-based prediction and fail-safe trajectory generation. M.
A. developed the underlying algorithms for reachability analysis and led the research project.
S. M., C. P., and M. K. designed, conducted, and evaluated the experiments and collected
the data. S. M., C. P., and M. K. wrote the article and the supplementary information.
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Using online verification to prevent autonomous
vehicles from causing accidents

Christian Pek®'2%, Stefanie Manzinger ®"2X, Markus Koschi®'22 and Matthias Althoff®’

Ensuring that autonomous vehicles do not cause accidents remains a challenge. We present a formal verification technique
for guaranteeing legal safety in arbitrary urban traffic situations. Legal safety means that autonomous vehicles never cause
accidents although other traffic participants are allowed to perform any behaviour in accordance with traffic rules. Our tech-
nique serves as a safety layer for existing motion planning frameworks that provide intended trajectories for autonomous
vehicles. We verify whether intended trajectories comply with legal safety and provide fallback solutions in safety-critical situ-
ations. The benefits of our verification technique are demonstrated in critical urban scenarios, which have been recorded in real
traffic. The autonomous vehicle executed only safe trajectories, even when using an intended trajectory planner that was not
aware of other traffic participants. Our results indicate that our online verification technique can drastically reduce the number

of traffic accidents.

mous vehicles. Unsafe decisions by autonomous vehicles can

endanger human lives and cause tremendous economic loss in
terms of product liability. Although autonomous driving is becom-
ing a reality, recent accidents involving autonomous driving systems
have raised major concerns in various institutions', and policy mak-
ers continue to debate about adequate safety levels for certifying
autonomous vehicles’. To achieve widespread acceptance, safety
concerns must be resolved to the full satisfaction of all road users.
So far, automotive safety relies primarily on simulation and testing.
However, due to the infinitely many unique real-world scenarios,
these techniques cannot ensure strict safety levels**, especially when
using machine learning for motion planning’.

We call for a paradigm shift from accepting residual collision
risks to ensuring safety through formal verification. Formal veri-
fication describes the process of proving that a system always ful-
fils a desired formal specification®. However, in the context of safe
motion planning, specifying all unsafe scenarios and proper reac-
tions of autonomous vehicles is a tedious task®. Although it cannot
be excluded that autonomous vehicles are involved in accidents,
such as when a following car deliberately provokes a rear-end col-
lision, self-inflicted accidents can and should be eliminated. What
can we expect from human drivers to avoid self-inflicted accidents?
Based on the Vienna Convention on Road Traffic, which serves as
a foundation for safe driving in 78 countries, human drivers ‘shall
avoid any behaviour likely to endanger or obstruct traffic’ (article 7
of ref. 7). Inspired by this general rule, we demand that motions of
autonomous vehicles must be collision-free under the premise that
other traffic participants are allowed to perform all legal behaviours,
that is, all dynamically feasible behaviours that do not violate traffic
rules. Following refs. *°, we refer to this specification as ‘legal safety’.

In contrast to related work, our holistic approach computes all
legal behaviours of other traffic participants and collision-free fall-
back plans for the autonomous vehicle. Our solution serves as a
safety layer for existing motion planning frameworks. These frame-
works generate intended trajectories but cannot guarantee legal
safety. However, in combination with our verification technique,

f afety remains a major challenge in the realization of autono-

legal safety is ensured. Our technique provides the following three
key features:

1. Online situation assessment: The safety of each traffic situation
is assessed online during operation of the autonomous vehicle
by rigorously predicting all legal future evolutions of the sce-
nario (blue areas, Fig. 1) while accounting for measurement
uncertainties. In contrast to classical testing approaches, even
previously unseen traffic environments can be handled, that is,
scenarios with arbitrary road geometries and number of traffic
participants.

2. Fail-safe operation: Our approach ensures that the autonomous
vehicle always has a fail-safe trajectory to a standstill in des-
ignated safe areas, which serves as a fallback plan in the case
where a safety-critical situation occurs (see the fail-safe trajec-
tory in Fig. 1).

3. Correct by construction: Regardless of the provided motion
planning framework, which may include machine learning com-
ponents, our verification technique ensures that the autonomous
vehicle operates in compliance with legal safety at all times. Fur-
thermore, our safety guarantees hold even if certain traffic rules
are not yet included in our technique, because, from the set of all
dynamically feasible behaviours, we only remove the behaviours
that are illegal according to the considered traffic rules.

At present, verification is performed during the design process—
that is, offline, before systems are deployed'’. However, offline veri-
fication is not suitable for autonomous vehicles, as these vehicles
operate in highly uncertain environments in which each scenario
is unique. For this reason, online verification approaches have been
introduced that verify safety properties during operation of the
autonomous vehicles (section II-C of ref. '), for example, through
logical reasoning'>" or avoiding inevitable collision states'*"". In the
case where a trajectory is classified as unsafe, these approaches usu-
ally do not provide an alternative safe plan for the vehicle. In the
field of control, popular safety techniques are robust model predic-
tive control approaches'®'* and correct-by-construction controllers,

'Cyber-Physical Systems Group, Department of Informatics, Technical University of Munich, Garching, Germany. ?These authors contributed equally.
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Fig. 1| Verification of legal safety. Intended trajectories (black line) are usually planned by only considering the most likely behaviours (grey lines) of
other traffic participants. Our online verification technique ensures that the autonomous vehicle is safe in accordance with legal safety by maintaining
fail-safe trajectories (red lines) at all times. These fail-safe trajectories are collision-free against the set of all legal behaviours (blue areas) of other traffic
participants and safeguard the autonomous vehicle along its intended trajectory to safe states (grey areas).

for example, involving barrier certificates', Lyapunov functions® or
automatic controller synthesis*'. These approaches ensure that the
vehicle avoids unsafe states or is kept within an invariant set of safe
states’>>* at all times. Closely related recent approaches incorporate
reachability analysis to compute the set of states that a system is able
to reach over time. Thus, it can be verified that unsafe states are not
reached during operation®**-**. However, these existing approaches
are often computationally intractable, do not generalize to arbitrary
traffic scenarios or do not provide the required prediction of unsafe
sets in dynamic environments.

In the context of autonomous driving, the time-variant unsafe sets
are commonly defined as the future occupied positions of other traffic
participants, which can be obtained by motion prediction”. Existing
prediction approaches usually compute a countable set of most likely
behaviours by applying probabilistic*** or machine learning meth-
ods’'~*. The safety of autonomous vehicles is guaranteed only if no
traffic participant deviates from the few predicted behaviours, but
such deviations often occur in real traffic. By incorporating reach-
ability analysis, predictions are able to consider an infinite number
of possible future behaviours of dynamic obstacles®*-"". Yet, allow-
ing for all dynamically feasible behaviours of other traffic partici-
pants overly limits the manoeuvrability of the autonomous vehicle.
Therefore, our reachability-based prediction only considers behav-
iours that are dynamically feasible in the road network and that do
not violate a set of formalized traffic rules (blue areas, Fig. 1).

The motion planner for fail-safe trajectories must cope with
small and convoluted solution spaces. Commonly used trajec-
tory planning techniques either discretize the input or state space
of the autonomous vehicle®>” or apply variational techniques in
continuous space’’~?. The former methods suffer from discretiza-
tion effects, such that narrow passageways in the solution space
may not be found*” or safe terminal states may not be reached".
Although variational-based methods overcome these limitations,
the non-convexity of the motion planning problem due to nonlinear
vehicle dynamics and collision avoidance poses a major challenge.
As a result, variational-based techniques are often computation-
ally complex* or must be guided through the solution space to
work in dense traffic situations***, for example, by specifying driv-
ing corridors that represent temporal tactical decisions, such as

overtaking an obstacle on the left or right. Approaches for obtain-
ing driving corridors generally do not consider the dynamics of the
autonomous vehicle®~? and thus may not be able to reason about
the drivability of driving corridors. Our approach combines reach-
ability analysis with convex optimization to determine drivable
fail-safe trajectories within dynamics-aware driving corridors in
arbitrary traffic scenarios (fail-safe trajectories, Fig. 1).

Results

Our verification technique ensures legal safety over consecutive
verification cycles. A new verification cycle ¢ € N, begins when-
ever an intended trajectory I, is provided by the intended trajec-
tory planner of the existing motion planning framework, where ¢
is incremented by one for each received intended trajectory. The
autonomous vehicle can only start executing a new intended trajec-
tory I, that is starting at £, if I, is successfully verified as legally safe. A
trajectory is legally safe if it (1) is collision-free against the predicted
occupancy sets (that is, occupied positions) that result from all legal
behaviours of other traffic participants and (2) leads the autono-
mous vehicle to a safe terminal state.

Typically, the time horizon Tj, of I, is several seconds for plan-
ning anticipatory motions. However, the predicted occupancy sets
of the surrounding traffic participants become increasingly large for
longer time horizons due to growing uncertainties regarding their
future behaviours. Thus, I, is often not safe over its entire time hori-
zon T7,. For the safety verification (Fig. 2a), we therefore do not
consider the entire intended trajectory I, but only a short part of I,
lasting from £, until £, + A%, where A®* € R,. We regard this part
of I, as legally safe and refer to it as I3* if it is collision-free against
the predicted occupancy sets within its entire time duration A%,
Because I does not ensure that the autonomous vehicle remains
legally safe for t>t. + A%, we compute a consecutive fail-safe
trajectory F, (the index of F indicates the corresponding intended
trafjectory I). The fail-safe trajectory F, needs to smoothly continue
I, be collision-free against the predicted occupancy sets for its
entire time horizon T, and transition the autonomous vehicle to
a standstill in safe areas. We say that I, is verified successfully if I
and F, exist and are computed prior to ¢, The concatenation of I
and F, represents the verified trajectory and is denoted as I**® || F..
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Fig. 2 | Verification during replanning. a, In each verification cycle ¢, the given intended trajectory . is verified by computing the safe part Iiafe and the
fail-safe trajectory F.. b, If the verification result of cycle c is successful (as in ce{1, 2, 4}), the verified trajectory /iafe || Fcis executed starting at t.. If the
verification result is unsuccessful (as in c=3), the verified trajectory Iiif,e and F__; of a previous successful verification cycle ¢ —i is executed until a new

intended trajectory is successfully verified again (as in c=4).

Let us explain the verification procedure during replanning
using Fig. 2. Initially, at £, we assume that the autonomous vehicle is
in a safe state (for example, parked). Immediately after the autono-
mous vehicle successfully verifies a given intended trajectory I, in
verification cycle c=1 (that is, I5** and F, are obtained), the vehi-
cle is allowed to engage in the autonomous driving mode at time
t, and starts executing I$*® of the verified trajectory I* || F; (see
the result of c=1 in Fig. 2b). The intended trajectory planner can
then provide new intended trajectories I, ¢> 1, for verification. If
a new trajectory I, is successfully verified, the autonomous vehicle
can transition from the previously verified trajectory to I**® of the
new verified trajectory I**® || F. at time t, (see Fig. 2a and the result
of ce{2, 4} in Fig. 2b). If the intended trajectory I, cannot be veri-
fied, the most recently verified trajectory I || F._; of cycle c—i,
ie{l, ..., c—1}, continues to be executed (see Fig. 2a and the result
of c=3 in Fig. 2b). While moving along I*€ || F,_;, the fail-safe tra-
jectory F._; is only executed if no new intended trajectory can be
successfully verified before the final time of I®*%. This previously
verified trajectory I*® || F,_; remains collision-free as long as other
traffic participants do not violate traffic rules, because our set-based
prediction has already anticipated all their legal future behaviours.

Thus, legal safety is ensured regardless of the verification result.

Experiments on real data. For all verification cycles ¢ in our
experiments, the starting time of fail-safe trajectories F, is equal
to the starting time of the next intended trajectory I ,,, that is,
te+ Ai“fe = tc41 (see result for c=2 in Fig. 2b). This is achieved by
choosing a constant replanning rate At=t,, , — f, (meaning that new
intended trajectories should be executed at rate At) that is set to
the constant duration of Iﬁafe as At = Aiafe for all c. Consequently,
when executing a verified trajectory I*® || F,, the transition to the
fail-safe trajectory F. may only occur at t,,,. Thus, in each time
interval [t, t., ], the autonomous vehicle either executes I com-
pletely or a part of F,_; of a previously verified I**® || F,_;. In other
words, only if the current verification result is not successful do the
autonomous vehicles transition from the safe part of an intended
trajectory to a fail-safe trajectory.

In urban environments, most accidents occur at intersec-
tions and with pedestrians™. To demonstrate that our proposed
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verification technique allows autonomous vehicles to handle these
crucial cases, we created two scenarios by recording real traffic with
a BMW 7 series vehicle. By post-processing the real-world record-
ings, as described in the Supplementary Information, and applying
our verification technique offline, we obtained the results presented
below. For each of the two scenarios we illustrate an overview of the
traffic situation using recorded images from the BMW 7 series vehi-
cle and show the verification results of selected verification cycles ¢
(Figs. 3 and 4). In addition, we demonstrate for both scenarios that
our method guarantees legal safety for arbitrary intended trajectory
planners (Fig. 5). In the Supplementary Information, we further pro-
vide a scenario illustrating safe lane changes (where the third most
accidents occur™), further results including videos, detailed compu-
tation times (177 ms on average), all used parameters and software
to visualize the verification results for all verification cycles.

Scenario I: left-turn at an urban intersection. In countries where
vehicles drive on the right (we apply this throughout this Article),
left turns at intersections are among the most hazardous manoeu-
vres, because the autonomous vehicle must consider the right of way
of oncoming vehicles and yield to potential cyclists in their dedi-
cated lane (Fig. 3a). The behaviour of oncoming vehicles or cyclists
may change rapidly over time. For example, vehicles may acceler-
ate or decelerate, and cyclists may even stop and dismount, which
increases the uncertainty about the future evolution of the traffic
scenario. Under all circumstances, the autonomous vehicle must
yield to oncoming traftic while not disrupting the traffic flow due to
overly conservative behaviour.

Our method accomplishes this challenge by safeguarding the
opportunistic intended trajectory with fail-safe trajectories that (1)
comply with the right of way and (2) never stop the autonomous
vehicle in the intersection area. Because our prediction accounts
for all legal behaviours of other traffic participants, our verification
technique can decide whether a left turn manoeuvre can be com-
pleted before oncoming traffic can enter the intersection. Thus, the
autonomous vehicle automatically respects the right of way.

As illustrated in Fig. 3b at t,=0s, the autonomous vehicle first
approaches the intersection along its intended trajectory, that
is, I, ce{l, ..., 4}, is executed. From t;=2.4s to t,,=5.4s, our
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Fig. 3 | Results of Scenario | (urban intersection). a, Camera images and top view of the scenario. b, Verification results of selected verification cycles c.
The intended trajectory /. is only shown if it is successfully verified. Credit: Google, GeoBasis-DE/BKG (satellite images).

approach automatically detects that the intended trajectories lead to
an unsafe situation in which a collision with the oncoming vehicle
within the intersection area cannot be excluded before the cyclist
has definitely passed. The fail-safe trajectory thus stops the autono-
mous vehicle at the intersection (see fail-safe trajectory at t,=3s in
Fig. 3b). Immediately after the cyclist has passed, our verification
technique successfully verifies an intended trajectory and the

autonomous vehicle continues its left turn before oncoming traf-
fic, as shown in Fig. 3b at t,,=>5.4s. Note that, in this figure, the
fail-safe trajectory overlays the occupancy sets, because the occu-
pancy sets are shown at the final time of the fail-safe trajectory (see
Supplementary Fig. 8 for the occupancy sets at intermediate times).
Figure 3b also demonstrates that our prediction incorporates traf-
fic rules. Consider the occupancy set of the oncoming vehicle with
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Fig. 4 | Results of Scenario Il (jaywalking pedestrian). a, Camera images and top view of the scenario. b, Verification results of selected verification cycles
c. The intended trajectory I is only shown if it is successfully verified. Credit: Google, GeoBasis-DE/BKG (satellite images).

ID 1718 at t,,=5.4s. The legal safe distance forbids vehicles to turn
after the autonomous vehicle in a way that obstructs the autono-
mous vehicle. Therefore, the vehicle with ID 1718 is only allowed to
continue straight or turn left, but may not yet turn right.

Scenario II: jaywalking pedestrian. Vulnerable road users pose
a special challenge to autonomous vehicles, because they often
exhibit unexpected changes in behaviour. In particular, pedestri-
ans can quickly change their walking direction, which makes it
difficult for autonomous vehicles to react in time. Even though
it is illegal for pedestrians to jaywalk, that is, to cross the road
in the presence of traffic, pedestrians are occasionally inattentive
and cross directly in front of passing vehicles. If the prediction of
the autonomous vehicle does not include this behaviour, a fatal
accident could occur.

In the first verification cycle c=1 presented in Fig. 4, the pedes-
trian with ID 323 (in a blue jacket) is walking on the sidewalk and is
only looking at his cell phone (Fig. 4a). To anticipate that this inat-
tentive pedestrian may jaywalk, we broaden the set of considered
legal behaviours for this pedestrian by relaxing the constraints in its
prediction. As a result, the autonomous vehicle computes the future
occupancies of this pedestrian for both crossing the road and walk-
ing partially on the road parallel to the sidewalk (see occupancy
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set in Fig. 4b for the fail-safe trajectory at t,=0s; note that occu-
pancy sets of pedestrians are not visualized outside of the road).
The resulting fail-safe trajectory F, (starting at t,) ensures that the
autonomous vehicle remains behind the pedestrian.

In the next verification cycles c€{2, 3, 4}, the autonomous
vehicle cannot verify the new intended trajectories. In fact, each
intended trajectory collides with the jaywalking pedestrian. Thus,
by automatically executing the first computed fail-safe trajectory F,,
the autonomous vehicle slows down to avoid a collision with the
pedestrian with ID 323 (see t,=1.8s in Fig. 4b). After the pedestrian
crosses, the autonomous vehicle accelerates to the desired velocity,
and the fail-safe trajectory implies that the autonomous vehicle is
able to pass before the pedestrian may walk back towards the lane of
the autonomous vehicle (see t,,=7.8s in Fig. 4b).

As demonstrated in this scenario, our verification technique
offers its users, such as mobility providers, the flexibility to define
the legal behaviours differently for specific types of traffic partici-
pants. For example, when driving past a school, one may wish to
anticipate that any child or even any pedestrian may cross the road.

Legal safety for arbitrary intended trajectories. We apply our ver-
ification technique to three different intended trajectory planners
(for details see Supplementary Information):
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Fig. 5 | Results of the verification technique with different intended planners. a, Executed velocity profiles in Scenario | (results of cycles ce {1, 6,10} are
labelled). b, Executed velocity profiles in Scenario Il (results of cycles ce{1, 4, 14} are labelled).

o Planner 1 uses continuous optimization to plan trajectories that
are collision-free with regard to the most likely behaviour of
other traffic participants. This planner is also used as an intended
trajectory planner for the previous results of Scenarios I and II.

o Planner 2 is based on Planner 1 with the modification that other
traffic participants are ignored. With this planner, we mimic a
reinforcement learning approach that has not yet learned colli-
sion avoidance.

o Planner 3% samples in a discrete state space to plan trajectories
that are collision-free with regard to the most likely behaviour of
other traffic participants.

Figure 5 illustrates the velocity profiles of the autonomous vehi-
cle in Scenarios I and II for each intended trajectory planner. In
Scenario I, our verification technique intervenes independently of
the applied intended trajectory planner so that the autonomous
vehicle stops in front of the intersection (Fig. 5a). Although Planner
2 is not aware of other traffic participants, our verification technique
enables the autonomous vehicle to safely turn left. Because Planner
2 tries to reach the desired velocity (8 ms™') more aggressively than
Planners 1 and 3 (see the results of verification cycles ce{1, 2} in
Fig. 5a), the subsequently executed fail-safe trajectories cause a
rapid deceleration of the autonomous vehicle (peak, —6ms=2) (see
the results of verification cycles c€{3, ..., 8} for Intended Planner
2 in Fig. 5a). However, the execution of fail-safe trajectories for
Planner 2 causes only a short delay, as the stopping time at the inter-
section is less than 2s.

In Scenario II, the intended trajectory planners are not aware of
the pedestrian’s intention to jaywalk. Therefore, fail-safe trajectories
are executed to slow down the autonomous vehicle (see the results
of verification cycles c€{2, 3, 4} in Fig. 5b) until Planners 1 and 3
react to the pedestrian. Planner 2 requires permanent guidance to
avoid a collision with the pedestrian. Although the type of executed
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trajectory, that is, I or F,_, continuously alternates, the average
velocity of the autonomous vehicle with Planner 2 is 5% higher than
that with Planner 1 (6.36 ms™" and 6.09 ms™!, respectively).

In summary, we are able to guarantee legal safety for differ-
ent intended trajectory planners, even when using a planner that
ignores other traffic participants. Furthermore, the resulting veloc-
ity profiles are smooth and continuous, as fail-safe trajectories are
planned with full consideration of the vehicle’s dynamics.

Discussion

Certification is the main obstacle to achieving commercial success
with the proposed verification technique. Regulatory guidelines have
already been prepared for various domains, such as railway systems,
industrial robots and aviation systems, but only limited regulations
exist for motion planning of autonomous vehicles (for example, ISO
26262 and ISO 21448). We have prepared the ground for certification
by formulating legal safety and presenting a verification technique that
ensures that this specification is met during operation of the autono-
mous vehicle. Moreover, the safety guarantees are maintained when
adapting our considered set of traffic rules to new requirements. If
legal safety becomes a recognized standard for autonomous vehicles,
mobility providers can certify our proposed verification technique
for usage in their vehicles. As a result, we expect that societal trust
in autonomous vehicles will increase and that testing efforts can be
significantly reduced, even if motion planning frameworks for gener-
ating intended trajectories are changed.

Legal safety is a promising novel safety approach inspired by
traffic regulations that is suitable for certification. Related con-
cepts, such as responsibility-sensitive safety”, not-at-fault driving®
and compositional and contract-based verification®, share our
premise to avoid (self-inflicted) accidents, but differ substantially
to our proposed solution. Responsibility-sensitive safety assumes
that other traffic participants act according to common-sense rules
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The drivable area of the autonomous vehicle is computed to determine fail-sa
from the reachability graph, and longitudinal and lateral trajectories are optim

and defines appropriate responses by the autonomous vehicle based
on safe distances. However, despite the execution of appropri-
ate responses, self-inflicted accidents cannot be excluded, because
other traffic participants may behave differently than expected. Our
approach addresses this problem by considering all legal behaviours.
Not-at-fault driving computes a single trajectory that is split into
moving, braking and stopped phases and is provably collision-free
against a given prediction. By contrast, we allow intended trajecto-
ries to be planned independently of fail-safe trajectories, for exam-
ple, using a most likely prediction to optimize comfort. In ref. *°,
a finite number of offline-verified, local models are fitted online
to the current traffic situation. However, this approach may result
in unsafe behaviours if no valid composition of these local models
can be found for the current situation. Our verification technique
evaluates the safety of situations online and always provides fail-safe
trajectories to eliminate self-inflicted accidents. The detailed com-
putation steps of our verification technique are described in the
Methods and are visualized in Fig. 6.

Methods
Formal verification is often believed to cause performance drops (for example,
lower average velocities resulting in longer travel times) and conservative
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fe manoeuvres. (3) Longitudinal and lateral driving corridors are selected
ized such that a fail-safe trajectory is obtained.

behaviour in robotic systems*”. However, we believe that autonomous vehicles can
offer high performance and ensure legal safety at the same time. This has motivated
us to improve on our previous work on set-based predictions’*, fail-safe
trajectory planning® and trajectory planning using reachable sets*. Further to our
previous work, we present the following innovations:

1. Our proposed verification technique ensures legal safety in complex traffic
scenarios and in a computationally efficient way. In particular, by embedding
driving corridors® into fail-safe trajectory planning®', we generalize the com-
putation of possible fail-safe manoeuvre options to different traffic situations
and can consider multiple safe terminal sets.

On various urban scenarios that have been recorded in real traffic in-
cluding measurement uncertainties, the applicability of the proposed
verification technique is demonstrated. In addition, our results indicate

that non-conservative driving behaviour can be achieved despite the
over-approximative, set-based prediction.

The temporal interplay over subsequent verification cycles of our verification
technique with the intended trajectory planner of the autonomous vehicle is
presented in detail.

Further experiments with three different intended trajectory planners validate
that our verification technique is able to ensure legal safety for arbitrary
intended trajectory planners.

In the following paragraphs, we present the inputs of our verification
technique, preliminaries for the reachability analysis, an overview of the
algorithmic steps and the safety guarantees for our verification technique.
Additional details are provided in the Supplementary Information.
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Inputs of the verification technique. Our verification technique is integrated
between the motion planning layer and the control layer of the autonomous vehicle
(see planning frameworks in refs. *>**). In each verification cycle ¢, our verification
technique receives as inputs the intended trajectory I, and the environment

model. The intended trajectories must be kinematically feasible and branch off the
previously verified trajectory I || F,_;. The environment model must contain the
lanes of the road, pedestrian crossings and areas in which the autonomous vehicle
is not allowed to stop, which are used to obtain the designated safe areas. For all
safety-relevant traffic participants, the environment model must contain their type
(that is, vehicle, motorcycle, bicycle or pedestrian) and their current states (that is,
a set containing the exact state and bounded measurement uncertainties). If the
type of traffic participant is unknown or uncertain, our verification technique can
predict the set of future behaviours for all possible types in parallel.

Preliminaries of the verification technique. The motion of the pth traffic
participant is governed by the differential equation i) (1) :f@) (x(P) (t), u® ),
where x is the state and 4 is the input. The admissible states and inputs are
bounded by the respective sets X7 (t) C R"” and U®) () c R"™” . A possible
solution of the differential equation at time ¢ is denoted by ) (t; x®)(z9), u® ()),
when starting at state x*)(zy) € X, where X is the set of states at an initial
time 7, including measurement uncertainties, and using input trajectory u®)(-). The
reachable set RS" (£;79) C X?)(t) describes the set of states that are reachable by
the pth traffic participant at a certain point in time t> 7, when starting in X'y’ and
applying all admissible inputs U® (¢):

R (t70) = {P) (159 (1), ulP () | P (z0) € XP VT € [0, 1] -

2 (,:—;x(M(,o)#u(P)(‘)) c X(P)(%),u(l’)(%) c Z/{(P)(%)}

For brevity, we omit the superscript (p) when referring to the autonomous
vehicle. In each verification cycle ¢, we compute the reachable set of other traffic
participants to predict their future movement and that of the autonomous vehicle
to obtain its drivable area.

As illustrated in Fig. 6a, we introduce the discrete points in time tL for each
verification cycle ¢, where k € {0, ... ks, ... ,kp, ... K} C Ny; for brevity, the
notation of #, does not reflect its dependency on c. Time £ is the initial time
of the prediction, that is, the point in time at which the most recently available
environment model has been recorded. Time #} corresponds to the start time of
the intended trajectory I, (that is, tﬁﬂ =t.), t;q corresponds to the start time of the
fail-safe trajectory F, (that s, f;, = t. + A%%) and t}; corresponds to the final time
of the fail-safe trajectory (that is, £} = . + A% + Tr). Without loss of generality,
we assume that the times t;c are multiples of the time step size At' € R, that is,

t, =ty + kAt

Recall that we set AZ® to the replanning rate At in our experiments. To
minimize the interventions of our verification technique, that is, how often a
fail-safe trajectory is executed, the duration 45 can be dynamically adjusted
to optimize the length of I as described in ref. . To avoid that new intended
trajectories cannot be verified solely due to a timeout, intended trajectories
I, should be provided prior to t,— A, where A" € R, is the required
computation time of our verification method.

Occupancy prediction. The goal in the first step of our verification technique is
to over-approximate the area £°(t) that exactly encloses the occupied positions
of the surrounding traffic participants for all their legal behaviours. Therefore, we
first compute all dynamically feasible behaviours and subsequently remove illegal
behaviours.

All dynamically feasible behaviours of other traffic participants are obtained
using reachability analysis as defined in equation (1). For each pth traffic
participant, the environmental model provides the initial states X’ g" ) at t), which
are described by a set due to measurement uncertainties (Fig. 6b, step (1)). The
dynamics of each traffic participant are abstracted by a second-order integrator
model with bounded velocities and accelerations. We compute the reachable
set R (t; ) as a tight over-approximation of the exact reachable set, that is,

RO (£;t5) D R (t; ty), and only for the position domain to allow for an efficient
computation. For collision checks with planned trajectories of the autonomous
vehicle, we introduce O%’Y)n (t; ty) as the dynamics-based occupancy set resulting
from the over-approximative reachable set R (t; £}) by considering the
dimensions of the pth traffic participant (Fig. 6b, step (1)).

Next, we remove behaviours that are not allowed according to traffic rules.
Therefore, we formalize a set of traffic rules that is most relevant for motion
planning (and which can be easily extended). Let v and a® denote the velocity
and acceleration of the pth predicted traffic participant, respectively, and v
denotes that the parameter > € {¥,a} bounding the velocity or acceleration is
applicable for vehicles and motorcycles, while << is for bicycles and ¥ is for
pedestrians (the values of the parameters are stored in a database generated offline,
can be updated online, and are provided in the Supplementary Information). The
considered traffic rules for vehicles, motorcycles and bicycles are as follows:

«  Maximum velocity is bounded (article 13.2 of ref. 7): () < Viimitf’ §”>, where vy,
is the legal speed limit of the road and f” >1 is a parameterized speeding
factor to consider slight over-speeding. If no speed limit is available, such as

for bicycles, v(?) <¥eh/ere,

o Driving backward is not allowed (article 14.2 of ref. 7): v > 0.

«  Absolute acceleration is bounded (due to tyre friction): |a?)| <@"/<re,

o Leaving the road is forbidden (article 14.1 of ref. 7).

o A safe distance to the autonomous vehicle must be maintained when driving
behind it or merging in front of it (articles 13.5 and 11.2d of ref. 7).

o Changing lanes is only allowed if the new lane has the same driving direction
as the previous one (article 11.2c of ref. 7).

Note that, according to article 11.2¢ of ref. 7, overtaking in a lane not
appropriate to the direction of traffic is only allowed if not endangering or
interfering with oncoming traffic. Because such a legal overtaking manoeuvre does
not interfere with the motion planning of the autonomous vehicle, we neglect it in
our prediction without compromising legal safety.

Although pedestrians are generally not allowed to obstruct vehicular traffic, for
example, to jaywalk (article 7.1 of ref. 7), vehicles are required to take precautions
to avoid endangering pedestrians (article 21.1 of ref. 7). Thus, the considered traffic
rules for pedestrians are as follows:

«  Absolute velocity is bounded (for example, based on ISO 13855): [v(?)| <7Ped,
+  Absolute acceleration is bounded (due to physical capabilities): [a®)| <a@Ped.
«  Entering the road is forbidden (articles 7.1 and 20.2 of ref. 7) except

o on pedestrian crossings (articles 20.6b and 21.2 of ref. 7)

«  when walking toward the road; then, crossing the road is allowed perpen-
dicularly with a deviation of angle a based on the current heading of the
pedestrian (articles 20.6¢,d of ref. 7)

o when walking parallel to the road; then, occupying the strip of the road
edge with a width of d,,, is allowed, for example, to avoid obstacles on
the sidewalk (articles 20.2a, 20.3 and 20.4 of ref. 7).

In summary, our set of traffic rules either constrains the dynamics of other
traffic participants (for example, their maximum velocity), which are considered
by Og’yn (t; t;)), or constrains the allowed regions in the environment (for example,
certain lanes or pedestrian crossings), which are given by the environment model
and are denoted by Olegal (t; t). The resulting over-approximative occupancy set
of the pth traffic participant is O (; £)) = O(,fy)n (t:t5) N O(liéal (t; ;) (Fig. 6b, step
(1)). To verify that I®** and F, are collision-free, we compute the occupancy sets for
consecutive time intervals [t} t; , ] until the final time of F, that is, V k€ {k;, ..., K}.
Note that the time intervals [t;, t; , ] can be of different duration for each k, for
example, in case I and F, are discretized differently. The predicted occupancy
sets of all traffic participants are given by L([t}, . ,]) = UPUte[[Lvt;(H]O(P) (t515)-

Note that, regardless of how many traffic rules we consider, our prediction
always over-approximates the exact set of all legal behaviours, that is,

L(t) D L°(t). The reason is that only behaviours defined as illegal are removed
from the over-approximation of all dynamically feasible behaviours. The fewer
traffic rules we consider, the more cautiously the autonomous vehicle behaves,
because it respects more behaviours than actually allowed according to all traffic
rules. However, the autonomous vehicle definitely remains collision-free when
other traffic participants adhere to all traffic rules, as prescribed by legal safety. If a
collision occurs nonetheless, we can verifiably argue that another traffic participant
must have violated traffic rules and that the collision is not self-inflicted by the
autonomous vehicle. Nevertheless, we account for humans’ tendency to violate
traffic rules, such as the speed limit. Therefore, we continuously monitor whether
any traffic participant performs a behaviour that is not included in the set of legal
behaviours. Whenever violations are detected, this behaviour is automatically added
to the prediction result; for example, if another vehicle illegally changes lanes, we
no longer exclude this behaviour from our prediction of this vehicle. As a result,
our verification technique will attempt to find a new fail-safe trajectory in case the
previous one is no longer collision-free. Furthermore, if a traffic participant appears
likely to misbehave, such behaviours can be included in our prediction by disabling
the corresponding constraint, as demonstrated in Scenario II.

Drivable area computation. To obtain possible sequences of high-level fail-safe
manoeuvres (for example, overtaking other vehicles on their left or right), we
compute the drivable area of the autonomous vehicle at discrete points in time

t; with k> k; by projecting its reachable set R*(t;; ¢} ) defined in equation (1)
onto the position domain (Fig. 6b, step (2)). As for the prediction of other traffic
participants, we abstract the dynamics of the autonomous vehicle using two
second-order integrator models in the longitudinal and lateral directions with
bounded velocities and accelerations in a road-aligned coordinate system®. For
computational efficiency, the reachable set is approximated through the union
of base sets B,(:), i € No, such that R*(t;; ;) ~ U,B,(:) holds. The base sets B,(c’)
are the Cartesian products of convex polytopes describing reachable position-
velocity pairs in the longitudinal and lateral directions. We use convex polytopes,
because they are closed under required set operations such as Minkowski

sum, linear mapping and intersection. The projection of base sets Bf{u onto the
position domain yields axis-aligned rectangles D} that represent the drivable
area D(ty; 1, ) := UiD,(:). The projection of the reachable set onto the position
domain can be computed efficiently, because we only need to determine the
minimum and maximum position coordinates of the convex polytopes of the
base sets B, .
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The state x(#; ) of the fail-safe trajectory F, at its start time £ is pr0v1ded by
the final state of ISafe We enclose x(t;, ) with a base set such that x(tk ) € By, 0
holds. The reachable set of consecutive points in time )|, k>ky, i 1s computed as
illustrated in Fig. 6b (step (2)). First, we propagate each base set Bk of the previous
time step forward in time considering all admissible inputs. Second, we remove
states outside the set of admissible states X(#} ), that is, positions in which the
autonomous vehicle collides with the predicted occupancy sets L([t;, t;,]) or the
area Q outside of the road, to obtain R(t} , ; t;v) ~ U By at time t. Third,
we store each base set BkJrl in a directed graph Gz. In QR, each set B w
associated with exactly one node and an edge indicates that base set B} | i
reachable from B;” within one time step. The procedure is repeated until the final
time step t} is reached.

Driving corridor and trajectory optimization. We generate drivable fail-safe
trajectories through continuous optimization. As convex optimization problems
can be solved efficiently with global convergence, we convexify the inherently
non-convex optimization problem by separating the longitudinal and lateral
motion of the autonomous vehicle. However, longitudinal motion planning
requires prior knowledge on the lateral motion and vice versa, as both subsystems
are dynamically coupled. To overcome this issue, we obtain driving corridors
from the drivable area that provide spatio-temporal position constraints for the
optimization problems. We refer to the driving corridors for longitudinal and
lateral optimization as the longitudinal and lateral driving corridors, respectively.
To ensure legal safety for an infinite time horizon, we constrain the driving
corridors to end in a safe terminal state based on the designated safe areas, for
example, a standstill in the rightmost lane sufficiently far from an intersection. As
illustrated in Fig. 6b (step (3)), our motion planner first optimizes the longitudinal
trajectory within a longitudinal driving corridor, followed by optimizing the
lateral trajectory in a suitable lateral driving corridor. Currently, we constrain
fail-safe trajectories to be kinematically feasible, collision-free with respect to road
boundaries and the predicted occupancy sets, respect the speed limit and end in a
safe state. Further constraints can be imposed to consider additional properties, for
example, rules on overtaking or stopping at the boundaries of the field of view of
the vehicle.

We represent collision avoidance constraints by a minimum and maximum
value on the longitudinal or lateral positions at each point in time. To obtain these
limits, we exploit that a connected set in the position domain projected onto either
the longitudinal or lateral direction yields an interval. Consequently, we define a
longitudinal corridor and a lateral driving corridor for fail-safe motion planning
as a temporal sequence of connected sets that are subsets of the drivable area
D(t;; t;,.) from time ¢, to the final time #}.

To determine longitudinal driving corridors, we perform a search on the
reachability graph Gr backwards in time starting from the set of safe terminal
states (Fig. 6b, step (3)). There may be multiple longitudinal driving corridors,
because the drivable area can be disconnected due to surrounding traffic
participants. We select the longitudinal driving corridor with the greatest
cumulative drivable area from f; _to fj for trajectory planning (other heuristics can
also be applied). For the longitudinal trajectory optimization, we use a fourth-order
integrator model with jounce as input and bounded longitudinal velocity,
acceleration and jerk. In addition to the collision avoidance constraints from the
boundary of the longitudinal driving corridor, the autonomous vehicle must come
to a standstill at the final time .. To improve comfort, we choose a quadratic cost
function that minimizes acceleration, jerk and jounce as well as deviations from
the desired velocity.

The computation and selection of lateral driving corridors are performed
similarly to the computation and selection of longitudinal driving corridors with
the addition that the connected sets of the lateral driving corridor must provide a
unique passing side for each obstacle. The lateral trajectories of the autonomous
vehicle are optimized with respect to a linearized kinematic single-track model
with limits on the steering actuators. Analogously to planning in the longitudinal
direction, the position constraints for collision avoidance are obtained from the
boundaries of the lateral driving corridor. We select a quadratic cost function to
minimize the lateral distance and orientation deviation from a given reference path
and to punish high curvature rates for comfort.

In the case that trajectory optimization is infeasible using the selected lateral
or longitudinal driving corridor, we select a driving corridor with the next highest
cumulative drivable area for optimization until either a fail-safe trajectory is
identified or no further driving corridors remain. In the rare event that no feasible
fail-safe trajectory is found, the previously verified trajectory is further executed.

Guarantees of our verification technique. To comply with legal safety,
autonomous vehicles must not collide with any legal behaviour of other traffic
participants:

Vi>tg : oce(x(t)) N (L(HUQ) =0 (2)
where the operator occ(x) relates the state x of the autonomous vehicle to the set of

occupied points in the position domain as occ(x) : X — Pow(R"), where Pow(R")
is the power set of R".

Using the principle of induction, we sketch the proof that our technique
ensures legal safety according to equation (2). For the base case (c=1), for t > ,, the
autonomous vehicle is initially in a safe state in which it can remain. Only if I, can
be successfully verified will the autonomous vehicle start executing I**||F, from
.. This trajectory is collision-free at all discrete time steps ¢, € [t., t. + A® + T, ]
against all legal behaviours £(t) 2O L°(¢) of other traffic participants and the area
Q outside the road. If no new intended trajectory can be successfully verified
in a subsequent verification cycle before f. -+ A% - Ty, the fail-safe trajectory
F. transitions the autonomous vehicle to a standstill in a safe terminal state at
te+ Aj“re + T, which is legally safe for all future times. For the inductive step,
assuming that the verification result of cycle c=r, for any r € N, ensures legal
safety, we show that legal safety is also ensured regardless of the verification result
of cycle ¢+ 1. If the verification is unsuccessful, the autonomous vehicle continues
to execute the trajectory I®%||F._;,i € {0, ... ,c — 1} of the previous cycle ¢ that
ensures legal safety by definition. If the verification is successful in cycle c+ 1, the
autonomous vehicle executes I? +"i ||Fes1 from ¢, . In this case, we can apply the
same reasoning as in the base case to demonstrate that legal safety is also ensured
from t,,, with the verified trajectory I ||F ;.

To ensure that the autonomous vehicle is collision-free along I** and F in
continuous time and despite control disturbances and model uncertainties, we
refer to the approach in ref. ©".

Data availability

All data gathered and reported in this study are available in the Supplementary
data file. This includes the environment model, the intended trajectory and the
verification result of each verification cycle for all scenarios.

Code availability
The code to visualize and analyse the gathered data and obtained results of this
study are included in the Supplementary data file.
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A.2 Using Reachable Sets for Trajectory Planning of
Automated Vehicles [2]

Summary In critical traffic situations, the solution space for trajectory planning of au-
tonomous vehicles is often small and cluttered, making it difficult to solve Problem 1 in
time. We therefore propose to explore the non-convex solution space for trajectory planning
using reachable sets. From the computed reachable sets, we extract driving corridors that
represent spatio-temporal constraints. The obtained driving corridors guide the trajectory
planner, which is based on continuous optimization, through the complex solution space. To
obtain a convex optimization problem, we convexify the inherently non-convex optimization
problem by separating the longitudinal and lateral dynamics of the autonomous vehicle. The
collision avoidance constraints obtained from the driving corridor are represented as admissi-
ble position intervals in the longitudinal and lateral directions. The computational effort of
the trajectory planner is low, since convex optimization problems can be solved efficiently to
global optimality.

The combination of reachability analysis and convex optimization makes it possible to
identify driving corridors in arbitrary traffic situations. The driving corridors can be restricted
so that desired sets of goal states for the autonomous vehicle are reached, which facilitates
tactical decision making, e.g., if the vehicle is supposed to reach a highway exit. Our method
is particularly suitable for dealing with cluttered traffic situations, since the computation
times typically decrease with increasing criticality of the traffic scene, i.e., the solution space
for trajectory planning is shrinking.

We have successfully evaluated the drivability of the trajectories planned by our novel mo-
tion planning method in real vehicle tests. Moreover, we have compared our method with
popular motion planning methods based on sampling and mixed-integer quadratic program-
ming. The experiments reveal that our method is able to detect narrow passageways in
the solution space for trajectory planning without tedious parameter tuning. Furthermore,
our method has reliable runtimes in our experiments. We further demonstrate the general
applicability of our method in a complex scenario in which the autonomous vehicle has to
maneuver through dense traffic. In our last experiment, we analyze the runtime behavior of
our method as a function of the size of the available solution space for trajectory planning.
Our findings confirm that the runtime of our novel motion planning method has the tendency
to decrease given that the solution space for trajectory planning shrinks.
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Using Reachable Sets for Trajectory Planning of
Automated Vehicles

Stefanie Manzinger, Christian Pek, and Matthias Althoff

Abstract—The computational effort of trajectory planning for
automated vehicles often increases with the complexity of the
traffic situation. This is particularly problematic in safety-critical
situations, in which the vehicle must react in a timely manner.
We present a novel motion planning approach for automated
vehicles, which combines set-based reachability analysis with
convex optimization to address this issue. This combination
makes it possible to find driving maneuvers even in small and
convoluted solution spaces. In contrast to existing work, the
computation time of our approach typically decreases, the more
complex situations become. We demonstrate the benefits of our
motion planner in scenarios from the CommonRoad benchmark
suite and validate the approach on a real test vehicle.

I. INTRODUCTION

XISTING motion planning techniques for automated

vehicles may still fail to obtain comfortable and safe
motions in complex traffic scenarios with small and convoluted
solution spaces (i.e., the portion of the state space enclosing
feasible solutions is reduced by a large number of obstacles
[1]). Yet, automated vehicles have to cope with arbitrarily com-
plex scenarios in the real world. Why do planning techniques
still struggle in complex scenarios?

The complexity mainly arises from the non-convexity of
the motion planning problem: the presence of obstacles in the
environment partitions the search space of the motion planning
problem into different homotopy classes [1]-[3] (see Fig. 1).
Homotopy classes describe “sets of trajectories that can be
transformed into each other by gradual bending and stretching
without colliding with obstacles” [4]. Figuratively speaking,
planners have to decide when and how to pass obstacles, e.g.,
on the left or right side. The temporal orders of such tactical
decisions can be represented by driving corridors (spatio-
temporal constraints) and are a crucial element in generating
collision avoidance constraints.

Given strict real-time constraints, many motion planning
techniques encounter difficulties in determining suitable driv-
ing corridors for three reasons: a) scenarios in which « tactical
decisions can be taken to avoid o obstacles may already have
up to a possible driving corridors. This circumstance is
particularly problematic in safety-critical situations, in which
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Fig. 1: Each trajectory X;,i € {1,2,3}, belongs to a different homotopy
class. The automated vehicle needs to decide whether to pass the construction
site (X2 or X3) or not (X1). In the former case, the automated vehicle also
has to decide on a passing side (left: Xo, right: X3).

the automated vehicle must react in a timely manner to avoid a
collision. b) Besides the sheer number of corridors, identifying
which ones are drivable in reasonable time may often be
intractable [5]. Deciding whether a driving corridor with a
drivable trajectory exists can be reduced to a mixed-integer
problem [6] and is therefore NP-complete [7]. c¢) Multiple
driving corridors may exist that may not reach desired goal
regions of the vehicle.

Set-based reachability analysis is particularly well suited
for determining driving corridors in complex scenarios, since
the number of set operations often decreases if the solution
space becomes smaller [8]. The reachable set of an automated
vehicle is the set of states the vehicle is able to reach over time
starting from an initial set of states. Consequently, reachable
sets make it possible to explore search spaces and homotopy
classes efficiently in continuous space and to detect even
narrow passages [9].

In this work, we show that by combining reachability
analysis with an optimization-based trajectory planner, we
are able to compute driving corridors and trajectories online
in arbitrary scenarios. Our experiments demonstrate that our
approach becomes faster with increased complexity of the
motion planning problem. Below, we review existing planning
techniques and present their shortcomings for the motion
planning of automated vehicles in complex scenarios.

A. Literature Overview

1) Motion Planning Techniques: Various motion planning
approaches are discussed in [10], [11]. We briefly review the
most relevant publications for our work. Discretization-based
planners, such as rapidly exploring random trees [12]-[14]
or state lattices [15]-[18], connect partial motions toward a
goal region in a kinematically feasible way. However, because
the search space is discretized, solutions may not be found in
small and convoluted solution spaces.

Continuous optimization techniques are applied to overcome
discretization effects [19]. They minimize a cost function

Copyright (c) 2020 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.
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with respect to a set of state and input constraints [20]-
[23]. Since many motion planning problems are non-convex,
optimization problems may get stuck in local minima and may
not be solvable in a computationally efficient way [24]. Convex
optimization problems, however, have global convergence, for
which efficient solving techniques exist [24]-[26]. Yet, convex
planning problems can only be formulated for most traffic
scenarios if the motion is separated into longitudinal and
lateral components [27]-[30]. As a result, collision avoidance
constraints can usually only be obtained if the driving corridor
is already known [6].

Machine learning approaches have also been successfully
applied to motion planning, e.g., [31]-[34]; however, these
techniques are not yet suitable in safety-critical situations,
since they are difficult to verify [35].

2) Driving Corridor Techniques: The extraction of driving
corridors has been studied for some time. Naive approaches
address the problem of determining driving corridors through
sampling [36]-[39], combinatorial enumerations [5], [40], or
support vector machines [41], [42]. However, sampling-based
approaches usually struggle to detect narrow passages due to
discretization effects, and enumerating all possible sequences
of tactical decisions is not feasible under hard real-time con-
straints for complex situations. Pre-defining rules for tactical
decision-making, e.g., using ontologies [43]-[45] or state-
machines [46]-[49], may fail in unforeseen traffic situations.
Some approaches reduce the complexity of maneuver planning
by considering only a discrete set of admissible actions [50]—
[53], but this diminishes the expressiveness of the planner.

Reachable sets have already been used to obtain driving
corridors and to determine the non-existence of maneuvers [9],
[54], [55]. The approaches in [56]-[58] combine reachability
analysis with planning approaches to obtain collision-free
motions. Nevertheless, they may not be applicable in arbitrary
traffic situations, cannot constrain corridors to end in certain
terminal states, or cannot extract high-level maneuvers with
certain desired properties, such as comfort.

B. Contribution and Outline

This paper proposes a novel method for motion planning of
automated vehicles by combining reachability analysis with
convex optimization. Unlike previous work, our approach
simultaneously

1) handles small and convoluted solution spaces. Our experi-

ments reveal that the computational effort of our approach
decreases with increased complexity of the scenario;

2) identifies collision-free driving corridors in arbitrary traf-

fic situations using reachable sets;

3) plans optimal trajectories in candidate driving corridors

with low computational effort; and

4) constrains driving corridors to end in certain terminal

states, e.g., standstill in safe areas.

This paper is structured as follows: after presenting prelim-
inaries in Sec. II, we introduce our framework in Sec. III. The
computation of reachable sets is described in Sec. IV, fol-
lowed by the determination of driving corridors and collision
avoidance constraints in Sec. V-VI. We evaluate our concept
in Sec. VII and finish with conclusions in Sec. VIII.

http://dx.doi.org/10.1109/TIV.2020.3017342

II. PRELIMINARIES AND PROBLEM STATEMENT
A. System Dynamics

We introduce different discrete-time linear systems to model
the dynamics of the automated vehicle, subsequently denoted
as ego vehicle. The linear models are a trade-off between the
required computational time for the planning task and the
accuracy compared to the real behavior. To formally verify
planned trajectories despite control disturbances and model
uncertainties, we refer to the approaches presented in [59],
[60], which is not discussed in this work since we focus on
motion planning. Additionally, in Sec. VII, we demonstrate by
vehicle tests that planned trajectories are drivable despite the
use of different models.

Let us introduce the subscript sys € {lon,lat,R} to
distinguish the discrete-time linear systems for the longitudinal
and lateral trajectory planning, and reachability analysis:

M

where Tgys € R™vs= is the state, ugysr € R™vsv is the
input, and k € Ny is the discrete time step corresponding to
the time t;, = kAt, where At € RT is the time increment.
Without loss of generality, the initial time step is kg = 0 and
the final time step is kf. Agysr € R™sveeXMsvee is the system
matrix and By, € R™svs:=XMsvsu s the input matrix. Systems
in the form of (1) are subject to the convex sets of admissible
states Xy C R™sv=+ and admissible control inputs Usys 1, C
Rmsvs: | each at time step k. We use X,y and Usys to denote
a possible state and input trajectory. Subsequently, we assume
that the chosen reference point for describing the systems (1)
coincides for all sys € {lon, lat, R}.

Tsys,k+1 = Asys,kwsys,k + Bsys,k“sys,kv

B. Coordinate Systems and Reference Path

Let us introduce the global Cartesian coordinate frame as
F€, the local curvilinear coordinate frame as F*, and the
vehicle-fixed coordinate frame as FV, as shown in Fig. 2. The
frame F™ is aligned with a given reference path I' : R — R2,
which is the centerline of a lane and can be provided by a
route planning module, for example. In F*, a global position
(84,8,)7 is expressed in terms of the arc length s; and
the orthogonal deviation s, from I'(s¢) (see Fig. 2). The
orientation and curvature of I'(s¢) are denoted by 6r(s¢) and
kr(s¢), respectively. The transformation from F™ to F© is
denoted by T¢ (s¢) (see [61]). The transformation from F" to
FC is T¢ (0), where 0 is the heading of the ego vehicle. We
use a left-sided superscript {G,L,V} to indicate the reference
coordinate system of a variable, e.g., v means velocity v of
the ego vehicle in F¢; for brevity, we omit the superscript if
the coordinate system can be inferred from the context.

C. Reachability Analysis

As motivated in Sec. I, we use reachability analysis for
identifying driving corridors. We therefore describe the dy-
namics of the ego vehicle with the discrete-time linear system
TR.k+1 = Arar r + Brug,;. Before introducing the one-
step reachable set of the ego vehicle dynamics, we define the
set Fy of forbidden states.

Copyright (c) 2020 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.

29



Appendix A Reproduction of Publications

60

This is the author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.

The final version of record is available at

JOURNAL OF XX, VOL. XX, NO. X, MONTH YEAR

Fig. 2: The shape of the ego vehicle is approximated by three circles with
center cgj), 7 € {1,2, 3}, to obtain collision avoidance constraints.

Definition 1 (Set of Forbidden States) The occupied space
of the ego vehicle in state xR i, is denoted by GQ(:CR,;C) c R?
and the set of occupied positions of all obstacles (e.g., other
cars and pedestrians), as well as the space outside the road
by €Oy. The set of forbidden states at time step k is

Fr={ork € Xri | *Qari) N0k #0}.

Definition 2 (One-step Reachable Set) The initial reach-
able set is Rzn = XR , Where Xp 1, is the set of initial
states of the ego vehicle including measurement uncertainties.
The one-step reachable set Rj | is then defined as the set
of all states that can be reached from an initial set of states
Ry, € Xr . within one time step without intersecting Fi11:

Ryy1 = {3?72,1@“ € AR ky1 | IRk € Ry, Jupr EUR:

IRl =ARTR k- +BRUR K N TR g1 ¢ ]:k+1}~

Before defining the drivable area representing the collision-
free, reachable positions of the ego vehicle, let us introduce
the projection operator proj(x).

Definition 3 (Projection) The operator projs(x) maps the
state © € X to its elements ¢, e.g., pr0j<m11m3)(x) =
(m1,m3)T for x = (m1,ma, m3)T. Using the same notation,
we project a set of states X : projo(X) = {projo(x) |z e x}.

Definition 4 (Drivable Area) We obtain the drivable area
D}, of the ego vehicle as the projection of its reachable set
R}, onto the position domain: D}, = proj,. , (Rf)-

The superscript e of R}, and D} denotes the exact reachable
set and drivable area, respectively. However, it is generally
computationally intractable to compute the exact reachable set
of a system [62]. For this reason, we aim to compute accurate
approximations Ry ~ R} and D; = Dj (see Sec. IV).

D. Convex Trajectory Planning

For trajectory planning, we describe the kinematics of the
ego vehicle along I'(s¢) using the rear axis center as the
reference point, e.g., as shown in [29], [30]. In principle, the
reference point can be chosen differently; however, our choice
has the advantage that the slip angle can be assumed to be
zero at low speeds and generally neglected at high speeds
[29]. To formulate our trajectory planning problems as convex

http://dx.doi.org/10.1109/TIV.2020.3017342

optimization problems—which can be efficiently solved with
global convergence [24]—we separate the longitudinal and
lateral motion of the ego vehicle.

Following [29], we assume that the orientation 6 of the
ego vehicle is close to the reference path’s orientation fp(s¢),
consequently, the trigonometric functions can be approximated
as sin(A) ~ A and cos(A) ~ 1, and s,xr(s¢) < 1. In this
way, we linearize the kinematics of the ego vehicle as in [29]:

cos (0 — Or(s¢))
1= syrr(sc) " @
Sy =wsin (6 — Op(s¢)) = v(0 — Or(s¢)). 3)

Using (2) and (3), we can derive discrete-time linear systems
of structure (1), which is detailed in [29], [30] and Sec. VII-A.

To model collision avoidance for the full-dimensional ve-
hicle, we over-approximate its shape by three circles with

equal radius r similar to [29], [30], [63]. The centers cg),

1 € {1,2,3}, of the circles are selected such that cé,l) and c,(f)
coincide with the rear and front axis centers, respectively (see
Fig. 2). The distance between the centers of adjacent circles
is ¢/2, where { is the wheelbase. With this, we formally define

the longitudinal and lateral trajectory planning problems.

~
~

S¢ =0

Definition 5 (Longitudinal Trajectory Planning Problem)
The longitudinal trajectory planning problem is to
minimize the convex cost function Jion(Tion,Ulon) for

all k € {ko,...,ky}:
Iv_ILlin Jlon (Ilon’ Ulon) (43.)
lon
St Tionk+1 = Alon,k Tlon,k + Blon,k Uionk; (40)
Ulon,k € ulon,/m Tlon,k € -)(lon,lw (d0)
5S¢, k+1 < projsc(xloﬂqk‘i'l) < SCk+15 (4d)

where (4b) describes the longitudinal dynamics of the ego
vehicle subject to the convex constraints (4c)-(4d). The linear
constraint (4d) models collision avoidance, where s¢ ) =
projs<(xlo,,,k) is the longitudinal position of ch) (see Fig. 2).
The minimum and maximum bounds on s¢ . are denoted by
Sc i and S¢ i, respectively.

Definition 6 (Lateral Trajectory Planning Problem)

Given that the longitudinal trajectory Xion is obtained a
priori by solving (4), the lateral trajectory planning problem
is to minimize the convex cost function Jiat(Z1at, Wiat) for all

ke {ko,... kr}:
1311131 Jat (Z1at, Ulat) (5a)
St Tlatk+1 = Alat k Tlat k + Blat k Ulatk,  (5b)
Wat,k € Ulatk,  Tlat,k € Xat ks (¢)
vie{l,2,3}: Cl;:}rl Sdlgill($1at,k+1,Zlon,k+1)§85ci4)—17 (5d)

where (5b) describes the lateral dynamics of the ego vehicle
subject to the convex constraints (5¢)-(5d), and Tion 1 € Xion.
To model lateral collision avoidance, we introduce the lateral
distance dg) (@1at, k> Tion,k) Of the i-th circle’s center to T'(s¢ 1)
at time step k (see Fig. 2) and restrict the minimum and
(2)

maximum deviations d;’ and 3,(;) from T'(s¢ k), respectively.

Copyright (c) 2020 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.
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E. Problem Statement

The drivable area Dy, is used to explore the collision-free
solution space for trajectory planning. However, the drivable
area is generally non-convex and may be disconnected due to
the presence of obstacles (see Fig. 3a), which renders the direct
usage of the drivable area unsuitable to obtain bounds for the
convex collision avoidance constraints (4d) and (5d). To over-
come this issue, we determine driving corridors that are subsets
of the drivable area, particularly, a driving corridor for the
longitudinal and lateral trajectory planning problems referred
to as longitudinal and lateral driving corridor, respectively. To
this end, we exploit that the projection of a connected set
C C R? onto either the longitudinal or lateral position domain
yields an interval from which we can obtain the bounds in
(4d) and (5d).

Definition 7 (Connected Set [64]) A set C C R? is con-
nected if there do not exist open sets Wi, Wy C R? such that
W1 U W, contains C and with C N\ Wy and C N W, disjoint
and non-empty.

A longitudinal driving corridor is composed of connected sets
(see Fig. 3b).

Definition 8 (Longitudinal Driving Corridor) A longitudi-
nal driving corridor Copn is a sequence of connected sets
Ci. C Dy, over time steps k € {ko,..., ks}. We refer to the
longitudinal driving corridor at time step k as Cion -

A lateral driving corridor is also composed of connected
sets. However, a connected set may have holes, e.g., C'/I(c1>
in Fig. 3b; thus, the passing sides for obstacles may be
ambiguous. Therefore, we demand that lateral driving cor-
ridors must provide a single passing side for each obstacle
at the longitudinal positions proj, ((xlOTL %) of the longitudinal
trajectory Xjo, (see Fig. 3d).

Definition 9 (Lateral Driving Corridor) A lateral driving
corridor Clat is a sequence of connected sets C, C Dy, over
time steps k € {ko,...,k¢}. For each Cy, it must hold that
{sui | (8¢ ks k)T €Cry scle = Proj, (Zion,k)s Tion,k € Xion}
is a non-empty interval (unique passing side at proj, C(mlon,k),
see Fig. 3d). We refer to the lateral driving corridor at time
step k as Ciag k-

The goal of this work is to present an efficient algorithm to
extract longitudinal and lateral driving corridors according to
Def. 8 and 9 from the drivable area. Furthermore, we elaborate
on the extraction of collision avoidance constraints for the full-
dimensional vehicle using the proposed driving corridors.

III. FRAMEWORK

Let us introduce our motion planning approach summarized
in Alg. 1 using the scenario in Fig. 3, in which the ego vehicle
approaches a construction site and a pedestrian. Our motion
planning approach is integrated between the behavioral layer
and the control layer of the ego vehicle, e.g., see planning
framework in [11]. We assume that our method receives as
input the environment model including the admissible lanes
leading to the specified target, a desired reference path through

http://dx.doi.org/10.1109/TIV.2020.3017342

I drivable area Dy, prediction

7] o

(a) Computation of the drivable area for consecutive time steps k. We depict
the drivable area Dy, at time step k.

projs (Clon k)

(b) Identification of the longitudinal driving corridors Cloy, as a time series
of connected sets. We depict the longitudinal driving corridor Clop 1, = C,(Cl)

at time step k.

sn tprojst(ﬂ%n,k(J ) pIOjstizl()n,k) pr(ijs,:(xlon,kf )

| T s:
pro.]sc(clon,k)

(c) Optimization of the longitudinal trajectory Xjo, subject to the longitudinal

position constraints obtained from the longitudinal driving corridor Ciop,.

@B Cuox=

projs (Z1on k)
(d) Identification of the lateral driving corridors Ci,¢ as a time series of
connected sets with unique passing side. We depict the lateral driving corridor
Clat,k = 5 at time step k.

projs (Z1on k)
(e) Optimization of the lateral trajectory X, subject to the lateral position
constraints obtained from the lateral driving corridor Ci,¢.

Fig. 3: Motion planning with reachable sets.

the road network, and all safety-relevant traffic participants
and their predicted future behavior. Our algorithm outputs a
reference trajectory for the ego vehicle that is passed to a
vehicle controller.

As a first step, we compute the one-step reachable sets of
the ego vehicle for consecutive time steps (see Alg. 1, line 2)
and store them in a data structure G (see Sec. IV). Since our
trajectory planner requires position constraints to determine
drivable trajectories, we project the reachable set onto the
position domain to obtain the drivable area (see Fig. 3a).

We continue with identifying possible longitudinal driving
corridors within the drivable area according to Def. 8 (see
Alg. 1, line 3). The drivable area Dj, can be disconnected, e.g.,
C ,(Cl) is not connected with C, ,i” in Fig. 3a, since its computation
requires the removal of colliding states (see Def. 2 and 4).
Because of this, there may be multiple longitudinal driving
corridors (stored in a data structure Ge jon, see Sec. V). We
select a suitable one for trajectory optimization by ranking
the longitudinal driving corridors according to a user-defined
criterion (see Alg. 1, line 4). The highest-ranked driving
corridor Clon, €.8., Cion,i in Fig. 3b, is selected for planning
the longitudinal trajectory Xjo, as proposed in Sec. II-D (see
Alg. 1, line 5). If the optimization problem is infeasible, we
select the next available longitudinal driving corridor. The

Copyright (c) 2020 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.

61



Appendix A Reproduction of Publications

62

This is the author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.

The final version of record is available at

JOURNAL OF XX, VOL. XX, NO. X, MONTH YEAR

Algorithm 1 CONVEXTRAJECTORYPLANNING
Input: set of initial states X'z ,, set of obstacles Oy for ko to kj
Output: longitudinal and lateral trajectories Xion and Xjat
I: Xlozn Xlat — (Z)
2: Gr < COMPUTEREACHABLESET(XR kg, Or)
3: Ge,lon < IDENTIFYCORRIDORS(GR)
4: for all Co, in Ge 1on.ASSESSCORRIDOR( ) do
5 Xlon < LONGITUDINALOPTIMIZATION(C)on)
6 if Xion # 0 then
7: G lat < IDENTIFYCORRIDORS(GR, Xion, Clon)
8
9

for all C.; in Gc 1at.-ASSESSCORRIDOR( ) do
Xjat ¢ LATERALOPTIMIZATION(Clat, Xion, Clon)

if X1t # 0 then
11: return Xion, Xiat
12: end if
13: end for
14: end if
15: end for

longitudinal trajectory Xjo, (see Fig. 3c) is used to identify
lateral driving corridors (see Alg. 1, line 7).

Analogous to longitudinal planning, multiple lateral driving
corridors may exist (stored in a data structure Ge ia¢, see
Sec. V). We also rank them according to a user-defined
criterion (see Alg. 1, line 8). The highest-ranked lateral driving
corridor Ciy, €.8., Clat,x in Fig. 3d, is used to optimize
the lateral trajectory Xj,¢ as proposed in Sec. II-D (Alg. 1,
line 9). If the optimization problem is infeasible, we use the
next available driving corridor Cj,¢ to obtain Xj,¢. If the
optimization is successful, the final trajectory is returned (see
Fig. 3e and Alg. 1, line 11). Trajectories can be planned for
each available driving corridor as long as time permits. Thus,
it is possible to obtain several maneuver options to choose
from. In the rare event that no drivable trajectories are found,
we always keep a fail-safe trajectory available [30], [65].

IV. REACHABLE SET COMPUTATION

After presenting the vehicle model for reachability analysis
in Sec. IV-A, we introduce the representation of reachable sets
(see Sec. IV-B) and our proposed algorithm (see Sec. IV-C)
inspired by [9].

A. Vehicle Model for Reachability Analysis

We deliberately select a simple but realistic dynamic model
for the reachable set computation to reduce computational
complexity. The dynamics of the ego vehicle are described
by two second-order integrator models in the curvilinear
coordinate frame F™ with Lc,(c1> as the reference point (see
Fig. 2). The state zr = (s¢,v¢, 8y, vy) 7 is composed of the
position s and velocity v in the longitudinal {-direction and
the lateral n-direction. The input ug = (ac,a,)T is given by
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the acceleration a in (- and 7-directions. Adding bounds on
the accelerations and velocities, the dynamics are

LAt0 0 1AL2 0
_foroo ) At 0 )
TREFL= g 0 1 At | TR+ 0 1ag|URHe
0001 0 At
Ve SV STV, Uy S Vpi < Up, (6b)
ac < ag¢ k < ac, a, < Gy < Qy). (6¢)

The formulation of the dynamics in F' makes it possible
to consider speed limits and to avoid driving backwards. This
entails that model (6a) deviates increasingly from a real vehicle
for larger curvatures xr(s¢), e.g., the ego vehicle would be
able to make a turn with an arbitrarily high velocity. However,
we compensate for this by setting appropriate constraints
(6b)-(6¢), e.g., we use a conservative parametrization of the
admissible accelerations and velocities.

B. Reachable Set Representation

To improve computational efficiency, the reachable set (see
Def. 2) of (6) is approximated by the union R of base sets
Ry = 73;])C X Pf]f;c, i € Np, which are the Cartesian products
of two convex polytopes Pézl)f and 737(113f in the (s¢,v¢) and
(sy,vn) plane (see Fig. 4e), respectively [9]. Hence, each
base set represents pairs of reachable positions and velocities.
We select polytopes for the representation of the reachable
set, because the required set operations can be efficiently
performed on polytopes. The projection of sets Rg) onto
the position domain yields axis-aligned rectangles D,iz) (see
Fig. 4a) whose union represents the drivable area Dy (see
Def. 4).

C. Algorithm

The initial base set R;;;) encloses the set of initial states
XRr 1, of the ego vehicle including measurement uncertainties,
such that X 1, C R,(;;) The reachable set R of consecutive
time steps is computed as explained below and illustrated in
Fig. 4. To simF_lify the notation, we also denote the collection
of base sets sz) with R, (not only the union of base sets), i.e.,
Ri = {R;O),R;U,...}. Similarly, we simplify the notation
for the drivable area Dy, )

1) Forward Propagation: The base sets Rg’) € Ry, of time
step k (see Fig. 4a) are propagated forward in time according
to the system model (6) considering all admissible inputs.
The forward propagation is computed similarly to [9] and
a detailed description can be found in the Appendix A. We
denote the propagated reachable set with RY"%, and refer to
the propagated drivable area as D", see Fig. 4b.

2) Re-Partitioning: With the aim to reduce the number of
axis-aligned rectangles, the propagated drivable area D} is
merged and re-partitioned into a set D;‘ff of new axis-aligned
rectangles with disjoint interiors using sweep line algorithms
[66] (see Fig 4c). To avoid generating a large number of new
axis-aligned rectangles with only slightly displaced edges, we
enlarge each propagated set Dzr:f(” to a grid prior to merging
and re-partitioning as presented in [9] (see Fig 4c).
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(e) Creation of base sets (f) Update of reachability graph

Fig. 4: Steps in the reachable set computation.

3) Removal of Forbidden States: The forbidden positions
are removed from szff to obtain only collision-free con-
figurations of the ego vehicle as shown in Fig. 4d. Since
D;}j:f \ projs cysn.)(f’““) cannot be represented by axis-
aligned rectangles in general, we under-approximate the result
by Dj+1. The under-approximation ensures that the remaining
drivable area Dy is collision-free. A detailed description of
this computation step is provided in Sec. IV-D.

4) Creation of Base Sets: The reachable set Ry is ob-
tained by determining the reachable velocities for the collision-
free drivable area Dy (see Fig. 4e). From the propagated
base sets Rzrﬁ’(l), we can determine the velocities for which
the ego vehicle reaches a set of positions D,(jll. After intro-

ducing the set overlap(D,(CJll) ={ieNg]| HRiﬂ:f(i) € RV

D,i,jll N proj(sé’sn)(RZ:?f(i)) # ()}, the new polytopes Péf,ﬁ_l
are
P(j ) = convexhull U ﬁ(i)
Ck+1 Ck+1 |

iEovcrlap(D,(CjJr)l)
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with
58 1 = PR N {(Zg) eR? ]s< > inf (px‘o.is§(D;ij+)1)) ;
s¢ <sup (pI’OjSC(Dl(fL))} :
737(7]2 41 is determined similarly. Note that we compute the

convex hull to ensure that we obtain convex polytopes.

5) Update of Reachability Graph: The base sets Ry} are
stored in a directed graph Gr to trace back the temporal and
spatial sequence of reachable states (see Fig. 4f). In Gr, each
base set R;fll is assigned to exactly one node and an edge

(9)

indicates that R} 1 is reachable from RS) for consecutive

(4)
ij+1’ ) —

projs wn)(RS))). Note that a set 72](;) may reach several sets

time steps (this also holds for Dl(f) and since D](:

Rk] "1 in the next point in time.

D. Removal of Forbidden States

To remove the forbidden states (see Fig. 4d), we need to
consider the occupancy Q(zx ) of the ego vehicle that is
over-approximated by three circles with radius r (see Sec. II).
Let us therefore introduce the Minkowski sum of two sets W,
and Wy as W) @ Wy = {wy + we|wy € Wy, wy € Wha}.
By dilating the occupancies °O), with a circle with radius
using the Minkowski sum, it is sufficient to test only Gc,(:),
1 € {1,2,3}, for collisions [63]. To determine the center Gc,(:>
of the ¢-th circle for Lc;,l) = (8¢, 8n.k) T, We assume that the
heading 6}, of the ego vehicle is aligned with Or(s¢ x):

)+ 28 Ontsca (

i—

Ly
2o
Computing (7) for all (s¢ ,s,x)7 € D" to determine
the collision-free drivable area is intractable, since the trans-
formation matrix Ty (0r(s¢,x)) continuously varies along the
reference path T'(s¢) with changing s¢  (see Fig. 5a). To re-
duce computational complexity, we strictly over-approximate
the reachable positions of centers Lc,(? by enlarging each
szrt(q) € DiP** with a rectangular shape A° (see Fig. 5b):
DF =t(2) &3 A€, The size of A depends on the local curvature
kr of the reference path and szrt('”; however, we omit the

i 8¢,
) = T (sc) (;k

;s

[ 1 _________

t €

Sn szr Q)EB.A
SC S(

(a) Occupancy ¢Q of the e%o vehicle (b) Reachable positions of centers

1)
c

&
G . rpr . .
szrt(fI) given that 6 = Op(s¢ ). enlarging D;” t(9) with A€ in FL.

for an arbitrary position €c; ’ within chj)

Fig. 5: Consideration of the shape of the ego vehicle in the reachable set
computation.
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dependency in the notation for brevity. A detailed explanation
on the computation of A® is given in the Appendix B.
Using A°, the removal of forbidden states from D;*™" can
be either performed in the global coordinate frame FG or in
the curvilinear frame F. As a result, we under-approximate
P\ proj, c.s,)(Fi) with a new set of axis-aligned rectan-
gles Dy, such that for all D,s,]) € Dy: DI(C]) @ A° is collision-
free.

V. IDENTIFICATION OF DRIVING CORRIDORS

After introducing necessary preliminaries, we elaborate on
the identification of longitudinal and lateral driving corridors.

A. Preliminaries

As stated in Def. 8-9, a driving corridor is a temporal se-
quence of connected sets in the position domain. We denote the
n-th connected set at time step k by C,im {D J )
n € N (see Fig. 3a). To determine longitudinal and lateral
driving corridors, we create corresponding graphs G¢, in which
connected sets C,(Cn) are stored as a node denoted by n(C,(Cm).
An edge between nodes n(Cé")) and n(C,E’ﬂ) in Gc indicates
that at least one set D,(Ci’) € C,(Cn> reaches a set D,(cjll € C,(CT}
n)

within one time step so that the connected set C,(C reaches
C,(Jﬂ A path in G from ky to ky is a possible driving corridor.

B. Longitudinal Driving Corridors

Alg. 2 identifies longitudinal driving corridors backwards in
time using the reachability graph Gr. Let us first explain the
procedure, afterwards we apply it to the example in Fig. 6:
we obtain the drivable area Dy, of the final time step kj
(see Alg. 2, line 2) through the reachability graph Gr. As an
option, we can exclude states of the reachable set beforehand
to constrain driving corridors to end in a predefined set of
terminal states (e.g., a standstill in safe areas). Then, we

identify connected sets C,(CT:) within the drivable area Dy, using

a sweep line algorithm [67] (see Alg. 2, line 6). For each C,(J;),

we add a new node n(Cgfl)) to Ge (see Alg. 2, line 7) and
determine the temporally preceding connected sets by calling
the FINDPATHS function (see Alg. 2, line 8).

The FINDPATHS function updates graph G¢ by determlmn%
connected sets C’,c 1» 8 € N, reaching the provided set C
within one time step (see Alg. 2, lines 11- 22) To this end, we
obtain the union of parents Dp*'7"* {Dk 17D,E,’l)17 ...} for
all provided sets D,(C” C,(Cn) through the reachability graph
Gr (see Alg. 2, line 12). Next, we also cluster the parent sets
DP 1 connected sets CL*), (see Alg. 2, line 16). For each
connected parent set C,(Csjlz

) is added to G¢ (see Alg. 2, line 17),
2) an edge from n(CISS)l) to n(C<")) is created to store the

fact that C 1 reaches C(") (see Alg. 2, line 18),
3) the FINDPATHS functlon is called (see Alg. 2, line 19).

The FINDPATHS function terminates as soon as all paths from
the provided set C;, (n) to the initial set C,(Cllj) are found. One may

1) a new node 11(61(21
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Algorithm 2 IDENTIFYCORRIDORS

Input: reachability graph Gr

Optional Input: X),, and Cion to obtain lateral driving corridors
(otherwise longitudinal driving corridors are obtained).

Output: graph Gc containing possible driving corridors

1: Ge INIT( )

2: Dkf < GR.DRIVABLEAREA(ky)

3: if Xion # 0 then > only for lateral driving corridors
4: Dy, « EXCLUDESETS(Dk ;, Xions Clon)

5: end if

6: for all C,(;f‘) in CONNECTEDSETS(Dx,) do

7: Ge. ADDNODE(n(C(")))

8: Ge + FINDPATHS(gR, Ge, €™, Xion, Clon)
9: end for

10: return Ge

11: function FINDPATHS(GR, Ge, C, Xlon, Clon)

(n

122 DY o Gr. GETPARENTS(C
13: if Xion # 0 then > only for lateral driving corridors

14: DR ¢ EXCLUDESETS(DR™" ™, Xion, Cion)
15: end if

16:  for all C*), in CONNECTEDSETS(DF™* %) do

17: gc.ADDNODE(n(C,iﬂ)l))

18: gc.ADDEDGE(n(C,(le), n(C,i")))

19: Ge < FINDPATHS(GR, Ge, C,(c‘i)l,Xlon, Cion)

20: end for

21: return Gc
22: end function

23: function EXCLUDESETS(D};, Xion, Clon)
24: D + D, N Clonk

25: Dj, < FILTER(D},, Xion-AT(K))

26: return Dj,

27: end function

also set a timeout or other criteria for early stopping, e.g., a
maximum number of driving corridors.

Example At time step k=2, the connected sets are Cél),
C(2 , and C2 3) (see Fig. 6b). Let us assume that FINDPATHS is
invoked with C$?). The obtained parents of Cy 2 are 7_7pammq =
{Dlo)7 . 2))} (see Fig. 6a-6b) that are partitioned into two
connected sets CV and C§ (see Fig. 6b). Assume that we
continue with C§1 : we first add the node n(C§1)) to Ge (see
Fig. 6¢), followed by creating an edge from n(C{l)) to n(CéQ)).
Then, the FINDPATHS function is first invoked for C;l). After
the FINDPATHS function terminates for Cﬁl), it is invoked for
Cf), Eventually, we obtain the paths (Cél),Cil),Céz)) and
(Cél),sz),Cf))for C£2) (see Fig. 6c).

C. Lateral Driving Corridors

Lateral driving corridors are obtained in a similar way to
longitudinal dr1v1n§ corridors using Alg. 2, but with the ad-
dition that sets D are removed (see Alg. 2, EXCLUDESETS
function, lines 23 27)
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Fig. 6: Identification of longitudinal driving corridors. (a) Example of a
reachability graph Gr. We only depict nodes and edges that are relevant
for our example. (b) Corresponding drivable area (gray rectangles) of the ego
vehicle for different time steps k. As an example, we highlight sets ij in
dark gray that are part of a longitudinal driving corridor reaching C. (2 atk Iz
(c) Excerpt from the graph Gc. We only show paths that end in C22).

Al) that are not part of the longitudinal driving corridor
Clon (see Alg. 2, line 24), ,

AZ) for which projsg(l‘lon,k) ¢ projsC(,D](;))a Llon,k S Xlons
holds (see Alg. 2, line 25).

Addition A1l ensures that each identified lateral driving corri-
dor is a subset of the longitudinal driving corridor. Since we
do not update the reachability graph Gr for computational
efficiency, all parents, including those that are not part of
the longitudinal driving corridor, are returned in Alg. 2, line
12. Addition A2 ensures that we obtain connected sets with
a unique passing side at all states i, of the longitudinal
trajectory Xjon.

Example We continue the example in Fig. 6. Let us assume
that the selected longitudinal driving corridor is Cion =
(Cél),Cgl),ng)). In Fig. 7, the longitudinal positions of
Xion are highlighted. For brevity, we only concentrate on
the modifications in Alg. 2 for determining lateral driving

http://dx.doi.org/10.1109/TIV.2020.3017342

S
' HES
0 2
| |p?)
(0)
D,
[ 0 tgo) ,Dél)
D

Projs (Z1on,0)

ko =0

projs (Z1on,1) projs (zion,2)

B=1 kp =2

Fig. 7: Identification of lateral driving corridors. As an example, we highlight
sets D,(j) in dark gray that are part of the lateral driving corridor reaching
Déo) at the final time step k.

corridors: at time step ky =2, the connected sets C;l) and
Cég) are removed as they are not part of Cyoy, (addition Al,
see Fig. 6b). We also exclude Dél) from C§2> due to addition
A2 (see Fig. 7 and Alg. 2, line 4). Then, the FINDPATHS
Sfunction is invoked from {Dg))}. The parent sets of Déo) are
pparents — {D§O>,D§l),D£2),D§4)} (see Fig. 6a). We remove
D]@ and {Dg()),DgQ)} due to addition Al and A2, respectively
(see Fig. 7 and Alg. 2, lines 13-15).

VI. DETERMINING COLLISION AVOIDANCE CONSTRAINTS
FROM DRIVING CORRIDORS

The longitudinal trajectory planner (see Def. 5) optimizes
the longitudinal motion of the ego vehicle along the reference
path I'(s¢), i.e., Vk : 6) = Or(s¢x) and s, = 0. The lateral
trajectory planner (see Def. 6) optimizes the lateral motion
of the ego vehicle, so that the ego vehicle is able to deviate
from the reference path, i.e., for some k, it may hold that
O # Or(sck) or sy # 0. To guarantee collision avoidance,
we constrain all possible trajectories of the ego vehicle to stay
within the longitudinal and lateral driving corridor Co, and
Clat, Which is described below.

A. Longitudinal Constraints

Longitudinal collision avoidance is realized by enforcing a
minimum and maximum bound s, , and ¢, on the longitu-
dinal position s¢ j of the reference circle chcl) (center of rear
circle, see Fig. 2) at each time step k. As the shape of the ego
vehicle is considered during the reachable set computation,
we conclude that the ego vehicle is collision-free if Lc,(v1> is
located within the drivable area Dj,. Since Clon,i C Dy, we
obtain s ; and 5¢y for the longitudinal position constraint
(4d) from the longitudinal driving corridor Cley :

sei = inf {proj (Clons) |, 5 = sup {proj, (Cion)} -

B. Lateral Constraints

To model lateral collision avoidance, we introduce the
linearized lateral deviation dg) of the i-th circle’s center to
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the reference path at time step k& (see Fig. 2):

i 1—1 .
df) = s+ = (0 = Or(proj, (@ons))) . (®)

where Z1oy 1 is the k-th state of the longitudinal trajectory Xjo,
and 7 € {1,2,3}. We are able to guarantee collision avoidance
in the lateral direction by limiting the deviation (8) of centers
Gcgcl) at each time step k (see (5d)). Below, we assume that
0, = GF(projSC(xlon,k)) to obtain the limits on (8). Note that
the limits obtained are still valid for 0y # Or(proj, (2ion,k))
due to the small-angle approximation (see Sec. II). Below, we
use these findings to obtain the admissible lateral deviations
for the circles cl”, i € {1,2,3}.

1) Admissible Deviations for Reference Circle: Using a
similar reasoning as for the longitudinal position constraints in
Sec. VI-A, we obtain the minimum and maximum admissible
deviations d](:) and Ekl) of Gcg) from the reference path I'(s¢)
directly from Cl,s. Figuratively speaking, we move the ego
vehicle perpendicular to the reference path at proj‘qc(zlonyk)
and determine all positions of the lateral driving corridor Clat k

intersecting with Gcél) (see Fig. 8a):

. . =(1 .
d;cl) = inf {prO‘]SW(Clat,k)} , d,(C ) = sup {prOJS"(C’lat,k)} .

2) Admissible Deviations for Center and Front Circles: The
maximum and minimum admissible deviations gl,(:) and E,(;),
i € {2, 3}, for the center and front circle cannot be extracted
directly from the lateral driving corridor Cl,;. The reason is
that Cla¢, 1 only contains collision-free, reachable positions of
ch) in the neighborhood of projsg(:rlon,k), Zlon,k € Xion (see
addition A2 in Sec. V-C). Thus, ¢ (2) and ¢ (,3 ) may be even

located outside of Clat , (see Fig. 8a) Yet, we can set the
(i) (1)

bounds dgj) and d;, i € {2,3}, to d(kl) and d), *, respectively,
since we have already considered the shape of the ego vehicle
in the reachable set computation (see Sec. IV-D) for 6, =

01" (projsc(xlon,k ) ) .

T'(s¢)

0 Droj. (z1on,1)

sC

B Chat,k

(1)

(a) Admissible deviations d;’ of cen- (b) Admissible deviations d( ) of cen-

ter c( ) from I'(s¢) are determined ters c(l) i € {2,3}, from F(SC) are
with the lateral driving corridor C,¢. determmed with Clop.

Fig. 8: We obtain the minimum and maximum admissible deviation d(l)

d(.) through driving corridors Cloy and Clag.
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However, this choice might be overly conservative for large
time steps k, since we restrict the limits gl,(j) and E,(:), i €
{2, 3}, to the bounds of dg). We aim to use the longitudinal
driving corridor Cy,, to extend the deviation limits of the
center and front circles based on the following observation: the
connected sets of the longitudinal driving corridor Cj,, usually
increase in size for greater time steps &k (since more states are
reachable), so that cfc), Lc,(j) € Clon,i for chcl) € Clat k-
We can infer that the center and front circle are collision-
free within Ciop 1, since a circle with radius 7 is guaranteed
to be collision-free in the longitudinal driving corridor (see
Sec. IV-D). We therefore continue with the determination of
the admissible deviations from the reference path for which
the center and front circle are contained in the longitudinal
driving corridor.

Let us introduce the normal vector 7(proj, (ion,k)) of
the reference path at the longitudinal position proj, ((xlon'k).

(@)

We further introduce the straight line g,.” that is parallel to

n(proj, (T1on,k)) passing through cé), where Gcg) is the
Cartesian position of the circle centers if the ego vehicle is
located on I'(s¢) at proj, (ionk) (see Fig. 8b). The point
Gé(l) is obtained with (7) for © ( ) — (prOJs<($1OIl £),0)T. The
distances from c( 7 1o all posmons in Clon,; intersecting g( 9
are:

distance

y}gi) = {Tl(projsg(wlon,k))T <Tf (SC’k) <S§,k) ; Gééi)) © R‘

Sn,k

S¢.k G 5S¢,k (1)

intersection points

If y“) = (), there exist sets ’D,(cj ) € Cion, intersecting g,(j) ]
F¢ (see Fig. 8b, g,(f)). We unify the intersection distances y,ﬁ”

to intervals I,EZ; q € Ny, as illustrated in Fig. 8b, and consider

only those intervals I,(;ZI where [d;, (1) d(l)] n I,ilzl # (). The
collection of the intervéls considered is denoted with Iéi). As
illustrated in Fig. 8b, interval 21522) is omitted and we only
consider intervals I,(c o and Z(z) ie, 7V? = {I,(fg,Z,in)} The
deviation limits are then determmed by

=(1)

@, d = a0, a3 U O, Qe {2,3).

VII. EXPERIMENTS

After introducing implementation details in Sec. VII-A,
we validate the drivability of our planned motions by real-
world experiments in Sec. VII-B. In Sec. VII-C, we compare
our method to motion planners based on discretization and
continuous optimization. Subsequently, we demonstrate that
our approach works in arbitrarily complex scenarios. A video
of the experiments is attached to this paper.

A. Implementation Details

Our approach is implemented partly in Python and C++ on
a computer with an Intel Core i7-6700HQ CPU and 16 GB of
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memory. We use the CommonRoad benchmark suite to model
our scenarios [68]. The assessment criteria for driving corridor
selection can be chosen arbitrarily. In this work, we select the
paths in Ge with the greatest cumulated area of connected
sets, since connected areas of greater size generally yield less
restrictive position constraints for trajectory optimization.

For longitudinal and lateral trajectory planning (see Def. 5
and 6), we apply the approach presented in [30], where system
(4b) is a fourth-order integrator model with jounce as input
and bounded velocity, acceleration, and jerk. System (5b) is
a linearized kinematic single-track model with constraints on
the steering actuators. We select a quadratic cost function for
both the longitudinal and lateral optimization. The longitudinal
cost function .Jj,, punishes deviations from a desired velocity,
high accelerations, jerk, and inputs. The lateral cost function
Jiat minimizes the lateral distance to F(SC), deviations from
Or(s¢) and kr(s¢), as well as high curvature rates and inputs
to obtain smooth trajectories.

B. Drivability of Planned Motions

We have integrated our approach in a BMW 7-series test
vehicle and applied it online to determine the driving corridor.
Fig. 9a illustrates the real-world scenario with two lanes,
in which we placed a static obstacles O; and a simulated
pedestrian Oy in the driveway of the vehicle. The obstacles
are detected by LiDAR sensors and we use the set-based
prediction SPOT [69] to predict the future motion of the
pedestrian over time. Note that the prediction method can be
replaced and is not part of our algorithm.

Fig. 9b shows the drivable area at the final time step, from
which we infer that two maneuvers exist: a) stopping in front
of the pedestrian, and b) swerving. The trajectory that ends in
front of the pedestrian and its driving corridor are visualized
in Fig. 9c. The swerving trajectory is illustrated in Fig. 9d,
in which the vehicle first passes the pedestrian Oz on the left
and then evades the static obstacle O; by changing to the
original lane. Fig. 9e shows the drivable area of the scenario
at t30 = 6.0s. Even though the solution space is exceedingly
small, we are able to detect even narrow passageways by
using reachable sets for driving corridor identification. This
is of utmost importance in safety-critical scenarios, in which
evading may be the last possible feasible maneuver. Even
though our approach uses different models for the reachability
analysis and trajectory planning, we obtain drivable trajectories
as illustrated in Fig. 9f and 9g, which show the nominal
and measured velocity and curvature profiles of the executed
double lane change maneuver.

C. Comparison

1) Sampling-based Motion Planner: We compare our
method with a popular sampling-based trajectory planner
presented in [15] on the previous scenario to demonstrate
the efficacy of our method to detect narrow passages in the
solution space. The motion planner in [15] samples a finite set
of trajectories that connect the initial state of the ego vehicle
with different goal states. The longitudinal and lateral motions
are planned separately using quartic and quintic polynomials

http://dx.doi.org/10.1109/TIV.2020.3017342

ego b O

vehicle

L)

= O,
(a) Initial scenario with a static obstacle O and a pedestrian O3 at t = 0's.

(b) Drivable area Drq

- TG,

(c) Planned trajectory that ends in front of the pedestrian and the correspond-
ing driving corridor Cl,t¢.

R R T TR R d

(d) Planned evasive trajectory and the corresponding driving corridor C,y at
to7 = 5.4s.

R

(e) Small solution space within the drivable area D3 at t30 = 6.0s.

. predicted motion of O3
T el EIT

at the final time step t7g9 = 14s.

1)

&

o)

b

15 1 o
7104
w
£ 5 — nominal
= * measured
0 T T T T T
0 2 6 8 10 12
t[s]
(f) Nominal and measured velocity profile.
0.02 =
— nominal
— * measured
1
g 0.00
€
-0.02 T T T T T
2 4 6 8 10 12
t[s]

(g) Nominal and measured curvature profile.

(h) Images of the vehicle tests with a BMW 7-series.

Fig. 9: Validation of our approach on a BMW 7-series test vehicle (scenario
ZAM_Urban-8_1_S-1:2018b).

in F™. The Cartesian product of all longitudinal and lateral
motions yields the set of candidate trajectories that are checked
for drivability and collisions. Due to the pre-defined s-shape of
the trajectories of the sampling-based planner, a double lane
change maneuver that is similar to the one of our method
(see Fig. 9d) can only be planned in an anticipatory way. We
therefore remove the static obstacle O; and aim to sample at
least one feasible trajectory that evades the pedestrian, which
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TABLE I: Parameters for Sampling.

scenario  goal state min. value max. value step size
baseline ¢ in [s] 0.40 10.0 0.20
& critical ~ d®) in [m)] —4.00 4.00 1.00
baseline  w¢ in [m/s] 6.00 18.00 1.5
critical ve in [m/s] 6.00 18.00 0.2

is particularly challenging due to the small solution space (see
Fig. 9e). This scenario is referred to as baseline scenario. Then,
we add an additional constraint to the motion planning to
increase the difficulty and demand that the ego vehicle must
keep a distance of 0.2m to the pedestrian. We therefore dilate
the predicted occupancies of the pedestrian with a circle with
radius 0.2m and refer to this scenario as critical scenario.
Subsequently, we compare the performance of both planners.

Following [15], we compute 3969 trajectories using the
sampling-based planner in the baseline scenario. The sampling
parameters are uniformly distributed and can be found in
Tab. I. From 3969 trajectories, we found two feasible trajecto-
ries evading the pedestrian. However, using the same sampling
parameters, no feasible trajectory has been found in the critical
scenario. We therefore gradually raise the number of goal
states by approximately bisecting the step size for velocity
sampling, i.e., we used step sizes {1.5,0.8,0.4,0.2}m/s, until
one feasible trajectory is found. The final sampling parameters
are listed in Tab. I. Overall, we needed 26901 trajectories to
obtain one feasible trajectory evading the pedestrian in the
critical scenario (see Fig. 10). The computation times of the
baseline and critical scenario are 3.2 s and 20.8 s, respectively;
thus, the runtime increases by factor 6.5. In contrast, our
motion planning approach is able to solve both scenarios
without the need for adapting parameters and the computation
times do not substantially differ (baseline scenario: 0.078s,
critical scenario: 0.076 s).

This scenario particularly demonstrates that sampling-based
motion planners struggle to detect narrow passage ways in the
solution space for trajectory planning due to the discretization
of the state space. In contrast, our method can automatically
detect narrow passages without increased computational effort.
One might argue that we have used a naiv sampling strategy,
however, manually tuning or learning adaptive sampling strate-
gies for different traffic situations is error-prone and difficult.
In comparison, our method for driving corridor identification
can be applied immediately without parameter tuning.

2) Mixed-Integer Quadratic Programming: We analyze the
influence of an increasing number of obstacles on the runtime
behavior of our method. For comparison, we select the motion
planner proposed in [70] based on mixed-integer quadratic

ego vehicle at to
pedestrian =]

—— sampling approach =—— proposed approach

Fig. 10: Critical scenario at to7 = 5.4s.
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Fig. 11: Runtime behavior of our approach (label QP) and a MIQP planner
[70] (label MIQP) in randomly generated scenarios with up to ten obstacles.

programming (MIQP). The reason for selecting a MIQP plan-
ner is two-fold: 1) it is a continuous optimization method,
and thus, does not suffer from discretization effects, and
2) mixed-integer programming has gained increasing interest
over the past years, e.g., see [6], [20], [70]-[72], as binary
variables enable to incorporate discrete tactical decisions into
the trajectory optimization.

We consider the same road as in Fig. 10 and gradually

increase the number o € {1,...,10} of static obstacles in
the environment. The obstacles are represented by rectangles,
ie., [sm — lobs/27sm + lobs/z] X [Sy — u’ohs/275y + wobs/QL

that are randomly sampled, where s, € [25,180]m, s, €
[-1.75,5.25] m, lobs € [1.0,20.0]m, wops € [0.5,4.0] m.
Since our motion planner uses a kinematic single-track model
for optimization that is more restrictive compared to the third-
order integrator models of [70], we only consider scenarios
for the analysis that both planners could solve. Overall, we
generated 50 scenarios for each o. In all scenarios, trajectories
are planned for 50 time steps with At = 0.2s and the initial
velocity of the ego vehicle was 15 m/s. To compute the solution
for the MIQP, we use the solver Gurobi [73], version 9.0.2.

As illustrated in Fig. 11a, the median computation times for
both planners are comparable. While the MIQP planner has
lower computation times for scenarios with up to 4 obstacles,
our approach is faster for scenarios with more than 4 obstacles.
Our method is already applicable for complex road geometries
and obstacles with arbitrary shapes, whereas the MIQP planner
is tailored to our experimental setup, i.e., lane boundaries
are constant and obstacles have rectangular shapes. Modeling
complex obstacle geometries, e.g., arbitrary polygonal shapes,
increases the computation times of the MIQP planner [70].

The MIQP planner solves many scenarios rather fast, how-
ever, the runtime behavior is highly volatile. As shown in
Fig. 11b, the standard deviation of the computation times are
particularly high for scenarios with multiple obstacles and have
the tendency to increase with a raising number of obstacles.
In contrast, the computation times of our method vary only
slightly over the different scenarios. The experiment indicates
that the runtime behavior of our method is reliable, which is
of high importance for real-time applications.

D. Motion Planning in a Complex Scenario

Let us consider a complex scenario, where the ego vehicle
is in the far left lane and plans to take the highway off-
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Fig. 12: Planned trajectories of the ego vehicle for different planning cycles (scenarios DEU_A9-3_{1,...,15}_T-1:2018b).

ramp (see Fig. 12a). Even for experienced human drivers, this
maneuver is challenging as multiple lane changes need to be
planned. In order to account for realistic movements by other
traffic participants, this scenario is based on real traffic that
we recorded using a BMW 7-series vehicle. Again, we use
SPOT [69] to predict the future motion of the other traffic
participants and assume that traffic participants will remain in
their current lanes, and accelerate or decelerate only slightly.
Since this maneuver requires longer planning horizons, we
replan the trajectory for consecutive planning cycles. In each
planning cycle, trajectories are planned for 30 time steps using
At = 0.2s; a new planning cycle starts every 0.4s.

Fig. 12 illustrates the planned trajectories and the corre-
sponding lateral driving corridors at selected times ¢. Other
traffic participants are shown in their measured state without
uncertainties at time ¢. As can be seen in Fig. 12b, our method
enables the ego vehicle to merge into small gaps while finally
reaching the highway off-ramp (see Fig. 12d). The median
computation times of the reachability analysis and of trajectory
planning, including the driving corridor identification, are
~ 131 ms and =~ 154 ms, respectively. This scenario highlights
that driving corridors allow the ego vehicle to maneuver even
in dense traffic with multiple road users.

E. Scenarios with a Small Solution Space

Next, we analyze the influence of a decreasing solution
space. We therefore group the computation times of our
approach (reachability analysis and trajectory planning includ-
ing driving corridor identification) obtained in Sec. VII-C2
according to the size of the drivable area cumulated over all
time steps. As shown in Fig. 13, the computation times tend
to decrease given that the cumulative drivable area shrinks.
Since the number of driving corridors can be limited (thus,
the number of planned trajectories), the main factor for the
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Fig. 13: The computation times of our approach have the tendency to decrease
when the cumulative drivable area decreases. For better visibility, outliers of
the boxplots are not shown.

decrease in computation time is the reachability analysis that
we further examine below.

We increase the criticality of the CommonRoad scenario
USA_US101-6_1_T-1:2018b (see Fig. 14) featuring 29 dy-
namic obstacles. By gradually raising the initial velocity of
the ego vehicle by 1.4 m/s, the traffic situations becomes more
dangerous compared to the baseline scenario, when using, e.g.,
the Time-to-Collision or the Inter-Vehicle-Time, as thread-
measure [74]. We emphasize that criticality measures are not
part of the presented algorithm; an overview can be found in
[74]. For each scenario, the reachable set is computed for 50
time steps with At = 0.1s and repeated 20 times to account
for fluctuations in the computation time. As shown in Tab. II,
the median computation time of the reachable set decreases
with increasing criticality of the traffic situation, since fewer
set operations have to be performed, i.e., the number of base
sets cumulated over all time steps k decreases. Also, the size
of the cumulated drivable area is reduced by roughly 75%
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Fig. 14: Scenario USA_US101-6_1_T-1 of the CommonRoad benchmark
suite. The obstacles and the ego vehicle are depicted at the initial time step.

TABLE II: Decreasing median computation times, number of base sets, and
size of the drivable area cumulated over all time steps k, when increasing the
initial velocity in scenario USA_US101-6_1_T-1.

Init. Vel. Comp. Time No. Base Sets  Red. Drivable Area
16.79 m/s 74.76 ms 2025 0.00 %
18.19m/s 69.51 ms 1843 8.65%
19.59 m/s 65.65 ms 1712 17.55%
20.99 m/s 58.90 ms 1561 27.25%
22.39m/s 52.93 ms 1346 37.95%
23.79 m/s 45.46 ms 1112 49.00 %
25.19 m/s 37.79 ms 899 59.47 %
26.59 m/s 31.30ms 678 67.97 %
27.99 m/s 27.19ms 535 75.40 %

when comparing the baseline scenario with the most-critical
scenario. Thus, our approach is particularly suited for complex
situations with small solution spaces, where fast reaction times
are a necessity to avoid collisions.

VIII. CONCLUSIONS

This paper presents a novel motion planning approach for
automated vehicles by combining reachability analysis with
convex optimization. In contrast to most existing work on
motion planning, our approach can be applied in arbitrarily
complex traffic situations. We showed that set-based tech-
niques have the potential to reduce the computation time
of motion planners when the criticality of the scenario in-
creases, i.e., the solution space becomes smaller and more
convoluted. In real vehicle tests, we validated the extraction
of collision avoidance constraints from the obtained driving
corridors to plan drivable trajectories. Our results indicate that
the presented approach can drastically enhance the safety of
automated vehicles and their ability to determine complex
driving maneuvers. Additionally, we are able to constrain
driving corridors to end in predefined terminal states. Thus,
automated vehicles can choose the most appropriate maneuver
to achieve the desired driving task.

APPENDIX A
FORWARD PROPAGATION

The forward propagation is performed similar to [9]. How-
ever, in [9], the absolute limits of the acceleration are restricted
to be equal (la;| = [a;| and |a,| = [a@,]), whereas we allow
the maximum braking deceleration to be different from the
maximum acceleration. According to [9], the lower and upper
bounds of the reachable positions and velocities for system
model (6) at t = At are obtained by applying a bang-bang
input with switching time yAt for v € [0,1]. Below, we
present the solution only in the longitudinal direction, the
solution in the lateral direction is obtained similarly. The
lower bounds s¢°(y) and v?(7) on the position and velocity
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in the longitudinal direction are obtained by applying full
acceleration until time YAt followed by full deceleration:

1

s£(7) = s¢(0) + v (0) At + EQCAtQ(l —2v4+4?)
(9a)

1

+5acAt (2 = 7%),

V(7)) = ve(0) + ac A1 — 7) + Gy At. (9b)

The upper bounds s{(y) and v2'(y) on the position and
velocity in the longitudinal direction are obtained by applying
full deceleration until time yAt followed by full acceleration
for (1 —~)At:

. 1
sE(7) = s¢(0) + ve (0) At + FAAL(1 =2y +77)
1 (10a)
+§Q<At2(27 -7%),
v?i(y) =v¢(0) + @ At(1 — ) + a-vAtL. (10b)

From this, we can infer that a polytope 7’8}171 can be
propagated as shown in [9]:

(((1) A1t) PO © Puﬁc(At)> N (Rx[u,7]) ,

velocity constraints (6b)

-

solution of (6a) + (6¢)

where @ denotes the Minkowski sum and P, ¢(At) is the
set of all states that can be reached from the initial state
(s¢,ve)T = (0,0)T when all admissible inputs are ap-
plied (6¢c). For computational reasons, P, ¢(At) is over-
approximated with a predefined number of halfspaces. Using
(9), the linear equation for one halfspace at some + is [9]:

dslo T dslo T

T 0 1) /5 - ‘;YC 01T51§°

v’ —10) \we)= @) [\~10) \oP)| -

dy dy v
vy il

Similarly, we obtain the halfspace for (10).

APPENDIX B
REMOVAL OF FORBIDDEN STATES
This section elaborates on the determination of the rectan-
gular set A° that over-approximates the reachable positions
of centers chy for the removal of forbidden states in the
reachable set computation (see Sec. IV-D). Particularly, we
present a solution for the following problem:

Problem 1 Given that 0), = 9p(projS<(Lc§Cl>)), we aim to find
the rectangular set A = [0, x [~¢,,, €] such that VLc,(cl) €
DZPH(Q)W c {17 273} Lcl(cl> c szrt(q) D A°.

Once the necessary assumptions have been introduced for
computing A€ in Appendix B-A, the longitudinal enlargement

€ is derived in Appendix B-B, followed by the lateral en-
largements €, and [

A. Notation and Assumptions

We denote the respective minimum and maximum lateral
posiion of D) by S0 = int {proi, (D)}
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7 DZP”(‘Z)
Fig. 15: Local approximation of ref-  Fig. 16: Positive and negative do-
erence path T'(s¢) with circle TC. main of lateral coordinate s,.

,rprt(q) DrPrt(’Z)

= sup {projsn( i )}
maximum curvature of I'(s¢) are denoted by s and Rp. We
assume that we can locally approximate the reference path
I'(s¢) with a circle I'® in proximity of Drprtm as shown in
Fig. 15. The center, curvature, and radius of T°¢ are denoted as
., k%, and rf = 1/|x¢, respectively. For k% > 0, the lateral
coordinates s,, are positive on the inner side of the curve (see
Fig. 16) and for x$ < 0, the lateral coordinates s,, are negative
on the inner side of the curve (see Fig. 16). Based on I'
and Drprt(q> we compute ¢, €, and ¢, to determine A°. We

further assume that DF™ @ g A hes completely inside the
unique projection domaln of I'(s¢) [75].

and 3 . The minimum and

B. Longitudinal Enlargement

We wish to enclose all longitudinal positions of centers
chf ,i€{1,2,3}, forall * <1> c Drprt(q using A€. First, we
derive the function e (s 1, KF) for computing the longitudinal
enlargement based on a single position Cz(g ), Second, we
determine the over-approximative longitudinal enlargement €,
for a set of positions based on €¢(sy i, K%).

1) Single Position: Given “c;.’, we aim to determine the
longitudinal position coordinate §¢ , of L(’k relative to Lc!! ),
such that ¢, = s¢ x + €¢. Note that we are interested in the
maximum longitudinal enlargement therefore, it is sufficient
to only consider * c (Lc,<t is farther away from c,(c) than
L (2 ). As 1llustrated in Fig. 17a, € is the arc length of a circle
sector with radius r§ = 1/|x¢| and central angle :

(P(Sn,kv K/(I:‘)
IkE|

where the central angle is computed as follows:

; an

€c(Sn,k; "‘flc“) =

arctan (1%) for k& >0

(s, 17) = e (12)
C

arctan (m) for Kp < 0.

As the lateral coordinates are positive on the inner side of the
curve for n% > 0 (see Fig. 16), we need to subtract s, ; from
1/1x%| to compute (s, k, %) (see Fig. 17a). For k{ < 0, the
lateral coordinates are negative on the inner side of the curve.
Therefore, we add s, 5 to /|x%| for computing ¢ (s, k., £5).

Note that o hm ec(an oo KS) = L.
2) Set of Posmons For computational efficiency, we over-

approximate (11) for a set of positions Drprt( >. Thus, the
question arises, for which s, ;. € proj, (Drprt )) and kS €
[kr,®r] does the longitudinal enlargement (11) reach its
maximum.
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Fig. 17: Computation of longitudinal and lateral enlargements.

Lemma 1 For £$ > 0, ec(syx, k%) (11) is monotonically

increasing in s, j. Furthermore, for 5% < 0, e¢(sy 1, £%) (11)
is monotonically decreasing in sy .

. ! C .
Proof 1 Given that Sy > s;‘]k and k. > 0, we have:
/ C * C
GC(S'VI,IW KF) > GC(SW],kv K’F)

arctan > arctan

Ykl = 57k Ykl = sy &
Virt| = sy i < Yink| = 55 %
Sy > Sy g
Using the same reasoning, we obtain for k% < 0 that

56(3%,1@7 %) < 5((3:7,1@: KE). O

CI), (11)
For I{% < 0, (11)

Lemma 2 For % > 0 and (scj,syx) € D

; ; — Fprele).
reaches its maximum for s, j = Sk

. . _ rprt(q)
reaches its maximum for s, j = Sk

Proof 2 From Lemma 1, it follows that (11) is monotonically

increasing in s,y for K% > 0. Therefore, we select JPZt(q)
which is the maximum lateral position in D), wPre(a) 4, compute

(11). Similarly, as (11) is monotonically decreasmg in sy, for
K$ < 0, we select the minimum lateral coordinate srpzt( 9 of
szrt(‘n to compute (11). O
Lemma 3 For any s,; € proj, (Drp (D) and kS €
[Er, Br), (11) is bounded by

s (T ORI U (S o)}

Jprt(q) rPrt(q)

Proof 3 Accordmg to Lemma 2, and £ maxi-
mize (11) for k% > 0 and k% < 0, respectzvely In com‘rast to
S,k (11) is not monotonic in HF. Using interval arithmetics
[76], we obtain the upper bound on (11) over the intervals

[0,%r] and |kr, 0]. O

As (13) becomes increasingly over-approximative for larger
intervals of curvatures, we pre-compute (13) for smaller inter-
vals and store the values in a look-up table generated offline.

C. Lateral Enlargement
Similarly to the longitudinal enlargement, we wish to en-
large Drprt(q) in the lateral direction such that all lateral

positions of centers Lcm, i € {1,2,3}, are enclosed for all
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L) e P9 Gimilarly to the previous section, we first

derive the function €,(s; %, %) for determining the lateral
enlargements based on a single position ch). Second, we
determine the over-approximative lateral enlargements ¢, and
€, based on €, (s, i, £%).

1) Single Position: Given Lc,(cl), we aim to determine the
lateral position coordinate 5, j of ch’) relative to ch), such
that 8, , = s, — €, (again, it is sufficient to only compute it
for Lc;)). As illustrated in Fig. 17b, we use the Pythagorean
theorem to determine €,:

Vg = sn.6)? + £
—(/1n&] = sn.k) ’

1/14C. 2 [2
\/(/ll|+8""k) + , for k& < 0.
= (Y18 + 8.5)

As the sign of the lateral coordinate s, changes on the inner
side of the curve depending on the sign of xf. (see Fig. 16),
we distinguish two cases for (14) similar to (12). Note that

for k¢ >0,

€n(Sn.ks D) = (14)

lim  €,(sy5, %) — 0.
.| 0+ n(Sn.ks KT)
2) Set of Positions: For computational efficiency, we over-

approximate (14) for a set of positions szrt(‘”. Thus, the

question arises for which s, ) € proan(szrt(q)) and k% €
[£r, Rr] the lateral enlargement (14) reaches its maximum.

Lemma 4 For x§ > 0, €,(sy, %) (14) is monotonically
increasing in s, i. Furthermore, for $. < 0, €,(sy .k, £3.) (14)
is monotonically decreasing in s, j.

Proof 4 The partial derivative of (14) for k% > 0 with respect

10 Sy 1 s
1/ |x$) =5y k c
1-———2— for kp >0
e e T o720

C
Snky KT

=

Fsn,p

)=

1681450,k

+ e e Jor se <0

(15)
Since Y/|x%| F Sy > 0 must hold such that s, is within
the unique projection domain of T° and V/|x&| F sy <
VK] F 8n.)2 + €2, we have:

Y181 F Sk
V18] F s,8)2 + 02
Thus, it holds that

0<

VKS <0

Therefore, (14) is monotonically increasing in sy j, for K > 0
and monotonically decreasing in sy, for k$. < 0. O

Lemma 5 For % > 0 and (scp,sy) € DP9, (14)

. . - t
reaches its maximum for sy = s:]P,: ((Z). For /{% < 0, (14)

. . rprt
reaches its maximum for s, = §npk @
;

Proof 5 From Lemma 4, it follows that (14) is monotonically

. L :
increasing in s, for k% > 0. Therefore, we select §;P; (q),

http://dx.doi.org/10.1109/TIV.2020.3017342

which is the maximum lateral position in szrt(q), for com-
puting (14). Similarly, as (14) is monotonically decreasing in
S,k for Ii% < 0, we select the minimum lateral coordinate

§;}7‘zt(") of D;Prt@ to compute (14). o

The remaining task is to determine the curvature $, for
. c . . : Tprt(q)
which €, (sy,x, k) reaches its maximum for a given D},

and reference path I'(s¢).
Lemma 6 (14) is monotonically increasing in |k$.|.

Proof 6 We substitute 1/|x5.| with T% in (14) and compute the
partial derivative of (14) with respect to 18

. sy ¢
de t e Jor 20,

58 (0 TR) = (16)
T -1+ ity for k% < 0
02’ T .

vV (Tlc~+sr,,1«,)2+

Since g%(sn_k,r%) < 0, (14) is monotonically decreasing
¢ (S,

. . . . c
As a result, (14) is monotonically increasing in |nr,

O

i C
in ri.
because k%] is the reciprocal of rg.
Lemma 7 For any s,j € projS”(Diprt@) and k§ €
[&r, Rr), (14) is bounded by

€ (?rprt(q),ﬁp> , forRp >0,

§'r] = mk (17)
0 for ®r <0,
rprt(q)
En = €n (§n}.)k ! 7EF) ’ ‘for asy < 07 (18)
0 for p > 0.

Proof 7 Since a straight line in the curvilinear coordinate
system F is bent toward the inner side of the circle T
when it is transformed to the Cartesian frame F¢, we need

to enlarge D;prt(q) only to the circle’s outer side. For
' prt(q)

C

kp > 0, we enlarge Dy in the negative n-direction
with € = € (gf,pzt(q),ﬁr (see Lemma 5 and 6). For
K < 0, we enlarge szrt(q) in the positive n-direction with

_ rprt(q)
€n = €y (§n,k

Theorem 1 By computing A° according to (13), (17), and
(18), Problem 1 is solved.

Proof 8 The proof follows directly from Lemma 3 and 7. [

,ﬁr) (see Lemma 5 and 6). O
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A.3 Computation of Solution Spaces for
Optimization-based Trajectory Planning [3]

Summary This work represents a further development of our approach in Appendix A.2.
We propose novel methods to determine driving corridors within reachable sets and to derive
collision avoidance constraints from the corresponding driving corridors for optimization-
based trajectory planning. In contrast to our previous approach in Appendix A.2, driving
corridors identified in this work enable to plan the longitudinal and lateral motion of the
autonomous vehicle simultaneously in a single optimization problem. To obtain collision
avoidance constraints, we first over-approximate the complement of the driving corridor with
convex keep-out zones. The number of convex keep-out zones can be defined a-priori, i.e.,
the number of collision avoidance constraints is known in advance, which is necessary, for
example, when generating customized code for optimization-based trajectory planning. Based
on the convex keep-out zones, we leverage state-of-the-art methods for determining non-
convex collision avoidance constraints, but also provide methods to obtain convex collision
avoidance constraints. Due to the generic formulation of collision avoidance constraints, our
approach can be paired with various existing optimization-based trajectory planning methods.
By using driving corridors, the initialization of nonlinear optimization problems is facilitated,
local minima caused by obstacles in the environment are eliminated, and sets of goal states
that the vehicle is supposed to reach can be considered.

We demonstrate the usefulness of our approach using scenarios from the CommonRoad
benchmark suite. We combine our approach with two different state-of-the-art trajectory
planning methods based on successive convexification. Our results show that in combination
with our approach, feasible solutions can be found for traffic scenarios that previously could
not be solved by the selected state-of-the-art trajectory planners. Our evaluations also show
that our approach facilitates the initialization of trajectory planning problems, which leads
to reduced computational effort and increased robustness against parameter variations.
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Computation of Solution Spaces for
Optimization-Based Trajectory Planning

Lukas Schifer®, Stefanie Manzinger®, and Matthias Althoff

Abstract—The nonlinear vehicle dynamics and the non- 1) Vehicle Dynamics: The fidelity of vehicle models for
convexity of collision avoidance constraints pose major challenges optimization-based trajectory planning ranges from very sim-
for optimization-based trajectory planning of automated vehicles. ple models [6]-[9], such as double-integrator dynamics, to

Current solutions are either tailored to specific traffic scenarios, . .
simplify the vehicle dynamics, are computationally demanding, rather complicated models [5], [10]-[13], such as dynamic

or may get stuck in local minima. This work presents a novel ap-  single-track models. While the more complicated approaches
proach to address the aforementioned shortcomings by identify- demand excessive computational effort, less complicated ap-
ing collision-free driving corridors that represent spatio-temporal  proaches may fail in critical situations, because they neglect

constraints for motion planning using set-based reachability . non-holonomicity of the vehicle or decouple the longitu-
analysis. We derive a suitable formulation of collision avoidance .
dinal and lateral movement [6], [14]-[16].

constraints from driving corridors that can be integrated into ar- o ; . .
bitrary nonlinear programs as well as (successive) convexification 2) Driving Corridors: Topological approaches for driving
procedures. When combining our approach with existing motion  corridor identification have been studied for some time [12],

planning methods based on continuous optimization, trajectories [14], [17]-[25]. These approaches often exploit the concept of
can Pe planned in arbitrary traffic situations in a computatiomflly homotopy or homology to infer different maneuver variants
efficient way. We demonstrate the efficacy of our approach using . . .
scenarios from the CommonRoad benchmark suite. [12], [22]-{25]. Basically, two trajectories are called homo-
topic if they can be continuously deformed into one another
without intersecting any obstacle [26]. Topological approaches
commonly decompose the collision-free regions in space-time
I. INTRODUCTION into (convex) sub-regions: for each selected combination of
sub-regions, an optimal trajectory can be planned. However,
ARIATIONAL methods for trajectory planning of auto-  these approaches typically neglect the vehicle dynamics, and
mated vehicles have gained increasing interest over the  thys, cannot exclude non-drivable corridors prior to trajectory
past years. While discrete motion planning methods [1]-[4]  planning. Moreover, the number of distinct maneuver variants
are specifically suited for exploration, they may struggle to  grows exponentially with the number of obstacles and some
find solutions in cluttered environments due to discretization  approaches are difficult to apply in dynamic environments
effects. In contrast, optimization-based motion planning ap- [23], [24].
proaches do not suffer from discretization effects as trajecto- Another line of research finds driving corridors by inflating
ries are optimized in continuous space. However, the nonlinear  solutions from discrete motion planning methods, e.g., graph-
vehicle dynamics and the non-convexity of the set of feasible paged or sampling-based methods [27]-[33] or multi-agent
positions generally lead to a high computational burden. Some  partially observable Markov decision processes [34]. However,
approaches require additional guidance through the solution  some approaches consider only static environments in their
space [5], e.g.. in the form of driving corridors that represent  experiments [30]—[32] or only a discrete set of actions for com-
spatio-temporal constraints. putational tractability [34]. In general, these methods struggle
in detecting narrow passageways in cluttered environments due
to discretization effects.
A. Related Work In [35], a partitioning of the cluttered environment is
obtained by means of convex lifting. The resulting partitioning
of the space is utilized to obtain a reference path by graph
search and to generate a driving corridor. The authors state
that their algorithm can be extended to moving obstacles, but
have not yet evaluated this.
Support vector machines (SVMs) have also been applied
to identify driving corridors for path [36], [37] and trajectory
Manuscript received Month Date, Year; revised Month Date, Year. This planning [38], [39]. By assigning a passing side, i.e., either

work was supported by the Deutsche Forschungsgemeinschaft (German Re- . e .
search Foundation) within the Priority Programme SPP 1835 Cooperative to the left or right, the SVM solver optimizes a separating

To address the above-mentioned challenges, a variety of
problem reformulations is proposed in the literature. We
categorize them subsequently by the fidelity of their applied
vehicle model, their techniques to identify driving corridors,
and their formulation of collision avoidance constraints.

Interacting Automobiles (grant number: AL 1185/4-2). surface to construct a collision-free driving corridor. However,
* These authors have contributed equally to this work. = _ deciding on the passing side is often the most crucial aspect.
The authors are with the Department of Informatics, Technical University 3) Collisi Avoid C ints:  F Lo

of Munich, D-85748 Garching, Germany (e-mail: lukas.schaefer@tum.de, ) Co {Slon VO.I ance onstrainis: or optimization-

stefanie.manzinger @in.tum.de, althoff@in.tum.de) based motion planning, obstacles are usually modeled as con-
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vex shapes, e.g., polytopes [40]-[42] or ellipsoids [43]-[46],
where polytopes allow one to more freely specify shapes. More
general non-convex obstacles can be handled by applying
(semi-) convex decomposition techniques beforehand [47].

Given a proper representation of the obstacles, mixed-
integer programming is often proposed to handle non-convex
collision avoidance constraints [6], [7], [48], [49]. While
mixed-integer programs guarantee global optimality of feasible
solutions, their computational complexity is high [7]. Another
line of research uses nonlinear programming [40], [42], [44];
however, these approaches strongly rely on a suitable initial
guess and are also computationally expensive.

In contrast, convex optimization problems can be efficiently
solved to global optimality [S0] and real-time capable solvers
are available, e.g., [51], [52]. To employ convex optimization
techniques, the non-convex optimization problem is typically
approximated by a single [15], [16], [53]-[56] or a sequence
of convex optimization problems [5], [46], [57]-[62]. This
usually requires extracting a convex subset from the non-
convex set of feasible positions, which we discuss next.

In [S], [11], [15], [16], [53], [63], [64], the set of admissible
(lateral) positions is described by an interval of admissible
deviations from a reference path. However, collision avoidance
can only be guaranteed for minor deviations of the longitudinal
position from the initial guess [5], [11], [53] or the vehicle
dynamics is decoupled [15], [16], [63]. This issue can be
circumvented by restricting the feasible positions to lie within
an ellipsoid [33], [35], [65], [66]. However, ellipsoidal con-
straints can result in rather conservative under-approximations
of the feasible set of positions. More flexible polyhedral under-
approximations can be obtained by linearizing signed-distance
functions [58] or potential fields [55].

The works in [42], [67], [68] propose smooth reformulations
of collision avoidance constraints for polyhedral obstacles. If
the collision avoidance constraints are differentiable, a convex
approximation can be obtained by directly linearizing the
collision avoidance constraints [31], [57], [60], [61], [69].
However, an unsuitable initial guess might cause convergence
to an infeasible local minimum [43].

To obtain a larger feasible set as compared to direct-
linearization techniques, the works [46], [70], [71] propose
projecting the current state of the system onto the boundary of
a convex keep-out zone followed by linearizing the constraint
at the projection point. The approaches in [41], [72] compute
polyhedral inner-approximations by growing a collision-free
ellipsoid and computing the tangents to the ellipsoid where
it coincides with the boundary of an obstacle. A related idea
is proposed in [54], where the edges of the polyhedron are
sampled and a limiting obstacle is assigned to each edge.
However, all these procedures have in common that they
require a collision-free initial guess.

B. Contributions

We identify collision-free driving corridors within the reach-
able set of an automated vehicle. This work significantly
differs from our previous work on motion planning with
reachable sets [63] and proposes the following innovations:

our novel method for obtaining collision-free driving
corridors enables combined longitudinal and lateral tra-
jectory planning;

our collision avoidance constraints are created so that
arbitrary gradient- and Hessian-based solvers as well as
(successive) convexification procedures can be used for
trajectory planning.

Ou

=

proposed approach offers the following benefits:

generic formulation of collision avoidance, i.e., our ap-
proach can be embedded in a wide range of different
optimization-based motion planning methods, indepen-
dently of the fidelity of the vehicle model;

simplified initialization, i.e., the driving corridors facili-
tate the search for a suitable initial guess for nonlinear
optimization problems;

elimination of local minima induced by obstacles, i.e.,
the driving corridors guide the optimization-based motion
planner through the collision-free solution space;
consideration of a set of goal states, i.e., driving corridors
can be constrained to end in a set of terminal states, e.g.,
a specific goal region or standstill in safe areas;
applicability in arbitrary traffic scenarios, i.e., our ap-
proach is capable of handling arbitrarily cluttered sce-
narios involving static and dynamic obstacles;

the computational effort of our approach typically im-
proves with the criticality of the scenario [63], i.e., with
shrinking solution space for trajectory planning.

The remainder of this paper is structured as follows: Sec. II
introduces the problem statement and the solution concept. The
computation of reachable sets is briefly reviewed in Sec. III.
Sec. IV elaborates on the identification of driving corridors,
followed by the derivation of collision avoidance constraints
in Secs. V and VI. Numerical results are provided in Sec. VII
and our conclusions are drawn in Sec. VIIIL.

II. PROBLEM STATEMENT AND SOLUTION CONCEPT

To precisely formulate our problem statement and for
subsequent derivations, we introduce our notation. For a
set S, let §° denotes its interior, dS its boundary, S its
complement, conv(S) its convex hull, and cl(S) its closure.
For a hyperplane H(_ ;) = {zlaTz = b}, with a € R"
and b € R, let H(SQM denote the corresponding halfspace
{z|aTx < b}; analogously, Hi_b = {z|aTx > b}. If a
set S is countable, its cardinality is denoted by |S|. The set
{r,r+1,...,¢} C No,0 < r < g, is denoted by Zj.q.
A sequence W with components W;, i € Zj.q), is denoted
by W = (W;){_,. We introduce O as the placeholder for a
variable where the minimum and maximum admissible values
are denoted by [0 and OJ, respectively. We further introduce a
local curvilinear coordinate frame as F'“ aligned with a given
reference path I' : R — R2. In F™, a global position (s, s,/)7
is expressed in terms of the arc length s; and the orthogonal
deviation s,, from I'(s¢).

© 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more informatio

7



Appendix A Reproduction of Publications

This article has been accepted for publication in IEEE Transactions on Intelligent Vehicles. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/T1V.2021.3077702

IEEE TRANSACTIONS ON INTELLIGENT VEHICLES, VOL. XX, NO. X, MONTH YEAR 3

A. Problem Statement

Let us introduce the compact set of admissible states X' C
R™ and the set of admissible control inputs &/ C R™* of an
automated vehicle, whose motions are governed by

)]

where z;, € X is the state, u;, € U the input, and k € Ny
is the discrete time step corresponding to the time ¢ = kAt,
At € R*. The dynamics in (1) are formulated in F* and
f(z,uy) is continuously differentiable on X'. Possible state
and input trajectories of the system are denoted by z(-) and
u(-), respectively. Next, we define a few important sets as well
as the occupancy and projection operations:

T = [Tk, uk),

Definition 1 (Occupancy). The operator occ(x) relates the
state v € X to the set of points in the position domain
occupied by the automated vehicle as occ : X — P(R?),
where P(R?) denotes the power set of R2.

Definition 2 (Set of Forbidden States). Given the set O, C R?
of occupied positions of all obstacles (e.g., other cars and
pedestrians) including the space outside of the road, the set
of forbidden states of the automated vehicle at time step k is

Fip = {x]occ(x) N O # 0} .

Definition 3 (One-Step Reachable Set). Let R = Xy, where
Xy is the set of collision-free initial states of the automated
vehicle including measurement uncertainties. The one-step
reachable set Rf, | | is the set of all states that can be reached
from the previous set of states R, C X within one time step
without intersecting Fi41:

Riyr = {:E;H,l € X‘Hiﬂk € Ry, Jur € U:

Zpp1=f(@p, up) N Tpq1 & ]:k+1}~

Definition 4 (Projection). The operator proj: X — R? maps
the state x € X to the (s¢, sy) plane: proj(z) = (s¢,s,)T.
Using the same notation, we project a set of states X':
proj(&) := {proj(x) |z € X'}. Similarly, we use proj.: X —
R and proj,: X — R to map a state x € X to the longitudinal
or lateral position domain, respectively.

Definition 5 (Drivable Area). The drivable area Dj, at time
step k is defined as D, = proj(Rs,).

Our approach provides collision avoidance constraints for
optimization-based trajectory planners. The input of our
method is the current environment model that comprises the
road network, the curvilinear coordinate system FL, and all
safety-relevant traffic participants, including their motion pre-
diction. Our method is not tailored to any particular prediction
method and only requires that O can be represented by the
union of closed sets containing the future occupied positions
of obstacles, including uncertainties. We aim to solve the
following non-convex optimal control problem to plan the
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(a) Drivable area Dj of the automated vehicle for consecutive time steps
k € Zjo.n]- The drivable area at the final time step N is colored in gray.

- = QI

¥R

(b) Two possible driving corridors are shown; for simplicity, we show the
union of the driving corridors over time. The driving corridor at the final time
step N is colored in gray.

[ driving corridor at k WS polyhedra

prediction at k&

(c) Approximation of the driving corridor complement with polyhedra depicted
at a specific time step k.

@B vehicle at k =0

(E® vehicle at intermediate time steps

(d) We extract collision avoidance constraints from the approximated driving
corridor for the trajectory optimization.

Fig. 1: Illustration of the computation steps of our approach.

trajectory of the automated vehicle:

N
min J(xp, ug) (2a)

u(-) pard

such that

To = To, TN € Xgoal, (2b)
Vk € Tioin-1) : Trp1 = flar, ur), (20)
Vk € Zjo.n) : proj(zx) € Dy, (2d)
g(xr, uk, k) <0, (2e)

where the cost function J : R™* x R™« — R is continuously
differentiable. The (measured) initial state of the automated
vehicle is denoted by Z(. Collision avoidance is encoded by
the constraint (2d), i.e., the positions of the automated vehicle
are limited to the drivable area. Additional constraints such as
actuator constrains are summarized in the set of continuously
differentiable, time-variant constraints g : R"» x R™* x Ny —
RY in (2e).

B. Solution Concept
Our method determines a continuously differentiable ap-
proximation of the collision avoidance constraint (2d) in four
steps (see Fig. 1):
1) We compute the drivable area (see Def. 5) of the auto-
mated vehicle in the current traffic scenario to explore
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the dynamically reachable, collision-free solution space
for trajectory planning (see Fig. 1a and Sec. III).

2) We extract dynamics-aware driving corridors from the
drivable area (see Fig. 1b and Sec. IV).

3) We compute an approximation of the driving corridor
complement using a fixed number of polyhedra (see
Fig. 1c and Sec. V). This intermediate step allows us
to use state-of-the-art methods for continuous trajectory
optimization and to define the number of collision avoid-
ance constraints in advance.

4) We derive collision avoidance constraints for the (non-)
convex trajectory optimization from the approximation
of the driving corridor complement (see Fig. 1d and
Sec. VI).

These four steps are detailed in the subsequent sections.

III. REACHABLE SET COMPUTATION

Vehicle models used for motion planning usually possess
nonlinear dynamics and a rather high-dimensional state space,
which makes it difficult to calculate the reachable set [73].
We therefore aim to compute accurate approximations R of
the exact reachable set R, i.e., R ~ R, for computational
efficiency. Among others, we realize this by approximating
the vehicle dynamics by two second-order integrator models
in the road-aligned coordinate system F' [63]. The state z =
(8¢, ve, 8pyvy)T and input w = (ac¢,a,)” of the system are
composed of the position s, velocity v, and acceleration a in
the longitudinal - and lateral n-directions, where both the
velocity and acceleration are bounded:

Be(t) = ac(t),  3,(t) = ay(t), (3a)
Ve < UC(t) <P v, < U,,(t) < (3b)
ac < a((t) <ag, a, < an(t) <a (3c)

The approxlmatlon of the reachable set is represented as the
union of base sets Rk , 1 € Np, i.e.,

Ry ~ Ry = UiRY, )
where a base set ’R,(:) is the Cartesian product of two con-
vex polytopes in the (s¢,v¢) and (s,,v,) plane [74]. The
projection of a base set p10J(Rf’) yields an axis-aligned
rectangle D( ?). The union of D,i) approximates the drivable
area: D = Dy, = UZDI(?.

We use the algorithm presented in our previous works [63],
[74] to compute the reachable set of the automated vehicle,
which is briefly summarized below. To simplify the notation,
we denote both the union and the collection of base sets Rk>
with Ry; this is done analogously for the drivable area Dj,. The
initial base set Rg)) results from the initial state Zo to which
the set of measurement uncertainties is added. The reachable
set for consecutive time steps k is computed as follows:

1) Propagation: The polytopes of each base set R(’ are
propagated according to (3), which yields R}\"7 and kaff’
At this stage, obstacles are not considered.

2) Removal of Forbidden States: We remove all colliding

states from R}’} to obtain Ry41. Since convex polytopes are

not closed under set difference, we under-approximate R}.’}
Fis1 with several base sets RY) .

To this end, we transform the set of obstacles O to
the curvilinear coordinate frame F prior to the reachable
set computation, and over-approximate the result with axis-
aligned rectangles yielding the set Oy. Efficient algorithms for
axis-aligned rectangles benefit the remaining required steps:

a) Merging: Both sets D} and Oj41 are merged using
a sweep line algorithm [75], yielding rectilinear polygons.

b) Difference: By computing the difference between the
rectilinear polygons of the propagated drivable area and the
approximated obstacles, we obtain the collision-free reachable
positions of the automated vehicle.

¢) Partitioning: To cast the resulting collision-free reach-
able positions in the set representation defined in (4), we
partition the set into rectangles ijﬁl along the vertical 7)-
direction, e.g., using a sweep line algorithm.

After we have obtained the collision-free drivable area
Dy+1, we determine the reachable velocities for Dy4q to
obtain the reachable set Ry of the next time step. It is also
possible to consider the shape of the automated vehicle for the
removal of the forbidden states assuming that the automated
vehicle is oriented along the reference path [63].

3) Update of Reachability Graph: As a consequence of the

removal of forbidden states, multiple sets Rgcjﬂ can be reached

from the same R< " For later use, we create a graph Gr, in
which each node stores a base set Rk and its pr()Jectlon D( 2
An'edge (R;),R,ﬁl) is added if and only if Rk
Rl(c]+>1 in one time step.

can reach

IV. IDENTIFICATION OF DRIVING CORRIDORS FOR
COUPLED DYNAMICS

The obtained reachable sets are generally non-convex and
often disconnected due to the presence of obstacles. To obtain
better manageable sets, we decompose the reachable set into
driving corridors:

Definition 6 (Driving Corridor). A driving corridor C =
(Cr)N_, is a sequence of sets Cy, over time steps k that satisfy:

C1) Reachability: Ci; C Ry and for each R,(f) € Cy, there
exists ’R,EH € Cp41 such that (’R;:),R,i]ll) € Gr;

C2) Goal states: Cn C Xgoals

C3) Connectedness: proj(Cy,) is connected [76];

C4) Vertical convexity: any non-empty intersection of
proj(Cx) with a vertical line is connected [77].

A driving corridor may represent several maneuver options
for each obstacle like yielding, passing, or following; neverthe-
less, the passing sides for obstacles are unique for all solutions
in a driving corridor (see Fig. 1b). The different concepts
of driving corridors and the related concept of homotopy are
usually applied to obtain unique sequences of maneuvers [14],
[22], [25], [34], [78]. In contrast, we have conceptualized
driving corridors from an optimization point of view. By using
driving corridors according to Def. 6 for trajectory planning,
we are able to eliminate
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1) the need for binary variables that encode collision avoid-
ance constraints for multiple obstacles, since Cj is a
single, connected set and already collision-free;

2) local minima due to obstacle constraints, since we assign
a unique passing side for each obstacle prior to optimiza-
tion (see Fig. 2).

Our approach to determine driving corridors C within the
reachable set R is described next. For simplicity, we drop the
projection operator when referring to C in the position domain.

1) Goal Region: We intersect the reachable set of the final
time step with Xgoa1, i.e., Ry = U; Rg\? N Xgoar- In case
R ~ = 0, the desired goal states cannot be reached, which can
be reported to a high-level planner. To remove states at earlier
points in time that cannot reach AXj,1, we perform a graph
search over Gr backwards in time and remove base sets R,(C")
that do not reach the set 7A€N.

2) Identification and Selection: We iterate over the drivable
area backwards in time and decompose it into connected,
vertically convex sets to extract driving corridors. As shown in
Fig. 3b, the drivable area Dy, is already vertically sliced (but
not yet vertically convex nor connected) due to the removal
of forbidden states. The decomposition into vertically convex
sets is performed using the adjacency graph:

Definition 7 (Adjacency Graph—adapted from [23]). The
nodes of an adjacency graph Ay, are sets Dk_i) € Dy, and an
edge in Ay, represents that D,(j),D,(cq) share a border which is
not just a vertex (e.g., D,(co) and D,(CU in Fig. 3b). The edges
in Ay are directed in increasing longitudinal direction.

By construction, Ay, is a directed acyclic graph. Since there
are no loops in Ay, any path in 4, connecting a source with
a sink node represents a connected, vertically convex set V,Eq),
as shown in Fig. 3b. For the identification and selection of
driving corridors, we explore the driving corridor graph G¢
(see Fig. 3c):

Definition 8 (Driving Corridor Graph). The nodes of a driving
corridor graph G¢ are vertically convex sets V](f). An edge in

Gc represents that a set D;Cj*)_l S V,Eﬁ_)l is reachable from some

D,(j) € V,EQ) within one time step, i.e., (Dm, D,(c]ll) € gr.

A path in G represents a driving corridor C. The exploration
of G¢ can be performed using standard graph search algorithms
like depth-first search or breadth-first search. The vertically
convex sets VI(\?) at the final time step N are sink nodes of
Ge and obtained through Apy. The predecessors for a node

V,Eq) are obtained from the reachability graph Gr: we extract

Zsolution,1

+——C1

To)@—=Cmm - - —=—=======2

Xgoal

Fig. 2: Initialization (dashed line) in a (too) narrow gap close to an infeasible
local minimum. Moving z; to either side will increase the violation of one of
the constraints representing the obstacles. Using a driving corridor, a feasible
solution (solid line) can be found since we rewrite the constraints as 1 € Cj.
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(a) Excerpt of the reachability graph Gr.
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(b) A path in the adjacency graph A; represents a connected, verti-
cally convex set V,Eq . A} contains the sets V,EO) = {D,(cz)}, yh =
{D](CO),D,(CI)}, and V,(CQ) = {D}(ES),D,(:U} A1 contains the sets V), 0

k+1 =
(0) (2) (3) (4) v, 1) _ rp(0) (1) (3) (4)
{Dri Digrs Dt Piga y and Vi 2y ={D 1 D1 Dy Diia -

1 [ 1

Ge U v U

\ A A\

Crt1 = V;ilﬁl

(c) Excerpt of the driving corridor graph G¢. A path in G¢ represents a driving

Cp =V

corridor C. In our example, the selected driving corridor is Cp, = V,(C and
Cry1 = V,iz_)l at time steps k and k + 1, respectively.
Ck Crt1

(4)

(d) After selecting a driving corridor, the forward search removes the set Dk i1

from Cj 1, since it is not reachable from Cj, according to Gr.

Fig. 3: Identification of driving corridors; we only depict nodes and edges
that are relevant for our example. We explore the driving corridor graph G¢
backwards in time to determine a driving corridor. After selecting a driving
corridor, a forward search from time step & = 0 to N is performed to remove
sets 'D,(;) € Cj, that are no longer reachable.



A.3 Computation of Solution Spaces for Optimization-based Trajectory Planning

This article has been accepted for publication in IEEE Transactions on Intelligent Vehicles. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/T1V.2021.3077702

IEEE TRANSACTIONS ON INTELLIGENT VEHICLES, VOL. XX, NO. X, MONTH YEAR 6

the union Dj;_; of parents for all D,(j) € V,(f) from the
reachability graph Gr and group them to vertically convex
sets V,EJJ , by identifying paths in Aj_;. The exploration of
Ge can be terminated as soon as a first driving corridor is
found. If more time is available, the exploration of G can be
continued to determine alternative driving corridors. It is also
possible to assign weights w; , to the edges (V}(f_)17 Vﬁ”) to
guide the selection of a driving corridor when using informed
search techniques.

At each time step, creating Ay, takes O(|Ry|?). A path rep-
resenting a set V,EQ) in Ay, can be computed within O(|R| +
|Ex|) [79], where |Ej| denotes the number of edges in Ay
that are at most 3|Rpx|(|Re| — 1). Let 7 = maxez;, y, Rl
and e = maxger;,,y) |Ex|. As we consider a time horizon of
length N, the complexity of computing a first driving corridor
is O(N(r +€)) when using depth-first search.

3) Forward Search Since we partition the predecessor sets
Dy_, of a set Vk 9 again into vertically convex sets during the
exploration of Ge, it may hold that certain sets Dl(c) V,iq)
are not reachable when selecting a specific driving corridor in
Ge. We therefore perform a forward search over the selected
driving corridor: we iterate over all time steps starting from
k = 0 and remove unreachable sets, see Fig. 3d. In the
rare event that the driving corridor Cj, becomes disconnected
after the forward search due to approximation errors in the
reachable set computation, we omit the corridor.

V. POLYHEDRAL APPROXIMATION OF THE DRIVING
CORRIDOR COMPLEMENT

Formulating collision avoidance as proj(z;) € Cj is in-
herently difficult since the boundary of Cj is non-smooth
and non-convex (see Fig. 4a). For example, proj(zx) € Ck
can be reformulated using disjunctive inequalities, where sets
pW ¢ C) are related by OR statements, i.e., proj(zx) €
DYV proj(zx) € DV V... (see Fig. 4a), and thus, binary
variables are required. As an alternative, an appropriate subset
Cr C Cr can be extracted, e.g., an ellipsoid within Cy.
However, most solutions for determining an appropriate set
Cy, require convex obstacles or convex decompositions of
obstacles in the environment see, e.g., [41], [54], [70].

To exploit methods for smooth encodings of proj(zy) €
Ck, see [42], [68], we approximate the complement C,E of
the driving corridor Cj with polyhedral keep-out zones (see
Fig. 4d). By limiting the number of polyhedral keep-out zones
t0 7Mpmax,k, our approach facilitates real-time capability of
optimization-based motion planning. The resulting polyhedral
approximation Cy of Cj follows as:

Definition 9 (Polyhedral Approximation of Ci). We define the
polyhedral approximation Cy, of Cy, as the intersection of the
closures of the complement of all polyhedral keep-out zones
PV € PE 1P| = Nk
MNmax,k

N ca®*\PY).

=1

ék: =

We say proj(z;) € Cj is a proper encoding of the col-
lision avoidance constraint proj(zy) € Cy if Cr C Cg, ie.,

Cr

conv(N M) conv (N ) PR

() [C))

Fig. 4: (a) Reformulating proj(zy) € Ci using OR statements, i.e.,
proj(zk) € D](CO) V proj(zy) € D,(CI) V ..., requires binary variables. (b)
We reformulate proj(xy) € Cj without binary variables by covering the
complemem of the driving corridor with polyhedral keep-out zones. An exact
cover of C can be obtained with polyhedra Nj. (c) To limit the number of
polyhedral keep out zones, we partition AV into subsequences N® and N2,

By computing the convex hull of the subsequences, we obtain polyhedral
keep-out zones. However, this encoding of proj(zy) € Cy is incorrect, since
all positions in the relative interior of the intersection of adjacent polyhedra
are not excluded from the solution space. (d) To prevent false-feasibles, we
modify conv(A () and conv(N () to obtain Pg(l) and 75’5(2)

proj(z;) € Cx = proj(z;) € Cy. Below, we give an
overview of the computation of P.

A. Overview

Since the drivable area is computed in the road-aligned
coordinate frame F, we compute the cover of C,E in the
longitudinal and lateral direction separately. The polyhedra
bounding the driving corridor in the longitudinal direction are
immediately obtained as

P,S(n"“'"“kfl) = {(s¢.k, Sn.k) € R?|s¢ 5 > min (proj¢(Ci))},

P,f("m*) = {(s¢,k, Sn,k) € R? | s¢.e < max (projC(Ck)} .

An exact cover of C,E in the lateral direction can be obtained
using a sequence N (N1, Na,...,Nuy) of interiorly
disjoint, orthogonal polyhedra \j (see Fig. 4b); for brevity, we
omit the time-dependency in the notation for A. In most cases,
this leads to the number of polyhedra being different from
Nmax,k- We therefore partition N into Nmax,k — 2 subsequences
N® C N, from which we obtain the remaining polyhedral
keep-out zones in the lateral direction.

From A/, a polyhedron can be computed using the convex
hull see, e.g., conv(N' ™) and conv(AN () in Fig. 4c. Since
we consider the generic formulation of inequality constraints
g(xk, uk, k) < 0 and adjacent polyhedra are interiorly disjoint,
the entire boundary of every conv(N®) is considered as
collision-free. However, every point in the relative interior [50,
Sec. 2.1.3] of the intersection of adjacent polyhedra is outside
of Cy (see Fig. 4c). To properly encode proj(zx) € Ci, we
modify adjacent conv(AN®) so that the resulting polyhedra
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SnT?’ W AC, SWL
< 5¢
Cr
conv (N 1)) conv (N () box (A1) box (A ()
el
I 1
| [T
N N@) | |

(a) (b)

Fig. 5: (a) Approximation error ACp. (b) We estimate the value of ACy, by
replacing the computation of conv(N () with box(N(®).

PC(I) overlap without further reducing the solution space
compared to the union of conv(N®) (see Fig. 4d). We
have found empirically that the proposed approach facilitates
convergence. Below, we discuss the partitioning of A into
Nmax,k — 2 subsequences, followed by explaining the algorithm
to obtain the polyhedra P,S(l),
boundary.

1 € T1inpmax —2)» for the lateral

B. Partitioning

We wish to partition the sequence N into Tmax,k — 2 disjoint
subsequences NW® C A such that the approximation error
ACy, ie, the loss of solution space of Cr compared to Cy, is
reduced (see Fig. 5a):

Nmax,k —2
ACy = area <c0nv(./\f(l)) \N(l)) . 5)
=1

Minimizing (5) leads to a combinatorial optimization prob-
lem that can become difficult to solve with increasing cardi-
nality of A. For computational efficiency, we propose several
simplifications:

1) We use a greedy algorithm that recursively partitions N
into subsequences N,
We replace the costly computation of the convex hull in
(5) with the computation of the minimum bounding box
box(N®) (see Fig. 5b).
At each recursion, we continue partitioning the sequence
NO that reduces AC; the most. If this partition is
inadmissible because too many new subsequences would
have to be created, i.e., the overall number of sequences
exceeds Nnmax k —2, we always consider the next best one.
For each sequence N @), we consider only some of its
possible partitions to evaluate the best partition. The
heuristic used is described in Appendix A. This heuristic
can be changed and is not the main focus of this paper.

2)

3)

4

=

Our algorithm can be extended to ensure the connectivity of
Cy, after computing the polyhedra from N, [ e Tinmaxc—21°
a partition is only admissible if box(N <l))O is pairwise disjoint
for all N')| j = [, which can be efficiently validated.

C. Computation of the Polyhedra for the Lateral Direction

After determining the subsequences N() as described
above, we compute their corresponding polyhedral keep-
out zones Pc(l) Let us therefore introduce the polyhedron
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75,8) D conv(N®) that is obtained by removing both halfs-

paces defining the vertical edges of conv(N®), e.g., compare

conv(N' @) in Fig. 4c with 73]£2 in Fig 6a. By intersecting

P(l) with halfspaces H(a n and H(a b2) that bound Pw

in forward and backward drlvmg dlrectlon respectively, we
. C(l)

obtain P

PEO _ B A <.

aron) ©)

To ensure a proper encoding of proj(zx) € Cj as discussed
in Sec. V-A, the halfspaces are created such that (a) PC(I) B}
conv(N' (1) and (b) the relative interior of the intersection of
adjacent conv(N'®) is excluded from the solution space (see
Fig. 4c and Fig. 4d). Additionally, we choose the halfspaces
so that (c) the solution space is not further reduced compared
to the union of conv(N'(®)) (see Fig. 4c and Fig. 4d).

1) Algorithm: To obtain the halfspace H(Safbl) limiting

(az b2)"

75,8) in backward driving direction we apply the following
approach (the computation of HS (o b ) works analogously, see
Fig. 6¢ and Fig. 6d): we initialize H = (o b ) as R? and determine
the set £ that contains the vertices of all conv(N()),
j # I, that are encountered when traversing along OCj in
backward driving direction starting from A" (see Fig. 6a).
To %atisfy the conditions (a) and (c), we search for a halfs-
pace HS (u1 br)’ where the corresponding hyperplane H_ (@1,b1)
separates conv(N'()) and £¢. The first support point of
H(:al«,bl) is chosen as the most backward vertex of conv(N(1).
The second support point is selected from £ . To this end,
we iterate over the vertices y € &£ : if y is contained
in 75,8 NH é fb ) indicating an additional reduction of the
solution space (see the left-most vertex in Fig. 6a), we update
Héfbl) with y as the second support point of H(:al,bl)' As

removed
halfspace

S"T_,

S¢

removed

halfspace HI

Fig. 6: Computation of the lateral polyhedra Pf(l) and P,S(z): (a), (¢)
removal of the halfspaces defining the vertical edges of conv(N (2)) and
conv(./\f(l)) to obtain 75 ) and 75,21), respectively. (b) 75]52) is intersected
with H( b1) yielding 7j ), where H(:1 py) Separates ’PC(Q) from £

(backward direction). (d) Pc( ) is obtained by intersecting 73'( ) with

= where H

- C(1) —
H(a%bz), (as,b2) separates P’ from £ (forward direction).



A.3 Computation of Solution Spaces for Optimization-based Trajectory Planning

This article has been accepted for publication in IEEE Transactions on Intelligent Vehicles. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/T1V.2021.3077702

IEEE TRANSACTIONS ON INTELLIGENT VEHICLES, VOL. XX, NO. X, MONTH YEAR 8

an example, compare 75,i2)
PC(Q) in Fig. 6b. To speed up the computations, it suffices to
con51der only the most backward and most forward vertex of
each conv(N()) due to convexity.

Let us now consider the adJacent polyhedra P;; € and P
in Fig. 4d. Computing H(ahbl) in the case of ’Pk , yields a
halfspace with non-vertical hyperplane H, (@1,61) (see Fig. 6b)

in Fig. 6a with the polyhedron

c(2)

When computing the halfspace HE (an b ) in the case of 73 R
the corresponding hyperplane H (az,b2) 19 vertical (see Fig. 6¢
and Fig. 6d). Thus, all positions in the relative interior of
the intersection of conv(N () and conv(N(?)) are excluded
from the solution space, i.e., condition (c) is satisfied. Since
Cy. is connected and vertically convex (see Def. 6), the same
situation occurs for every pair of adjacent conv(N'®), and
therefore, the polyhedral approximation Cj, of Cj, ensures a
proper encoding of proj(zy) € Cg.

2) Complexity: The complexity of the computation of P
is dominated by the computation of the convex hull of N <l):
Since any NV has two vertices, the number of vertices of any
N is bounded by 2|N]. Thus, the complexity of computing
the convex hull with respect to | V] is O(|N]log(|JV])) [80]. If
the vertices of A'") are stored in a ]lSt removmg the vertical
edges takes O(|N]). Computing Ha b,y and H(az by has
complexity O(|N]), since at most 2| dot and vector products
in R? have to be evaluated. Computing the polyhedron Pk(l)
in halfspace representation can be done in O(|NV]) if the list
of vertices of ”PISU) is ordered. Thus, the overall complexity
of the approach is O((nmaxx — 2)|N]log(JV])).

VI. INTEGRATION INTO MOTION PLANNING ALGORITHMS

Our approach can be integrated into a wide range of
optimization-based motion planning algorithms, which is dis-
cussed next.

40)

A. Duality-Based Reformulation

A state is collision-free if the signed distance with respect
to every polyhedral keep-out zone is non-negative. However,
non-convexity and non-differentiability of the signed-distance
function prevent these constraints from being directly en-
forced [42]. To tackle this problem, Zhang et al. [42] propose
a non-conservative and smooth reformulation of collision
avoidance constraints for convex keep-out zones based on
strong duality of convex optimization. Their results also enable
one to find least-intrusive solutions in the case that a collision
cannot be avoided. Below, we summarize the main results of
[42], which allow us to integrate the collision avoidance con-
straints from driving corridors into arbitrary motion planning
algorithms that rely on gradient- and Hessian-based solvers.

Consider a polyhedral keep-out zone P,f(l) = {yly =
proj(z), Ag)y bm < 0} with matrix A,(Cl) and vector b(l>
appropriate d1mens10n Using the results from [42], we encode
the collision avoidance constraint proj(zy) ¢ <73k <l>)

(AL proj(ar) — b)) "N =~ (7a)
ICA)TA 2 = 1 (7b)
w >0, >0, (7c)

where the slack variable 7/( )

€ R measures the penetration of
P,f(”, and Aif) is the dual variable associated with the original
constraint. The inequalities in (7c) apply element-wise. Since
we aim to find least-intrusive solutions, the optimization prob-
lem (2) is rewritten as a soft-constrained problem by encoding
the constraint (2d) using (7) and penalizing the penetration of
all polyhedral keep-out zones, i.e.,

N Tmax,k

Inln ZJ Tp, Uk +KZ Z V(l>. ®)

k=1 I=1

If the penalty weight x € R is chosen sufficiently large, a
collision-free solution can be found if one exists [42], [81].

B. Convexification of Collision Avoidance Constraints

Since the collision-avoidance constraint proj(z;) € Cj, is
usually non-convex due to the equality constraint (7b), we
sketch a convexification procedure that is based on geometrical
insight into (7). We project proj(xy) onto each face of P,f(l)
separately and select the closest face. Subsequently, we deter-
mine a corresponding /\( ) that solves the constraints (7). Any
such )\2) provides a supporting hyperplane H ™~ (D 40y

(l) (A(”)T/\(” and d(l) (/\(”)Tb(l), at the associated
polyhedron ’P,c [42] [50, Sec. 8.1]. Thus, we obtain the
convexified set of collision-free positions P;, as

Pi= () H( 40y )
Pyerg

where

To obtain a )\g) solving (7), we distinguish the following three
cases:

Cl) proj(zy) ¢ Py thus, we set 1/” = 0 and solve the
convex optimization problem y* = arg min yepCe® ly—

c().

proj(zx)|3, see [50, Sec. 8.1]. The supporting hyper-
plane at Plf(l) in y* with normal vector in the direction
of proj(zx) — y* implicitly defines a feasible )\g).
C2) proj(zy) € 873C(l) = 0. If proj(x)
is not a vertex of P €0 /\(l) follows as the canonical
basis vector that extracts the corresponding hyperplane

from Ag), b,(cl). If proj(zx) is a vertex of P,S(l>, A,((f)

*

thus, we set 1/< )

is chosen so that n,kl) is contained in the normal cone
at P,fm in proj(xy). Moreover, the chosen /\g) has to
satisfy (7b) and (7c).
C3) proj(ay) € (PLM)”:
proj(zy) is not projected onto a vertex of P,

due to convexity of PCU)

(1)
@ . Thus,
1
Aj. is chosen as a canonical basis vector as in the first
case of C2.

Note that the amblguous cases in C2 and C3 do not admit a
0 and, therefore, H( ® o) This might

unique choice of A}

be resolved by comparing n( ) with the gradlent of the cost
function as for instance in [47 Sec. 3.3]. Since Pj is con-
structed from separating hyperplanes, see (9), it follows that
proj(zx) € P§ C Cy, if proj(z) € C. While Pf # () holds
if proj(z) € Cr, P§ might be empty for proj(zx) ¢ Cy.
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VII. NUMERICAL RESULTS 2) Polyhedral Approximation: For the experiments, we use
the following number of polyhedra nmaxx: if & < 10,

driving corridors that represent semantically meaningful ma- "maxk = 41 if 11 < & < 15, fmax e = 51 if 16 < k < 20,
neuver variants leading to a given goal region for the au- ''maxk :_6; if 21 < k < 32.’ Mmaxk = 7 else Mmaxk = 8'_

tomated vehicle. In Sec. VII-C and VII-D, we embed our 3) Trajectory Optimization: The trajectory optimization
problems are modeled with CVXPY-codegen [83], which

is based on the CVXPY modeling language [84], using
ECOS [51] as the backend solver. For the evaluation, we
approximate the occupancy of the automated vehicle as a
disc. The vehicle dynamics are modeled similarly to the
kinematic bicycle model in [85], but we use jerk instead of
the longitudinal acceleration as input. The vehicle parameters
are taken from the CommonRoad library (vehicle ID: 2).

We use a weighted combination of the cost functions
proposed by CommonRoad [82] for trajectory planning:

In Sec. VII-B, we demonstrate that our approach extracts

approach into two state-of-the-art motion planning algorithms.
The results in Sec. VII-C show how our approach can enhance
state-of-the-art planning algorithms so that local minima as
in Fig. 2 are avoided. By applying our method to different
scenarios from CommonRoad' [82] in Sec. VII-D, we demon-
strate its applicability to arbitrary traffic scenarios and how
the driving corridors can facilitate the search for a suitable
initial guess. In Sec. VII-E we analyze the computation
times of our approach, followed by a discussion on motion
safety in Sec. VII-F. Since we have already shown that the
compgt?ltiopal effort of our approach typi(fally improves with 7 _ wpeJie + wydy + wodo + wada +wa(Jy + Jsg),
the criticality of the situation in our previous work [63], we
focus on the new benefits of our approach in the evaluation. ~ Where the (lateral) position tracking error in Joc refers to
the center of a given target lane. The desired velocity vges
for the partial cost Jy is extracted from the goal states
of the CommonRoad scenarios and set to a constant value.
All computations were conducted on a laptop equipped with  The desired orientations for the partial cost function Jo are
an Intel Core i7-10750H and 16 GB of memory. Our scenarios  obtained by propagating the initial longitudinal position of the
are modeled with the CommonRoad library. We consider a  automated vehicle along the center of the given target lane
planning horizon of 5s with A¢ = 0.1s unless otherwise using the desired velocity vges.
stated. Further implementation details are given below. For successive convexification procedures, we limit the
1) Driving Corridor Identification: Our first strategy for maximum number of iterations by 50; if no collision-free
driving corridor identification referred to as DC1 demonstrates  solution can be found in time that satisfies the convergence
the real-time capability of our approach. Starting from the criteria, it is considered to be infeasible.
largest goal set V](\?), we explore the corridor graph G¢ using
a depth-first search and terminate exploration once the node
at time step £ = 0 is reached. To obtain a driving corridor
with nonrestrictive collision avoidance constraints, we select We consider the scenario in Fig. 7a featuring a two-lane
the largest V,g*) € Ay at each time step for exploration. road with a static and a dynamic obstacle to determine driving
Our second strategy referred to as DC2 demonstrates the corridors. The dynamic obstacle travels at a constant velocity
abﬂity of our approach to explore complex scenarios in an of 17 m/s. The goal for the automated vehicle is to return to its
anytime fashion and is employed if not otherwise stated. Strat-  initial lane after 5s. We therefore intersect the drivable area
egy DC2 explores Ge starting from every V(q) and terminates of the automated vehicle at the final time step with the goal
as soon as at least me driving corridors for each V(q) are region.

identified. Throughout this section, we set n¢ = 10. We first Fig. 7 shows the results where the driving corridors are
explore the largest V}i*) € Aj. All remaining V (9) ¢ Ay depicted as white boxes and the occupancies of the obstacles

as gray boxes stacked over time. In this scenario, three
semantically different maneuvers are found that lead to the
desired goal region of the automated vehicle: (a) waiting until
the dynamic obstacle has passed, and then, overtaking the
static obstacle (see Fig. 7a); (b) staying behind the static
1 obstacle (see Fig. 7b); and (c) passing the static obstacle before
area(V(?)"  the dynamic obstacle (see Fig. 7c).

A. Implementation Details

B. Driving Corridor Computation

are sorted by their dissimilarity with respect to V (ie., we
compare their sets Dz(f )) and their size. This sorting strategy
favors exploring different maneuver variants that reach the
same goal region.

In case of DC2, we add wel%hts to the edges of G¢ where the
weight for an edge ( V 1, Vk is chosen as w; 4 =

For each goal set VJ(\;’), we determine the driving corridor C*

with the greatest cumulative area and an alternative driving
corridor that should preferably represent a different tactical
maneuver, e.g., overtaking an obstacle to the right side instead In this section, we augment two state-of-the-art trajectory
of overtaking to the left side. Therefore, we sufficiently optimization algorithms with our proposed method. In the first
increase the weights of the edges from C* (thus, it is costly to experiment, we demonstrate that our method eliminates local
select those edges again), and subsequently repeat the search ~Minima occuring in optimization-based trajectory planning as

C. Augmenting Motion Planning Algorithms

for the driving corridor with the greatest cumulative area. illustrated in Fig. 2. The second experiment shows that our
method facilitates the generalization of trajectory planners to
!https://commonroad.in.tum.de/ on-road traffic situations.
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static obstacle

driving corridor

dynamic obstacle

(a) Waiting until the dynamic obstacle has passed,
and then, overtaking the static obstacle.

(b) Staying behind the static obstacle.

(c) Passing the static obstacle before the dynamic
obstacle.

Fig. 7: Driving corridors corresponding to three semantically different maneuvers. The slice of the drivable area at the top is intersected with the goal region.

1) Elimination of Local Minima: We use the customized
SQP algorithm proposed by [5] for our first experiment. At the
beginning of each iteration of the successive convexification
procedure in [5], the vehicle model is simulated using the input
trajectory of the solution of the previous iteration (or the initial
guess). The nonlinear trajectory optimization problem is then
linearized around the forward-simulated trajectory to ensure
dynamic feasibility of the solution.

The approach in [5] requires the passing sides of obstacles
as input so that collision avoidance constraints can be repre-
sented as admissible intervals of lateral deviations e, ;, from
a reference path:

€k (8ck) < enk < EnklSck); (10)

where 5., denotes the longitudinal position of the forward-
simulated trajectory. In simple scenarios one may argue that
passing sides can be easily determined without driving cor-
ridors. However, the collision avoidance constraints in [5]
are typically discontinuous with respect to the longitudinal
position of the vehicle. For comparison, we therefore re-
place the original method for determining collision avoidance
constraints with our proposed method that identifies driving
corridors to obtain collision avoidance constraints, as shown in
Sec. VI-B. We use the simple traffic scenario of the previous
subsection and gradually raise the velocity of the dynamic
obstacle starting from 10m/s to 20 m/s in steps of 1m/s. For
the original version of the algorithm in [5], we specify that
the static obstacle must be passed on the left side and the
dynamic obstacle on the right side. As an initial guess, we set
all control inputs of the vehicle model to zero and simulate
the dynamics forward in time.

For velocities of 10m/s to 15m/s of the dynamic obstacle,
the customized SQP algorithm in [5] can find a collision-
free trajectory. However, the method fails if the velocity of
the dynamic obstacle is between 16 m/s to 20 m/s because the
algorithm gets stuck in infeasible local minima. Fig. 8 shows
the initial set of position constraints for the customized SQP
algorithm as well as the set at convergence if the velocity
of the dynamic obstacle is set to 17m/s. The empty set of

—®— constraints —%— Snk

Sy inm
o = oo

20 30 40 50
time step k

(a) Constraints and lateral trajectory at the first iteration

Sy in m
o = ow

20 30 40 50
time step k

(b) Constraints and lateral trajectory at convergence

Fig. 8: Lateral position constraints used in the algorithm in [5]. Even though
the initial guess in Fig. 8a seems to admit a collision-free trajectory, the
algorithm converges to an infeasible local minimum shown in Fig. 8b.

constraints for s, in Fig. 8b indicates infeasibility.

In contrast to the original algorithm, the combination of the
customized SQP algorithm with our computation of solution
spaces provides a feasible trajectory for every identified driv-
ing corridor in each instance of the scenario. Fig. 9 provides
a comparison of the results when the velocity of the dynamic
obstacle is set to 17 m/s. The trajectories that are obtained with
our proposed method are depicted by the solid black lines
in Fig. 9; the corresponding driving corridors are depicted in
Fig. 7. Any of these found trajectories are feasible solutions
of the nonlinear motion planning problem. The solution of the
customized SQP algorithm in [5] is depicted by the dashed
black line in Fig. 9; the infeasibility of the converged solution
which was already indicated in Fig. 8b can be observed in
Fig. 9b. In contrast, augmenting the algorithm from [5] with
our approach yields collision-free trajectories as local minima
induced by obstacles are eliminated.

2) Generalization to Traffic Scenarios: To show that our
method facilitates the generalization of trajectory planners to
on-road traffic situations, we combine the zeroth order hold
discretization scheme [86] with the successive convexifica-
tion algorithm proposed in [62] that was initially developed
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Fig. 9: Comparison of the results using the customized SQP algorithm from [5] and the combination of the algorithm with our dynamics-aware solution
spaces. The circles depict the occupancy of the automated vehicle at the current time step. In Fig. 9b, it can be observed that the algorithm from [5] does
not find a collision-free solution, see the dashed line. In contrast, augmenting the algorithm with our approach yields a feasible solution for the three distinct
maneuvers shown in Fig. 7. The regions where the driving corridors corresponding to Fig. 7a and Fig. 7b overlap are indicated by the striped white boxes.

for powered descent guidance for extraterrestrial spaceflight.
Instead of simulating the vehicle dynamics forward for lin-
earization as in our previous experiment, [62] linearizes the
nonlinear trajectory planning problem directly around the
solution computed in the previous iteration of the successive
convexification procedure. The resulting error in the vehicle
dynamics constraint (2c) can be handled using slack variables
which are referred to as virtual control inputs in [62].

Using a traffic scenario featuring a roundabout (see Fig. 10),
we demonstrate that our method enables the application of the
algorithm in [62] to traffic scenarios. The automated vehicle
aims to enter the roundabout and take the second exit. There is
an oncoming vehicle in the roundabout that must be taken into
account. Since this maneuver requires longer time horizons
so that the automated vehicle is able to reach the second
exit, we use a planning horizon of 7s. Our approach finds
a trajectory for the automated vehicle both for the entry into
the roundabout before and after the oncoming vehicle (see
Fig. 10). In Sec. VII-D, we increase the difficulty of the
planning problems and apply the planner to complex traffic
scenarios with multiple obstacles and lanes.

D. Applicability in Arbitrary Traffic Scenarios

Planning schemes for autonomous driving that iteratively
linearize the vehicle model, such as [5], [12], usually rely on
the previously computed solution as an initial guess, similar
to model predictive control. In general, this initial guess is
only close to the solution if the same maneuver is followed.
However, if new maneuvers are initiated, implying a change
to another driving corridor, the previously computed solution
may be insufficient as an initial guess.

In this section, we demonstrate that driving corridors facil-
itate the initialization of trajectory planning methods and that
our approach can be applied in arbitrary traffic scenarios with
multiple obstacles. We therefore introduce different strategies
for generating an initial guess for the optimization problems
and compare their performance on 30 highway scenarios based
on the NGSIM dataset from the CommonRoad library [82] that
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Fig. 10: Roundabout scenario: (a), (b) our approach identifies a driving
corridor for the entry before and after the obstacle in the roundabout. (c)
the automated vehicle reaches the second exit using either driving corridor.

have five or six lanes and up to 57 obstacles (see Appendix B
for the identifiers of the scenarios). After introducing different
initialization strategies and the problem setup, we present the
results of our experiments in Sec. VII-D3.
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1) Initialization Strategies: We introduce the solution-
space-guided initialization that works as follows: first, the
goal state is projected onto the driving corridor Cy at the
terminal time step. Afterwards, we linearly interpolate between
the projected goal state and the initial state of the automated
vehicle. The collision avoidance constraints are convexified at
each time step k € Z;.n] using the procedure in Sec. VI-B
and we solve N convex optimization problems of the form
yp = argmin,,_|lyx — proj(zx)|3, s.t. yx € Pf. The solutions
Y5, serve as our initial guess.

For comparison, we consider the following initialization
strategies:

o Simulate: the vehicle dynamics are simulated forward in

time assuming that all control inputs are zero.
o Initial Lane: we translate the initial state along the cen-
terline of the initial lane according to the desired velocity
Vdes provided by the planning problem.

o Interpolate: we linearly interpolate between the initial
state and the goal state, e.g., as in [60], [62].

2) Problem Setup: Since the considered initialization
schemes except simulate generally do not provide a dynami-
cally feasible initial guess, the motion planning algorithm of
[5] introduced in Sec. VII-C1 cannot be applied. We therefore
use the combination of [62], [86] with our approach as in
Sec. VII-C2 and exploit the virtual control inputs that handle
infeasible initializations. The goal state for the initialization
schemes solution-space-guided initialization and interpolate
are obtained by propagating the initial longitudinal position
of the automated vehicle along the center of the target lane
using the desired velocity v4es. To assess the robustness of the
initialization schemes with respect to parameter variations, we
choose the mean, lower, and upper bound from the uncertain
goal states of the CommonRoad scenarios as desired velocities.

3) Evaluation: Using our method, we obtain 138 driving
corridors for all traffic scenarios, in which we plan trajectories
for each desired velocity vges, i.e., we obtain 414 combinations
of driving corridors and desired velocities. Tab. I summarizes
the results, which we discuss below.

In total, we are able to find a feasible trajectory in each
scenario for every initialization strategy. We further analyze
the success rates of the initialization strategies with regard to
all combinations of driving corridors and desired velocities
(see the third column in Tab. I), i.e., the success rate is
100% if for each combination of driving corridors and desired
velocities a solution is found. It can be seen that the solution-
space-guided initialization solves more instances of the motion
planning problem than any other scheme, as shown in Tab. I,
and the success rate is increased by 6% compared to the
simulate initialization strategy. Furthermore, in cases where the
initial guess leads to a feasible solution, the number of convex
programming iterations until convergence can be reduced by
an average of almost 20% with the solution-space-guided
initialization compared to simulate. Some combinations of
driving corridors and desired velocities were infeasible due
to (a) non-connectivity of the approximated driving corridor,
which might yield an initial guess that switches between
connected components, and (b) non-drivability of the driving
corridor with regard to the high-fidelity vehicle model used

for motion planning. Therefore, a possible direction for future
research is the assessment of the drivability of the driving
corridors prior to trajectory planning.

The desired velocity v4es affects the cost function .J for the
trajectory optimization and the initialization schemes solution-
space-guided initialization, interpolate, and initial lane. We
therefore analyze for each driving corridor the standard devia-
tion in the required number of convex programming iterations
resulting from variations in the desired velocity. Tab. I shows
the standard deviations averaged over all scenarios for each
initialization scheme. The average standard deviation using
the solution-space-guided initialization is close to the case of
simulate where the reference velocity only affects the cost
function. In contrast, interpolate and initial lane exhibit much
larger variations in the number of iterations when changing
the desired velocity. Moreover, if interpolate or initial lane is
used for initialization, it is more likely that a variation of the
desired velocity will render the optimization task infeasible, as
shown in the last column of Tab. I, which lists the number of
driving corridors where a feasible solution could not be found
for all desired velocities.

E. Computation Times

We analyze the runtime behavior of our approach in depen-
dence of the number of obstacles in the scenarios. Fig. 11
shows boxplots of the resulting computation times for the
reachable set computation, the driving corridor identification,
and the computation of the polyhedral approximation, which
we repeated 100 times to obtain a statistically profound exam-
ple. The results shown in Fig. 11 indicate that our approach
scales favorably with the number of obstacles as the median
computation times vary only slightly; therefore, our method is
suited to be employed in cluttered environments.

One iteration of the trajectory planning problem, i.e., con-
vexifying the non-convex trajectory optimization problem (2)
and solving the convexified optimization problem, requires
56 ms on average. Considering the average number of iter-
ations given in Tab. I, the solution-space-guided initialization
reduces the average computation time for motion planning to
347 ms compared to 426 ms for simulate. In conclusion, the
solution-space-guided initialization provides an improvement
in terms of the overall computational effort and increases
robustness with respect to parameter variations only at a
slightly increased effort to provide the initial guess.

E. Discussion on Motion Safety

To ensure motion safety, the automated vehicle must reason
over an infinite time horizon (or at least until a set of safe goal
states is reached) while considering its own dynamics and the
future motion of other traffic participants according to [87].
Driving corridors can be restricted to end in a set of safe goal
states to ensure persistent feasibility. The missing ingredients
to ensure safety are (a) that the full-dimensional vehicle shape
is considered for trajectory planning, (b) that the provided
predictions must be conservative (i.e., guaranteed to include
the real future behavior of other road users), and (c) robustness
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Fig. 11: Boxplots showing the runtime of our approach with respect to the
number of obstacles in the scenarios listed in Appendix B. We clustered the
scenarios with respect to the number of obstacles and repeated the computation
of reachable sets, the identification of driving corridors, and the polyhedral
approximation 100 times in each scenario.

with respect to disturbances and model uncertainties. Below,
we will further discuss points (a) to (c).

In our earlier work in [63], a mathematically rigorous model
for collision avoidance of the full-size vehicle in the special
setup of decoupled longitudinal and lateral motion planning is
given. Difficulties in generalizing the consideration of full-size
vehicles arise from the fact that our approach is formulated in
a road-aligned coordinate system and the assumption that the
vehicle is oriented along the reference path when computing
the reachable set (see Sec. III). The extension of our approach

Ns
,Na)

(a) Largest sequence (N7,N2,N3) (b) Largest sequence (N7,...
for Ny for Ny

Fig. 12: Visualization of the largest sequence N for a node Nj such that
N limits the lateral extent of box (N (i)) towards the interior of the driving
corridor Cg.

to formally correct collision-avoidance constraints for full-size
vehicles in the road-aligned coordinate system is subject of
future research.

Regarding (b) and (c), we suggest to integrate our approach
in the online verification framework proposed in our previ-
ous works [88]-[90] to guarantee legal safety of automated
vehicles and drivability of motions despite disturbances and
model uncertainties. Moreover, as shown in [91], [92], our
method can be extended to cooperative driving with explicit
communication between groups of automated vehicles, which
offers the possibility of further enhancing road safety due to
reduced uncertainties regarding the intentions of others.

VIII. CONCLUSIONS

This paper provides a generalization of our previous results
on combining set-based reachability analysis with optimal con-
trol by enabling the usage of vehicle models that jointly con-
sider the longitudinal and lateral dynamics. Moreover, our ap-
proach can be combined with arbitrary existing optimization-
based algorithms that rely on gradient- or Hessian-based
solvers. Our results demonstrate that the proposed approach
can identify different driving maneuvers in arbitrary traffic
scenarios. Thereby, feasible solutions can be found in traffic
scenarios that are not solvable using state-of-the-art planning
algorithms. Apart from avoiding infeasible local minima, our
method facilitates the generation of initial guesses for the
trajectory planning problem such that the computational effort
is reduced while increasing the robustness of the algorithms.

APPENDIX A
HEURISTIC FOR PARTITIONING

Considering all possible partitions of a sequence N'¥) C N/
into subsequences can lead to a large computational over-
head. Even if we only consider partitions of AN into two

TABLE I: Comparison of Initialization Schemes

Initialization strategy Solutions Success Average Avg. STD # iterations # Corridors that are not
rate # iterations due to change of vges feasible for all vq.s

solution-space-guided 345 83% 6.2 0.55 2

interpolate 335 81% 8.6 1.44 11

simulate 317 7% 7.6 0.34 1

initial lane 326 79% 8.7 1.39 14
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Fig. 13: (a) Any partition of A into two subsequences N(®) and N
cannot reduce ACy, when using box(NV()) instead of conv(N (1)) in (5).
(b) Partitioning N into three subsequences, e.g., (No), (N1, ...,N4), and
(N5), resolves this issue.

or three subsequences, we must already evaluate (N[ —
1) + MQWUH possible partitions. Under this re-
striction, computing the partitions in the scenarios listed in
Appendix B and using the number of polyhedra nmax x given
in Sec. VII-A2 required 63 ms on average and at most 248 ms.

We subsequently propose a heuristic that selects only | (l)‘
possible partitions of A’ for evaluation. These can be pre-
computed in O(|N (l)|2), whereas storing and updating after
each partitioning takes O(JA(|). The mean and maximum
computation times decrease to less than 10 ms and 15 ms,
respectively, in the scenarios listed in Appendix B. Compared
to considering all possible combinations for partitions into two
or three subsequences, our proposed heuristic yielded the same
or even better results in terms of Aék. in 84 % of the cases.

Let us introduce the approximation error of a set N’ of
sequences N'U) as

AW = 3 area (box(ND) \ W)
NG N

an

Without loss of generality, we assume that N =
(Mo, ..., N,). For each N; € N, we determine the
largest subsequence N = (Ni,...,Nj,...,\.), 0 <
s < j < e < n, such that ./\/'] limits the lateral extent
of box(N) towards the interior of the driving corridor
Ck, as shown in Fig. 12. The resulting partition is N’/ =
{No, - s Ns—1), Wy, NGy (Nets - - -, Ny . Following
the reasoning in [93], we consider N if the relative improve-
ment of the approximation error is above a threshold e:

AN — AW
area(box(clip(N(1))) > €, (12)

where clip(-) clips all N; € NO so that
area(clip(box(N®))) € RT has a finite value. Using
this heuristic, we can consider partitions of A into two
or three subsequences. Note that we consider partitions into
three subsequences, since it is possible that no partition into
two subsequences can reduce the approximation error due to
the replacement of the convex hull in (5) with the minimum
bounding box (see Fig. 13).

The scenarios are USA_US101-1_1_T-1, USA_USI101-
* 3 _T-1 for x € {5,16,17,18,19,20,21,22,23,24, 25,26},
USA_US101-*_4_T-1 for = S {4,6,15,17, 26, 28},
USA_USI101-*_5_T-1 for * € {7,9,10,11,12,27}, and
USA_USI101-*_6_T-1 for * € {2,3,8,13,14}.
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A.4 Negotiation of Drivable Areas of Cooperative Vehicles
for Conflict Resolution [5]

Summary We present a novel method for maneuver-based cooperation between communi-
cating vehicles that is based on reachability analysis. Our approach is inspired by reservation-
based conflict resolution algorithms, where vehicles reserve space on the road for exclusive
access for a limited period of time. With our method, reservation requests for communicating
vehicles participating in joint motion planning are determined by drivable areas, which are
reachable sets projected onto the position domain. Areas which can be reached by at least
two vehicles are in conflict. Conflicting areas are unambiguously reallocated to individual
vehicles such that each vehicle has its unique area for motion planning.

Our method is applicable to mixed traffic scenarios where human drivers and autonomous
vehicles co-exist. With our method, the search space for trajectory planning for each coopera-
tive vehicle can be considerably reduced, since each trajectory must not leave the redistributed
driving areas. In contrast to trajectory-based conflict resolution, our method offers a certain
degree of flexibility in individual trajectory planning, since drivable areas are negotiated, i.e.,
we negotiate position constraints for trajectory planning.

The usefulness of our approach is demonstrated in traffic scenarios from the CommonRoad
benchmark suite. The experiments demonstrate that high-level cooperative driving strategies
are determined prior to trajectory planning by distributing shares of the drivable area. This
study was our first step towards cooperative motion planning using reachable sets. The
current redistribution of conflicting reachable sets only relies on geometric reasoning, so we
have redesigned our approach in the publication in Appendix A.5 to take into account more
general vehicle objectives.
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Abstract—We address the problem of cooperative conflict
resolution for multi-vehicle motion planning in mixed-traffic
scenarios, where automated and manually-driven vehicles co-
exist. We propose a novel solution based on reachability analysis,
which provides the drivable area of each collaborative traffic
participant. Overlapping drivable areas are redistributed so that
each traffic participant receives an individual area for motion
planning. We do not stipulate a specific method for predicting
the future motion of non-communicating traffic participants.
Furthermore, uncertainties in the initial states of the cooperative
vehicles, e.g. due to sensor noise, can be easily integrated. A
byproduct of our approach is that collaborative groups can be
automatically found by identifying conflicting drivable areas; if
no conflict exists, collaboration becomes unnecessary. We demon-
strate the redistribution of drivable areas with two numerical
examples.

[. INTRODUCTION

Collaborative motion planning of various automated road
vehicles is clearly superior in terms of achievable safety and
comfort compared to computing individual motion plans. This
is because individual motion planning is a special case of
collaborative planning when vehicles are not communicating.
Many promising approaches for multi-vehicle motion planning
have been developed; however, dealing with mixed-traffic
situations and uncertainty is still an open research topic. We
propose a unified approach for cooperative conflict resolution
based on the computation of drivable areas where automated
and manually-driven vehicles share the road. We first review
literature concerning specific applications like intersection
management and merging; after, we discuss priority-based,
market-based, and reservation-based approaches.

Much work on cooperative motion planning has been de-
voted to road intersections, since these are hotspots for traffic
accidents. Collision avoidance at intersections using V2V-
communication for cooperation is investigated in [1] under the
consideration of model uncertainty and communication delays.
Colombo et al. [2] solve scheduling problems to ensure safety
during intersection passages.

Another line of research is the design of cooperative lane-
changing and merging strategies. In [3], it is discussed how
V2V-communication can be utilized for cooperative decision
making: a distributed receding horizon control framework is
set up to solve tasks of platooning and cooperative merging.
Further lane-changing and merging control algorithms for
platoons of vehicles are developed in [4], [5].

Frese et al. [6] exploit priority-based motion planning to
decouple the multi-vehicle motion planning problem, such that
trajectory planning can only be conducted for single vehi-
cles. This decreases the computational complexity; however,
the solution space is reduced. Bekris et al. [7] combine a
sampling-based motion planner with a priority-based coordi-
nation scheme, which is compared with a message-passing
protocol for distributed constraint optimization. Moreover,
priority-based algorithms for intersection management and
traffic flow control are elaborated in [8]-[10].

Recently, market-based approaches have received major
interest for multi-vehicle coordination, since they allow the
incorporation of individual as well as global objectives, mak-
ing it useful to balance self-interested and collective goals.
In [11], maneuver plans are negotiated and refined via model
predictive control. Auction-based coordination strategies for
intersections can be found in [12]-[14].

Finally, we review literature concerning reservation-based
algorithms [15]-[18], where communicating vehicles reserve
some sort of space-time slots by requesting them via a
supervisor. It must be guaranteed that the space-time slots are
not occupied by more than one vehicle in order to ensure
safety. In [15]-[17], reservation-based algorithms are applied
to intersections; [15] in particular divides the intersection
into tiles which can be allocated to communicating vehicles.
Marinescu et al. [18] implement a slot-based approach for
the merging of on-ramp traffic. They propose combining the
hierarchical approach of exploiting vehicle-to-infrastructure
communication with the decentralized approach of utilizing
inter-vehicle communication for vehicle coordination.

We propose an algorithm related to the idea of reservation-
based algorithms. In contrast to previous work, we distribute
drivable areas of cooperative vehicles such that overlapping
drivable areas are unambiguously reallocated to single co-
operative vehicles. The computation of the drivable areas is
based on reachability analysis, which allows us to not only
compute a set of drivable positions but also to determine the
maximum velocity range to reach a distinct set of positions.
Thus, we are not restricted to distributing complete road seg-
ments among the collaborative vehicles, but we can precisely
resolve conflicts. Our approach reduces the search space when
planning coordinated maneuvers for multiple vehicles, since
the trajectory of a single vehicle is restricted to its associated
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drivable area. Thus, the computational complexity of multi-
vehicle motion planning can be decreased. Our method is
suitable for identifying collaborative groups of vehicles for
which motion planning can be conducted jointly. Moreover,
it is possible to detect if collaboration with a cooperative
vehicle becomes unnecessary. Since our method is set-based,
the consideration of uncertainty in the initial position or
velocity of the cooperative vehicles, e.g. due to sensor noise, is
automatically supported. Our approach is applicable to mixed-
traffic scenarios, where automated vehicles and human drivers
co-exist.

The remainder of this paper is organized as follows: Sec. II
introduces the problem statement and Sec. III presents the
basic idea. A comprehensive description of our applied meth-
ods and our proposed algorithm is provided in Sec. IV.
Sec. V demonstrates our approach on two numerical examples,
followed by the conclusion in Sec. VI.

II. PROBLEM STATEMENT

Let us introduce [] as the placeholder for a variable and [,
to denote the value of the corresponding variable of the n-th
cooperative vehicle, n € N := {1,2,...,N}. The system
dynamics of the n-th vehicle is described by the differential
equation

Xn(f) = fn(xn(t)v un(t))a

where x,, is the state, u,, is the input, and ¢ is the time. All
possible initial states and the admissible inputs are bounded by
sets: x,(0) € X,y 0, Vt : u,,(t) € U,,. We further introduce the
solution of the differential equation x,,(¢) = f,, (%, (t), u,(t))
as Xn (t;%,(0),u,(+)), where u,(-) refers to the input trajec-
tory.

The reachable set of the system X, (t) = fn(xn(t), un(t))
is usually defined as the set of all states which can be reached
from an initial set &, o at time ¢. However, the vehicles
generally move in a structured environment cluttered with
(time-dependent) obstacles represented by the set O(¢) C R2.
Since we require the absence of collisions, each vehicle must
not enter the set of forbidden states

Fu(t) == {xn(t) € Xy |Qn(x,(t))NO() 0},

where Q,,(x,(t)) € R? denotes the occupancy of the n-th
cooperative vehicle. Therefore, we restrict the reachable set
Rn(Xn0,1) of the n-th vehicle to the set of states that can be
reached without any collision with the obstacle set O(t):

Rn(Xno0,t) = {Xn(t; x1,(0), un(+))|xn(0) € Xy 0,
V7 € [0,1] 5 (7) € Un, X (T3 %0 (0), 1a()) & Falr)}.

The drivable area D,,(X,, o,t) of the n-th vehicle is given by
the reachable positions at time ¢. We introduce the projection
operator proj() to project a set of states to the position domain.

Definition I (Projection): Given that x(t) € X’ contains the
position s, (t) and s,(t) in 2- and y-direction, we define the
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mapping from a set of states X’ C X to the set of positions
as

proj(z’\,’/) = {[Sz(t)»sy(t)]T € R2|X(t) € Xl}’
Definition 2 (Drivable Area): The drivable area D,, (X, 0, 1)

of the n-th vehicle is defined as the projection of its reachable
set Rn(Xn,Oy t): DH(XTL,O? t) = proj(Rn(Xn,Ov t))

@D oxeno

DS (X0, t)

D3(Xs,0,t)

Fig. 1: Conflicting and conflict-free drivable area D$(X) o, t)
and DE (X 0,t) of vehicle 1.

The collaborative vehicles do not only have to avoid the set
of forbidden states F,(t), but they also have to prevent acci-
dents among each other. Given the drivable areas D,, (X, o, t)
of N collaborative vehicles at time ¢, the occupancies of the
vehicles may overlap (see Fig. 1). The overlapping region
defines the area where conflicts potentially arise and a col-
lision may occur. Thus, the drivable area D, (X, 0,t) can be
partitioned into a conflicting and a non-conflicting region.

Definition 3 (Conflicting Drivable Area): We introduce the
conflicting reachable set RE (X, 0,t) C Ry(Xno,t) as the
set of states x,(t) € Rn(Xno0,t), where the occupancy
Q,,(x,,(t)) of the n-th vehicle potentially intersects with the
occupancy Qp(x(t)) of another cooperative vehicle k €

N\ {n}:

RE (Xn0.t) 1= {Xu(t) € Ru(Xon0,8)|x1(1) € Ric(Xe0, 1),
ke N\ {n} : Qn(x,(t)) N Qu(xk(t)) # ®}~

The conflicting drivable area DS (X, 0, ¢) of the n-th vehicle is
then the projection of its conflicting reachable set R (X, o, t):
DC(X,0,t) := proj(RE(Xn.0,1)).

Definition 4 (Conflict-Free Drivable Area): The conflict-free
drivable area of the n-th vehicle is

D:,(X7z,07 t) = Dn(Xn,O’ t) \ ,Df,,(Xn,,Oa t)

The goal of our approach is the reallocation of DS (X, ¢,1) so
that each cooperative traffic participant receives an individual
area for motion planning. Henceforth, we will refer to the
redistributed drivable area of the n-th vehicle as DE (X, 0,1).

Definition 5 (Redistributed Drivable Area): We define the
redistributed drivable area as

Di(X7l,07 t) = D'lr:; (Xn,07 t) U gn(Xn,07 t)7

where &, (Xy.0,t) C DE (X, 0,¢). It holds that the interior of
the redistributed drivable areas of all cooperative vehicles is
pairwise disjoint.
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III. BAsIc IDEA

The starting point of our approach is the computation of
the drivable areas Dn(Xmo.,t) of each cooperative vehicle
(see Fig. 2a). Since a conflict requires at least two different
vehicles, the set of all conflicting subsets of vehicles is
P>2(N), where P2 (N') denotes all subsets of the power set
P(N) with cardinality greater than two. We demand that the
vehicles staying in a conflict form a coalition ), to solve it.

Definition 6 (Coalition): Let us introduce the relation
g: Wi Way oo o Wb = (Wi, Wa, ..., We) to convert the
powerset P>o(N) := {Wi,Ws,...,W,} into a tuple. The
tuple ¥ := g(P>2(N)) is the ordered list of all unique
subsets of vehicles which may have conflicting drivable areas.
Henceforth, we refer to the r-th element v, € ¥ as a coalition.

For instance, if we have N = {1, 2,3}, the tuple ¥ is:

U = g(P>2(N))
= (1,92, ¥3,%4) (1)
= ({1,2},{1,3},{2,3},{1.2,3}).

We assign a negotiable drivable area D"(v,.,t) to each
coalition 1. To this end, we simplify the determination of
DY(¢,,t) and neglect the shape of the vehicles such that
Q. (%4,(t)) = x,,(t). This reduces the problem to the detection
of overlapping regions (see Fig. 2b).

Definition 7 (Negotiable Drivable Area): We define the
negotiable drivable area for each coalition 1, € ¥ as

D¢y, 1) := ) D (X0, t)-
neY,

The members of the coalition ), can distribute the ne-
gotiable drivable areas DY(¢),,t) among each other. The
redistribution of the sets D"(4),., ) can thereby be subject to
a specific redistribution strategy, which e.g. minimizes a cost
function J (see Fig. 2c).

The search for a feasible trajectory for each coopera-
tive vehicle can be limited to its redistributed drivable area
DR (X,,0,t). This can reduce the computational complexity of
multi-vehicle motion planning, since the n-th vehicle may only
cause a collision with obstacles O(t) and other cooperative
vehicles N\ {n} close to the border of D! (X, o,t). Espe-
cially, when one considers that a huge variety of combined
trajectories of the collaborative vehicles can be excluded, since
these combinations would lead to a collision. Our method
reduces the set of trajectories which can be excluded, before
motion planning. This can speed up the search for cooperative
maneuvers.

Moreover, cooperative groups can be identified through
DY(3,., 7): if there exists a 7 € [0, ¢] such that DY(¢,., 7) # ()
holds, the vehicles belonging to the coalition v, should plan
their motion jointly.

IV. METHODOLOGY AND ALGORITHM

We apply an iterative approach which redistributes the
drivable areas of the cooperative vehicles at discrete points
in time ¢;. During each iteration ¢, three steps have to be
executed:

proj(&X2,0)
Il

CD D —

D2(Xz,0,t)
Il

) © @D

@ proj(Xs,0)
@ - ! D3(X3,0,t)
proj(Xi,0) D1(X1,0,t)
(a) Drivable areas Dy, (Xn,0,1).
D"(’b&}%)

D O

Do,

D' (1, 1)

D" (2, t)
D"(¢p4, t)

(b) Non-conflicting drivable areas Df (X;,0,%) and negotiable driv-

able areas D" (3, ).

@ : Di(Xs,0,t)
(c) Negotiation of D"(¢),., ) to determine the redistributed drivable
areas D}}Z(Xn,o,t).

D§(Xz2,0,t)
Il

DY (X10,t)

Fig. 2: Overview of the negotiation of drivable areas.

1) the computation of drivable areas D,, (X, ;—1,1;),

2) the determination of negotiable areas D" (1., t;),

3) the redistribution of all negotiable areas DY(v,.,t;) to
obtain D} (X, ;_1,t;). The new set of states X, ; is
computed based on DR (X, ;_1,t;).

There are three main challenges to be addressed: the efficient
computation of the reachable set R, (X, i—1,t;), the efficient
assignment of the conflicting drivable areas DS (X, ;_1,1;) to
a coalition 1),, and the choice of the redistribution strategy.

The reachable set R, (X, ;_1,t;), more specifically
D, (Xni-1,t;), cannot be computed efficiently for general
system models f,(x,(t),u,(t)) in the presence of arbitrary
obstacles O(t). The overapproximation of the reachable set
Ry (Xy,i—1,t;) constitutes a compromise between computa-
tional efficiency and accuracy; we use the approach presented
in [19] (see Sec. IV-B).

Since we neglect the shape of the cooperative vehicles and
model them as moving point masses, we are able to apply fast
algorithms from the field of computational geometry to assign
the conflicting drivable areas DSL(X,L,i,l, t;) to the coalitions
Y, (see Sec. IV-C).

The choice of redistribution strategy highly influences the
overall performance of the approach. In this paper, we select
a strategy which should ensure that (see Sec. IV-D):

o the negotiable drivable areas D"(v,,t;) are fairly allo-
cated, such that all vehicles have equally sized drivable
areas

o the redistributed drivable areas DR (X, ;_1,¢;) are con-

95



Appendix A Reproduction of Publications

nected.
The calculation of the drivable areas is based on models
that are subsequently introduced and can be performed in a
centralized or decentralized fashion. However, we assume that
all computations are executed in a common coordinate system.

A. Vehicle and Obstacle Models

We model the dynamics of the cooperative vehicles as two
double integrators with bounded velocity v and acceleration
a. Let us introduce U, and [, to denote the value of the
corresponding variable in x- and y-direction, respectively.
After further introducing the notation [J and OJ to specify the
minimum and the maximum possible value of a variable, the
dynamics is

Sna 0 1 0 Of |sna 0 0
d |vpz| |0 0 0 0 1)n,z+10 A
dt |Sny| |0 0 0 1] |sny 0 0f any]’
Un,y 0 0 0 0] |vny 0 1 m
Xp ()
(2a)
yﬂ,m S ’Unyl S En,z7 Qn,y S Un Y S vn Y (Zb)
|ny| < Ty (20)

The system dynamics of the obstacles is not restricted to
any specific model. Moreover, we do not stipulate a particular
method for the prediction of the occupancies of other traffic
participants. Thus, any prediction supporting collision checks
can be used, e.g. [20].

B. Computation of Drivable Areas

We compute the reachable set R, (X, ;—1,t;) of each co-
operative vehicle at time ¢; based on the set of states X, ;_1
of the previous time step ¢;_; as presented in [19] and recall
the main results of [19] in this subsection.

Pontryagin’s principle is applied to calculate the boundaries
of the reachable set of the n-th vehicle, ignoring the forbidden
region F,(t;). Since the states of system model (2) are decou-
pled in longitudinal and lateral direction, their evolution over
time can be computed separately. Two optimization problems
are formulated in the z- and y-direction: given a specific
terminal position, the objective is to maximize/minimize the
speed at this position at time ¢. The Pontryagin principle yields
a bang-bang input candidate solution with a single switching
time. The velocity constraints (2b) are only considered at
terminal time ¢. This results in an overapproximation of the
reachable set, since the velocity constraints may be violated
during Jt;—1, t;].

The lateral and longitudinal dynamics have to be considered
jointly for the computation of R,, (X}, i—1,%; i), since it must be
determined which states x,, (¢;) are within the set of forbidden
states J,(t;). Sontges et. al [19] use the union of base sets
B,(Lz, which are the Cartesian product of two convex poly-
topes in the (s, v,)- and (s,,vy)-plane, to overapproximate
R (X i—1,t;) in a computationally efficient way:

Rn( n,i— 17 CUB
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The projection of the base sets B,(qu yields axis-aligned

rectangles Afz )=

holds that the interior of the axis-aligned rectangles .,4 ), is
pairwise disjoint [19] and the union of rectangles A(qi

overapproximation of the drivable area Dy, (X, i—1,%;):
U A

C. Assignment of Drivable Areas to Coalitions

proj(Bfﬁi) in the position domain. It

is an

Dn( n,i— 17

Next, the negotiable drivable areas are determined. We
exploit the fact that the drivable areas A,, ; := {ASQ, A(Q) .
are represented by axis-aligned rectangles (see Fig. 3a) and
use a sweep line algorithm [21], [22], known from the field

of computational geometry, to conduct the following tasks:

1) the detection of overlapping axis-aligned rectangles (see
Fig. 3b),

2) the division of the drivable areas U,ecn Ug Ai,qz into
the conflict-free and the negotiable drivable areas Af :=
{AL ... AR} and AT = {A] ... AL G} oof a
single vehicle n € N and a coalition ¢r € U, respec-
tively. All subsets Af, ; and ./41/) ; are a collection of novel
axis-aligned rectangles AF(Z) € A, ; and AN(p) c Aw i
whose interior is disjunct (see Fig. 3c)

A3,i

1

Az

Avi

(@ (b)
Fig. 3: Assignment of drivable areas at time step i: AF ;
and AN ; represent the conflict-free drivable area of the n- th

vehlcle and the negotiable area of the coalition ¥, € ¥ (1),
respectively.

D. Negotiation of Drivable Areas

Finally, the negotiable drivable areas AY are redistributed.
Our applied method is related to the Nearest Centroid Classi-
fier [23]: given a set of distinct clusters with associated class
labels, a new observation is classified according to the class
label of the nearest cluster centroid.

Here, each cooperative vehicle is considered a single class;
therefore, the set of class labels is N. Furthermore, each
connected component of the conflict-free drivable area A7 ;
represents a cluster of the n-th vehicle. Thus, a single vehi-
cle may have several clusters identified through the cluster

centroid cﬁf = [xm, yflkl)] with longitudinal and lateral
position coordinate :UEIZ and yfm?, respectively (see Fig. 4).

The connected components of the drivable area of a single
vehicle are determined through a sweep line algorithm, which
detects pairs of rectangles AED AF<0) € Af . for I # o,

mn,t M,10
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[]Aw
D AF(l)

Algorithm 1
Input: Initial sets {Bi,...

,Bn o}, collision detection for

N A7

Fig. 4: The negotiable drivable areas are assigned to the vehicle
. o (k
with the nearest cluster centroid c,,’;.

whose boundaries intersect [22], [24]. The cluster centroids
are computed by geometric decomposition:

> centerX(A ( >)area(AfL(’?)

k n,i
- Eyarea(47) 3
vy _ 2 centerY <Aff,? ) area (Aff,?)
ni = S, area (Afj,zi)) :
F(1)

where A, n.i belongs to the k-th cluster of the n-th vehicle.
The operators centerX(), centerY (OJ), and area(d) return
the x- and y-coordinates of the center and the area of an axis-
aligned rectangle [, respectively.

After agreeing that the set C,, ; := {c

all cluster centers c( )
note the collection of all subsets Cy, ; as C; := {01 iy

c@

n, (2l ’I’L"

.} contains
of the n-th vehicle at time step i, we de-
., Cn Z}
€ A’“ .
assigned to the vehicle n € 1), with the nearest centr01d cflkz
(see Fig. 4):

Subsequently, each negotiable rectangle AW-

argmin( min d(AfﬁLcEﬂ)), (@)

nev,  \elec, .

where d(A (e )l, (k)) denotes the Euclidean distance between

N(p) (k )

the center of a rectangle A1/ and a cluster center c,,

E. Algorithm
Alg. 1 shows the overall approach. First, the overapproxi-
mated drivable area A, ; = {A(l) A2 .} of each coop-

mn,17 mn,e? " "

erative vehicle is computed for each time step s = 1,...,T
by propagating the base sets 53, ;—1 := {8511371, 87(12,2717 .

of the previous time step ¢ — 1 under consideration of F,,(t;)
using the approach of [19] (Alg. 1, line 3).

Then, the coalitions 1, € W and their corresponding
negotiable areas Af, as well as the conflict-free areas AI;,
are determined in the function COALITIONS as explained in
Sec. IV-C (Alg. 1, line 4).

The final step of our approach is the negotiation of the
areas A in the function NEGOTIATE (Alg. 1, line 8). The
redistributed drivable areas A} := {A},,..., A} ;} are ini-
tialized with the conflict-free drivable areas (see Alg. 1, line 9).
Afterwards, we obtain the connected components as elaborated
in Sec. IV-D and compute their corresponding cluster centroids
with (3) (Alg. 1, line 10). Then, each coalition 1, negotiates

I (1)}
,T time steps.

axis-aligned rectangles with {F(¢),...
Output: {Blﬂ', . 7BN,i} for i = 1, .

1: function DRIVINGAREAS({B1 0, . . .
2: for i =1to T do

7BN,O})

3: {A1,is..., AN} < NEXTDRIVABLEAREAS(
{Bl,i—ly DRI BN,i—l}
{Fi(ts), .., Fn(ts) D)

4 AE, AY « cOALITIONS({ A1 4, ..., Ani})

5 {Bi,i,...,BN,i} + NEGOTIATE(AL, AY)

6: end for

7: end function

8: function NEGOTIATE(AY, AY)

9. Alinitialize(Af)

10: C; COMPUTECLUSTERCENTROIDS(AZF)

11: for AY € AY do

12: if .AN := () then

13: contmue

14: end if

15: for Awm e A"

16: n <—ASSIGNMENT(AN(§),, C)
17: AI:”:—Al}HUAw

18: end for

19: end for

20: {Bi,i,...,Bn,} + NEXTBASESETS(AY)
21: return {8y ;,...,Bn;}

22: end function

its associated area Ay, ,, provided that the set Aj, ; is non-

empty (Alg. 1, lines 12-14). Each rectangle A N(p) i € AN
is thereby assigned to the n-th vehicle through (4) in the
function ASSIGNMENT (Alg. 1, line 16), where the Euclidean
distance between the center of Alf/(p ) and all cluster centroids

ﬁlkz of the vehicles n € 1), is computed. The n-th vehicle
with the nearest cluster centroid receives the area, and its
redistributed drivable area Aﬁyi is updated accordingly (Alg. 1,
line 17). After the negotiation of the areas AY, the new base
sets B,,; are computed by adding the velocity information
to the redistributed drivable areas AR ., as presented in [19]
(Alg. 1, line 20).

nz’

V. NUMERICAL EXAMPLES

We show the application of our algorithm on two highway
scenarios: in the first example, we only consider collaborative
vehicles, whereas in the second example, we take mixed traffic
based on recorded traffic data into account.

A. Scenario I: Traffic with Self-Driving Vehicles

In our first example, we consider four collaborative vehicles
as depicted in Fig. 5, which have to pass a narrow passage
caused by two static obstacles. The parameters for the drivable

97



Appendix A Reproduction of Publications

static obstacles

w/_m/ﬁ-ﬂ/
Ww

time: 2.0 s

time: 2.0 s

time: 2.5 s

time: 2.5 s

time: 3.0 s

time: 3.0 s

[

F(l F(l F(l F(l N
WA DAY mAY Al AP )

R(J R(J R(J R(J
LAY DAY BAY EAY

(a) Conflict-free drivable areas Az,l- and negotiable drivable
areas A, , using (1).

(b) Redistributed drivable areas .Ai,l- after negotiation.

Fig. 5: Application of our proposed algorithm on a highway scenario with four collaborative vehicles.

area computation of vehicles 1 to 3 are selected equally,
whereas vehicle 4 has less acceleration potential and the
extreme values of the velocity are chosen to be different (see
Tab. I).

Fig. 5a shows the conflict-free drivable areas Aj, ; and
the negotiable drivable areas Aﬁj)m at different time steps 4.
Along the same lines, Fig. 5b depicts the redistributed drivable
areas A% ; of each collaborative vehicle at the same time
steps 4. It can be determined that the movement of vehicle
4 is temporally conflict-free, since its drivable area does not
intersect with any drivable area of the other vehicles. Thus,
cooperation is unnecessary, and the trajectory planning for
vehicle 4 can be conducted exclusively.

Furthermore, it can be identified that the drivable areas of
vehicles 2 and 3 are in conflict first (see Fig. Sa at time instance
1.5 s). The conflict is resolved by giving vehicle 2 precedence
over vehicle 3 to pass the obstacle in its current lane, which is
automatically initiated by our approach. At a later stage, the
drivable areas of vehicle 1 and 2 overlap; however, there is no
change in the driving strategy, meaning that vehicle 1 stays in
front of vehicle 2.

B. Scenario II: Mixed Traffic

We further demonstrate the applicability of our algorithm on
the mixed-traffic scenario C-NGSIM_US101_1 based on the
NGSIM US 101 Highway Dataset' (7:50 a.m. to 8:05 a.m.)

Uhttp://www.fhwa.dot.gov/publications/research/operations/07030/
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TABLE I

Scenario I: Parameters for drivable area computation.

Parameter Value

time discretization 0.1s
time steps 1" 30

maximum speed vy /2/3 22.0 m/s
minimum speed vy /93 0.0 m/s

absolute maximum speed (V1/2/3,4 = —¥3/2/3,) 15.0 m/s
absolute maximum acceleration @y /2/3 8.0 m/s?
absolute maximum acceleration @y /2,3, 4.0 m/s?
maximum speed Vg4, 18.0 m/s
minimum speed v, 0.0 m/s

absolute maximum speed (T4, = —Uy4y) 7.0 m/s

absolute maximum acceleration @y, 4.0 m/s?
absolute maximum acceleration @y, 2.0 m/s?

from the CommonRoad? benchmark collection [25]. As shown
in Fig. 7, there are four collaborative vehicles for which we
compute the drivable areas based on the parameters given in
Tab. II. The drivable areas of the vehicles are thereby restricted
to five lanes, since we do not consider the highway on-ramp.
We use the recorded trajectory data for the prediction of
the obstacle movement and enlarge their rectangular shape to
simulate uncertainty. However, any prediction which supports
collision checks with axis-aligned rectangles can be applied.

2http://commonroad.in.tum.de



A.4 Negotiation of Drivable Areas of Cooperative Vehicles for Conflict Resolution

TABLE 1T

Scenario II: Parameters for the drivable area computation.

Value

time discretization 0.1s
time steps 7' 30

Parameter

maximum speed VUp,z 36.0 m/s
minimum speed v,, . 0.0 m/s
absolute maximum speed (v, = —Vpy) 7.0 m/s
absolute maximum acceleration @n, 5.5 m/s?
absolute maximum acceleration Gy 2.5 m/s?

time: 2.0 s
= = I B
|| — : n W
g |:| :33‘ \I‘i H‘ :l\:
[
| 1
| Aif? (I Ag%) = Agff_.) -Aifﬁ) O Afl(;) [ Obstacle

Fig. 6: Huge parts of the drivable areas of the collaborative
vehicles overlap if the conflicting areas Ai(";) are not negoti-
ated.

We first analyze if there is the need for cooperation and
compute the drivable areas of each collaborative vehicle using
the approach of [19]. As shown in Fig. 6, the overapproxi-
mated drivable areas of vehicles 1, 2, and 3 overlap almost
entirely at time instance 2.0 s (see .ASL(,;') in Fig. 6). This
indicates that a vast majority of combined trajectories of the
collaborative vehicles lead to a collision among each other.

In contrast, when applying our proposed method, the propa-
gated drivable areas are negotiated at each time step ¢ such that
they do not overlap. Moreover, high-level driving strategies
are determined before motion planning (see Fig. 7): Vehicle
1 merges in front of vehicle 3. Vehicle 4 follows vehicle 3,
whereas vehicle 2 may stay behind vehicle 3 or may drive
behind vehicle 4 (see Fig. 7 at time instance 3.0 s). As can
be seen, our approach works for complex traffic scenarios and
efficiently distributes the drivable areas.

VI. CONCLUSIONS

We present a new approach for cooperative conflict res-
olution based on the negotiation of drivable areas, wherein
the computation of drivable areas is based on reachability
analysis. Our method is suitable for reducing the search space
for motion planning given the assumption that the admissible
trajectories of a cooperative vehicle must be contained in its
redistributed drivable area. An important aspect of our method
is the independence of specific obstacle representations. In the
future, we plan to investigate different negotiation strategies to
extend our approach to arbitrary road networks. Furthermore,
we want to integrate individual objectives during the negotia-
tion phase, e.g. by using auction-based approaches [11], [26].

time: 2.0 s

= = O = =
|| - = i ::1:
3 — e
time: 2.5 s

WA DAY BmAY ALY [ Oobstacle

Fig. 7: Redistributed drivable areas A% ; at different points in
time ¢;.
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A.5 Tactical Decision Making for Cooperative Vehicles
Using Reachable Sets [4]

Summary This paper presents our second work on cooperative motion planning using reach-
able sets and extensively redesigns the approach realized in Appendix A.4. Instead of redis-
tributing conflicting reachable sets with the incentive to assign equally sized driving areas to
cooperative vehicles, this work solves the negotiation process as a combinatorial optimization
problem inspired by auctions. In general, the combinatorial optimization problem has a high
computational complexity. However, by hierarchically structuring the conflicting road areas
which have to be negotiated, we achieve computational tractability.

The benefits of our method are multi-fold: (1) the runtime complexity of the negotiation
process is polynomial in the number of conflicting road areas that are represented by grid
cells, but independent of the number of cooperative vehicles. (2) Individual goals of par-
ticipating vehicles can be considered during the negotiation via utility functions. (3) Our
approach is applicable to arbitrary traffic scenes and is not tailored to specific situations such
as intersection management.

We demonstrate the efficacy of our method in multiple traffic scenarios from the Common-
Road benchmark suite featuring a roundabout, an urban road, a crossing, and a highway
scenario. Although all these scenarios differ in the road geometry, the number of cooperative
vehicles and the non-communicating road users, cooperative maneuvers could be planned
successfully in all scenarios.
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Tactical Decision Making for Cooperative Vehicles
Using Reachable Sets

Stefanie Manzinger and Matthias Althoff

Abstract— Tactical maneuver planning of multiple, commu-
nicating vehicles provides the opportunity to increase passenger
safety and comfort. We propose a unifying method to orches-
trate the motion of cooperative vehicles based on the negotiation
of conflicting road areas, which are determined by reachable
set computation. As a result, each vehicle receives an individual
driving corridor for trajectory planning. The presented conflict
resolution scheme has polynomial runtime complexity and is
guaranteed to find the optimal allocation of road areas for
each negotiation round. Our method is not tailored to specific
traffic situations but is applicable to general traffic scenes with
manually driven and automated vehicles. We demonstrate the
universal usability of our approach in numerical experiments.

I. INTRODUCTION

There are many traffic situations in which individual nav-
igation goals of traffic participants lead to conflicts. Human
drivers often resolve these issues through implicit communi-
cation relying on the reasonable behavior of others. However,
communicating automated vehicles offer more sophisticated
solutions for collaborative maneuver planning. These vehi-
cles can form a cooperative group, which jointly agrees on a
common driving strategy to achieve conflict avoidance while
maximizing individual utilities. One of the major challenges
towards multi-vehicle motion planning is the development
of coordination schemes which are computationally efficient
without compromising optimality. We introduce a method
for tactical decision making, which unambiguously assigns
road areas to cooperating vehicles. Subsequently, we review
literature focusing on similar conflict resolution principles.

Dresner et al. [1] pioneered the work on reservation-based
algorithms with a focus on intersection management: the
intersection space is discretized into tiles, which approach-
ing vehicles can request via an intersection manager. This
manager simulates trajectories of vehicles to determine the
necessary tiles for passing the intersection and ensures that
no tile is occupied by more than one vehicle. The original
work has been extended in successive publications [2]—
[4]. Sharon et al. [5] improve on the work of Dresner et
al. [4] to be more efficient, particularly if the majority of
vehicles present are driven by humans. In [6]-[8], the first-
come, first-served policy for reservation assignment in [1]
is replaced by auction-based methods. In [9], [10], conflict
points instead of tiles are used as a resource for intersection
management; Levin et al. [11] combine conflict points at
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intersections into conflict regions. In [12], a legacy algorithm
based on reservations is proposed, which can handle a low
percentage of non-communicating vehicles or vehicles with
malfunctioning communication systems. A comprehensive
overview of further techniques for cooperative intersection
management can be found in [13].

While the former methods are applied to intersections,
Marinescu et al. [14], [15] present virtual slots for traffic
shaping. A virtual slot is a moving space-time corridor with
a predefined behavior, e.g., lane following with constant
speed or lane changing; vehicles assigned to slots must adopt
their behavior. Their method is evaluated on a highway
merging scenario. Alternative solutions to cooperative on-
ramp merging onto highways can be found in [16]. Zhang et
al. [17] propose a reservation-based scheduling technique to
coordinate communicating vehicles through an intersection,
which is divided into a set of static critical sections. Their
goal is to establish a service-orientated traffic management,
where high-priority vehicles are able to pass through the
intersection first. In [18], dynamic critical sections are in-
troduced among static critical sections to consider behaviors
like lane-changing and overtaking. Cooperative maneuvers
are defined as a sequence of states modeled within an event-
triggered state automaton [18].

We intend to solve temporarily bounded conflicts, where
vehicles collaborate for a limited amount of time based on
reservations: road areas requested by several communicating
traffic participants are distributed such that each vehicle
receives its own driving corridor for trajectory planning. In
contrast to previous work, we determine reservation conflicts
by computing the drivable areas of all collaborative vehicles
using reachability analysis. While many works assume that
vehicles are highly automated, we intentionally deal with
mixed traffic, where human-driven and automated vehicles
share the road. Since scenarios with only automated vehicles
are a special case, our algorithm can treat these situations
as well. Moreover, our unifying method is not restricted to
specific maneuvers or traffic situations.

Our approach can be categorized as a hybrid framework
[13], where we optimally use the capabilities of each vehicle
through decentralized computation of reachable sets, while
the negotiation is performed by a leading vehicle. The
presented paper is based on our previous work in [19]. The
novelty of this work includes:

o Designing a general framework to incorporate individ-
ual goals of cooperative vehicles, whereas in [19], the
value assessment of different road areas is exclusively
based on geometric reasoning.
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o Formulating a combinatorial optimization problem to
optimally allocate conflicting road areas to the vehicles
according to their preferences and reducing its com-
putational complexity through hierarchical structuring
of conflicting road areas. This makes it possible to
resolve conflicts in polynomial runtime complexity in
the number of road areas to be negotiated [20], but
independently in the number of vehicles.

o Computing the reachable sets of cooperative traffic
participants in a vehicle-specific, curvilinear coordinate
system, whereas in [19], it is required that all compu-
tations are performed in a common coordinate system.
This facilitates coping with different driving contexts as
presented in Sec. VI.

Sec. IT introduces the problem statement and Sec. III presents
the necessary preliminaries. In Sec. IV-V, our applied meth-
ods and proposed algorithm are described. Sec. VI demon-
strates our approach on numerical examples, followed by the
conclusion in Sec.VIL

II. PROBLEM STATEMENT

Let G = {90,91,---+Gi,-.-} denote a grid with cells
g; of an arbitrary shape obtained through tessellation of
the position domain in a Cartesian reference frame F{y (see
Fig. 1). The cells g; are the individual assets of road areas
which can be combined into unions of assets C; C G,
which we refer to as packages. We introduce the set V :=
{V1,Va,...,VNn} of cooperative vehicles acting as bidders,
which can submit a bid for different sets C;. We restrict the
set of permitted combinations P(t) C P(G®(t)), where P()
returns the powerset, to those C; containing only conflicting
cells g; € G°(t), G°(t) C G, requested from at least two
vehicles V,, at time instance ¢ (see Fig. 1). It is assumed
that each vehicle V,, only bids its true value b, (¢,C;) of a
combination of assets C;. The maximum bid for a package
C; is b(t,C;), and any tie-breaking rule [20] is accepted to
determine b(t,C;).

We aim to find a distribution of sets C; € P(t) such that
the revenue is maximized (1a) and no single asset is assigned
more than once (1b) [20]:

max 0(t,C;)b(t,C;) (la)
8Ly C;EP(t)
such that
Vg €GOt Y 8(1C) <1, (1b)
Cjt gi€C;
VC; € P(t): 6(t,C;) € {0,1}, (1c)

where 6(t,C;) denotes the allocation of package C; to the
highest bidder V,,; 6(¢,C;) = 1 holds iff bidder V,, receives
package C; at time instance ¢.

The optimization problem (1) is known as the winner
determination problem, which is NP-hard to solve [20], [21].
Moreover, allowing every possible combination of assets
g; € G®(t) means that each bidder V;, has to evaluate
219°®M1 _1 packages. However, we are able to attain computa-
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C1 = {917,918, 919,926,933}

P(t) = {Co,C1}

Fig. 1. Visualization of the grid G, the set of conflicting cells G°(t), the
packages C;, and the set of permitted combinations P(t).

tional tractability by selecting a special structure of permitted
combinations P(t): we require P(t) to form a tree structure;
thus, an optimal allocation of packages can be found in
O(GE(t)[2) time [20].

III. PRELIMINARIES

We describe the system dynamics of the n-th cooperative
vehicle in a local curvilinear coordinate system F), by the
differential equation

zn(t) = fn(xn(t)vun(t))? (2)

where z,, € X, C RP is the state, u, € U, C R? is
the input, and ¢ is the time. We denote the solution of (2)
for the input trajectory u,(-) and initial state x,(0) with
Xn(t; 2,(0), un(+)). Please note that each vehicle may have
its own coordinate system F,.

The reachable set is defined as the set of all states which
can be reached from an initial set of states &, o at a given
time instance t. We extend this standard definition and
restrict the reachable set R, (X, 0,t) of vehicle V,, to all
collision-free reachable states. We therefore introduce the set
of forbidden states F,,(t) = {zn(t)|Qn(xn(t)) N On(t) #
0}, where Q,(z,(t)) C R? and O, (t) C R? denote the
occupied space of the ego vehicle and the (time-varying)
obstacles, respectively. Thus,

Rn(Xn,Ovt) = {Xn(tzxn(o)vun()) xn(o) € Xn,Ov 3)
V7 € [0,t] : un (1) € Upn, Xn(T;20(0), un(:)) ¢ .7:”(7)},

Moreover, we specify the relation h,, : P(X,) — P(G),
which returns the cells g; € G occupied by vehicle V,, due
to its set of states X}, considering its shape, to determine the
set G(t) of conflicting cells claimed by multiple vehicles:

gC(t) = U ﬂ hn(R’n,(Xn.mt))» (4)
Z€eP>2(N) ne€T

where P>5(N) denotes all subsets of the power set P(N)
with cardinality greater than one and N := {1,2,... , N}.
We thereby assume the forward and backward transformation
from F}, to F{ to be given, see e.g. [22]. We further introduce
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the negotiated reachable set of vehicle V,, at time ¢:
Rfl(Xn,oi) = {xn(t) ERn(Xn,(ht))
h({za (O N Gh(t) = 0},

where GE(t) C G°(t) denotes the set of unassigned grid cells
g; of vehicle V,, after the negotiation (1).

(6))

IV. CONFLICT RESOLUTION

Conflict resolution is performed at discrete time steps
k, which correspond to points in time t;, = kAt, where
At € RT is a constant time step. We identify the individual
driving areas of vehicles V,, iteratively for each time step k
by applying Alg. 1, which comprises the following steps:

1) computation of the reachable sets (3) (Alg. 1, line 3),

2) identification of conflicting cells G®(k) using (4)

(Alg. 1, line 4),
3) negotiation of conflicting cells G¢(k) to determine the
optimal allocation Wep of g; € G°(k) (Alg. 1, line 5),
4) determination of the negotiated reachable sets (5)
(Alg. 1, line 6).
Below, we elaborate steps 1) and 3) comprehensively and use
the notation [J,]Y_; = [Oy,...,0,,...,0y] to denote a
list of elements [J,, of vehicles V,.

Algorithm 1

1: function CONFLICTRESOLUTION([BY (0)]2_;, G)

2 for k=1to 7 do

3 [B,, (k)]A_, < REACHABLESETS([BY (k — 1)]A_,)
4: G(k) <—CONFLICTINGCELLS([B,, (k)]2_1, G)

5: Wopt +NEGOTIATE([B, (k)]n=1. G°(k))

6 [BY (k)]A_; < NEGOTIATEDREACHABLESETS(

[Bn (k)]gzl ) Wopt)
7: end for

8: return [Ug B2 (k)]0
9: end function

A. Reachable Set Computation

1) Vehicle Dynamics: We model the dynamics of vehicle
V., in the local coordinate system F;, as two double integra-
tors in longitudinal ¢,,- and lateral 7,,-direction with bounded
speed v,, and acceleration u,,. After introducing the notation
O and O to specify the minimum and the maximum possible
value of a variable [J, the dynamics is

Sn,Cn (t) = Un,Cn (1), Sn,nn (t) = u’n,nn(t)v (6a)
Un.cn < Uny, (t) < Untnr Yy, < Uny, (t) < Unnn s

(6b)

[Un,c, O] < Ancos  |tnm, (O] < Ty, (6¢)

where s, ¢, (t) and s, ,,, (¢) denote the position in longitu-
dinal and lateral direction, respectively.

Model (6) is an approximation of the real vehicle dynam-
ics, which deviates increasingly from a real vehicle the larger
the curvature of the road; the modeled vehicle would be able
to make a turn with an arbitrarily high velocity. However, we
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compensate for this by setting appropriate constraints (6b)-
(6¢). The use of a curvilinear coordinate frame facilitates
the formulation of certain properties and maneuvers, which
are highly relevant to our approach, e.g., lane-following,
stopping at an intersection, and avoiding driving backwards.

2) Reachable Set: Reachable sets are computed according
to [23]: we approximate the reachable set at time step k
by the union of base sets Bgf)(k), which are composed
of the Cartesian product of two convex polytopes in the
(Sn,¢n> Unyc,)- and (Sp p,. s Un,y,, )-plane:

R (B (k — 1), 1) ~ | JBY (k) =: B, (k),

3

where B, (k—1) denotes the negotiated reachable sets of the
previous time step k — 1. The projection of base sets B¢ )(k)
in the position domain—in this paper referred to as drivable
area—yields axis-aligned rectangles.

The reachable sets are computed with reference to the
center of gravity of the vehicle; however, we need to consider
the shapes of vehicles for collision detection. Sontges et
al. [23] use the inner circle of the vehicle shape for collision
detection, whereas we approximate the shape of vehicles V,,
with three rotationally invariant disks with radius 7, and
assume that the heading of the vehicles is aligned with (,
in F),. Please note that the reachable set computation is not
overapproximative due to the modified collision checks.

B. Negotiation of Conflicting Cells

Our negotiation scheme for resolving conflicts between
collaborative vehicles is inspired by the idea of auctions.
An auction requires a set of buyers competing for limited
resources; bids are used to express preferences over the
auctioned resources. In this work, cooperative vehicles act
as bidders, and the limited resource is the drivable space on
the road. In contrast to general auction design, we do not
introduce a pricing mechanism [21]. Furthermore, we apply
a common utility function to determine the bids for each
vehicle. The negotiation of conflicting road cells comprises
the following steps (see Alg. 2):

1) determination of permitted packages C; € P (k) on the
basis of G¢(k) and their structuring in a tree 7 (see
Fig. 2b, Alg. 2, line 4),
2) evaluation of bids b(k,C;) for C; € P(k) (Alg. 2,
line 5),
3) computation of the optimal allocation Wy of permit-
ted packages C; € P(k) (Alg. 2, line 6).
In the remainder of this section, all necessary steps are
discussed in detail.

1) Tree Structure: The entire combination G°(k) includ-
ing all negotiable assets is the root node of the tree (see
Fig. 2b). At each level of the tree, we decompose the sets
C; into disjoint parts, of which each part represents a set
C; € P(k). Thus, for all C;,C; € P(k), we have C; NC; €
{0,C;,C;} [20] (see Fig. 2b).

As mentioned in Sec. II, using a tree structure to express
the set of permitted combinations P (k) of cells simplifies
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Algorithm 2

1: function NEGOTIATE([B,, (k)]A_., G°(k))

2 Wept 0

3 if G°(k) # 0 then

4: T eTREEOFPERMITTEDPACKAGEs(gC(k))
5: Ue; ep)b(k,Cj) %BIDS([Bn(k)HY:h )
6

7

8

9:

Wopt +~OPTIMALALLOCATION(T, Uc;ep (i) b(k,C;))
end if
return Wyt
end function

(a) Vehicle Vi is overtaking vehicle V3. Vehicle Vi requests cells
{g90,-..,910}, vehicle V3 requests cells {go,...,gs}, and vehicle V>
requests cells {g9, g10}-

P

[ 2) Connected Components
[ 4) Longitudinal Coverage
[_16) Singletons

(b) Possible tree structure using the decomposition strategy as explained in
Sec. IV-B.1.

Fig. 2. Exemplary grouping of conflicting cells according to Sec. IV-B.1.

problem (1) substantially. We further motivate the hierarchi-
cal structure of admissible packages through the following
observations: we are interested in negotiating connected re-
gions on the road surface to keep the driving area of vehicles
from becoming disjointed, which complicates trajectory plan-
ning. Moreover, vehicles have to obey traffic regulations and
restrictions imposed by the road network; thus, it is plausible
to cluster conflicting cells according to lanes. Since using a
tree structure facilitates the optimal allocation of the offered
packages in O(|G®(k)|?) time complexity, it is possible to
partition the road surface fine-granularly and split packages
such that they solely contain single assets. The restriction
that each level of the tree contains only disjoint packages
C; can lead to a mismatch in offered packages and desired
packages, but overall, the aforementioned advantages of the

hierarchical structuring of admissible packages outweigh a
potential mismatch in offered and desired packages. We
therefore recommend applying the strategy below to group
conflicting cells (see Fig. 2; the numbering below coincides
with the legend in Fig. 2b):

1) Root: The root node consists of all conflicting cells
GC(k).

2) Connected Components: The connected components
are aggregated into packages C;.

3) Road Network: Packages of cells C; are grouped
according to the lanes of the road network. If a cell
cannot be uniquely assigned to a lane, we categorize
the cell randomly (see Fig. 2a, cell gg).

4) Longitudinal Spatial Coverage: The packages are de-
composed in longitudinal direction so that each new
package does not exceed a maximum longitudinal
spatial coverage.

5) Lateral Spatial Coverage: The packages are decom-
posed in lateral direction so that each new package
does not exceed a maximum lateral spatial coverage.

6) Singletons: The packages comprise only singletons.

It should be noted that not all steps 1)-6) have to be executed,
e.g., it is possible to apply 1) and 3) only such that the root
node is split according to the road network.

2) Bids: We do not pose any specific constraint on the
utility function to determine the bids b,(k,C;) for each
package C; € P(k) and vehicle V,, at time step k. Moreover,
complementaries (b(k, {gi, g:}) > b(k,{g:}) +b(k,{g:}) for
i # 1) and substitutes [21] (b(k,{g:,q1}) < b(k,{g:}) +
b(k,{g:}) for i # 1) can be modeled. We use a common
utility function to all vehicles in this paper to avoid that
one vehicle could continuously outbid others due to different
scales and weights used to calculate by, (k,C;). A conceivable
countermeasure is the introduction of a pricing mechanism,
which is the subject of future research. Furthermore, a
vehicle V,, can only bid on a package C; iff it contains at
least one reachable cell of V,,: 3g; € C; : g; € hp(B,,(k)).

3) Optimal Allocation: The algorithm for finding the
optimal allocation of goods C; € P(k) proposed by Rothkopf
et al. [20] is recapitulated in Alg. 3: starting from the
deepest leaf Cpax in the tree (Alg. 3, line 6), we determine
its parent node Cparent (Alg. 3, line 7) and the children S
of Cparent (Alg. 3, line 8). Next, we compare the revenue
rev(S) = ches b(k,Cs) of all children of Cparent With bid
b(k, Cparent) (Alg. 3, lines 10-15):

o if b(k, Cparent) > rev(S) holds, sets Cs € S cannot be

part of the optimal allocation (Alg. 3, lines 10 - 12).
o if b(k,Cparens) < rev(S) holds, Cparent is excluded
from the optimal assignment (Alg. 3, lines 13 - 15).
The children S are removed from the tree 7 (Alg. 3, line 5),
and the process is repeated until Cparent becomes the root
node (Alg. 3, line 16): Cparent = G°(k).

C. Multiple Runs for Refinement

The negotiated driving corridors can be improved through
multiple runs of Alg. 1. The reachable set computation is
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Algorithm 3 Optimal Allocation of Packages [20].
function OPTIMALALLOCATION(T,, Uc, ep(x)b(k, C;))

1:

2 T INITIALIZE( ) > Set Wopt (C) = {C;} for every leaf C;.
3 S+ 0

4 do

5: T.REMOVENODES(S)

6: Cunax < T.GETDEEPESTLEAF( )

7 Cparent ¢~ Cnax.GETPARENT( )

8: S 4= Cparent GETCHILDREN( )

9: 1ev(S) + D¢ cs b(K, Cs)
10: if b(k, Cparent) > rev(S) then
11: Wopt (cparent) — {Cparent}
12: else
13: b(k, Cparent) < rev(S)
14: Wopt (Cparent) — UCRESWopt (C.s)
15: end if

16:  while Cparens # G°(K)
17: return Wy (G°(K))
18: end function

based on the results of the previous time step only. Thus,
there might exist states in BY (k) from which a trajectory
cannot be continued without leaving the negotiated driving
corridor BY (i) in later time steps i € {k+1,...,T} [23]. We
are able to remove a subset of those states by running Alg. 1
multiple times, since information about future time steps
from a previous run can be incorporated into the reachable
set computation. The interested reader is referred to [23] for
further information.

V. UTILITY FUNCTION AND TIE-BREAKING RULE

This section introduces the applied utility function (see
Sec. IV-B.2) and tie-breaking rule (see Sec. II) used in this
paper. Please note that both the utility function and tie-
breaking rule can be exchanged by other rules.

A. Utility Function
Let us introduce:

o the conflict-free reachable set: RY (k) = {zn(k) €
B (k) ({2 (k)}) N G (k) = 0
« the conflicting reachable set depending on package C;
that would be lost if package C; is not assigned to
vehicle V;,: RS (k,C;) = {zn(k) € B, (k)|hn({zn(k)}) N
C; # 0}
« the assigned reachable set which V,, can keep besides
RE (k) given that package C; is assigned to vehicle
Vi Rau(k,Cj) = {xn (k) € Ba(k) \ R (k)| hn ({zn (k) }) N
(G°(k)\ C;) = 0}.
The above sets are the basis for computing the utility of C;
for each vehicle V,, to determine b, (k,C;). For computa-
tional reasons, we approximate sets RS (k), RS (k, C;), and
RA (K, C;) with the union of base sets (see Sec. [V-A.2); the
approximated sets are denoted with BY (k) := U,L-BZF@(k),
BE(k,C;) = UBSY(k), and BA(K,C;) = U;BAY (k)
respectively. On the one hand, we take the objectives of
cooperative vehicles V,, into account by applying utility
function U} (k, C;) in the regular mode; on the other hand, we
introduce utility function UZ (k,C;) to prevent the complete
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loss of the reachable set B3,,(k) of vehicles V;, in the survival
mode, since this would correspond to an empty driving
corridor for trajectory planning:

N UR(k,C;), area(BZF(k)) > A,
b"(k’c”_{vfzwcjx area(BF() <A,

where A is an adjustable threshold and area(O) returns
the size of the drivable area of sets [J. As a reminder, the
reachable set projected onto the position domain is referred
to as the drivable area (see Sec. IV-A.2). Below, we elaborate
UR(k,C;) and US(k,C;) applied in the regular and survival
mode, respectively.

1) Regular Mode: 1f the conflict-free drivable area of
vehicle V,, is greater than A, we apply UZ(k,C;), which
computes the ratio of the utility of the reachable set B2 (k,C;)
obtained through package C; and the utility of the conflict-
free reachable set B (k):

. > (uvel(zsﬁf“<k>>+umge(8%“(k>>) ‘area(B‘:f” (k))
UR = — ,
> (uvel(zsif‘“ (k) +tizange (BS (k))) -area(BSf“) (k))

i

with partial utility functions tye; and Urange presented next.

In order to increase traffic flow, we reward an increase in
longitudinal speed from the previous time step k£ — 1 to the
current time step k:

vmax (B™) — vmax (BY (k — 1)))

@)y —
v (B) y( Tne, A

where vmax¢ () returns the maximum velocity in (-
direction of sets [J. We use the generalized logistic function
y to scale the utility between (0, 1].

Furthermore, we evaluate the covered distance in longitu-
dinal direction from time step k—1 to k, since the cooperative
vehicles should move forward along their reference path:

pmaxC(B(i)) — pmax, (By(k — 1))
T, - At+ 3 T, - AL2 '

urange(B(i)) =y (

where pmaxC(D) returns the maximum longitudinal position
of sets [1. Again, we use the generalized logistic function y
to scale the utility between (0, 1].

2) Survival Mode: We introduce two countermeasures
to avoid that the reachable sets of vehicles vanish at a
certain time instance: 1) if vehicle V,, has a reachable cell
gi € C; and area(B%(k)) < A, no other vehicle V,,, with
area(B%(k)) > A is allowed to bid on package C;; 2) we

switch the utility function as shown in (7) to:
B (k,C;))
S(k.C.) = area(B; (k.C)))

Un( vCJ) area(Bn(k))

B. Tie-Breaking

Tie-breaking must be performed when multiple vehicles
V,, bid b, (k,C;) = b(k,C;), since this means that several
optimal allocations of package C; exist. In this paper, we
accept the bid of the vehicle with the largest conflicting
drivable area area(B,, (k) \ BEF(k)); if there is a tie again,
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(a) Vehicles V1 and Vo at time step & = O and their planned trajectories
within the negotiated road areas of the second run.

Fig. 3.

TABLE I
PARAMETERS FOR NUMERICAL EXPERIMENTS.

parameter scenario identifier
symbol  unit 1 11 I v
At [s] 0.1 0.1 0.1 0.1
T / 55 50 45 34
Vn,Cn [m/s] 15.0 28.0 13.0 18.0
U e [m/s] 4.0 0.0 0.0 0.0
Un,mn [m/s] 4.0 6.0 6.0 4.0
Up e [m/s] —-4.0 —-60 —-6.0 —4.0
[ [m/s2] 2.5 4.0 4.5 2.0
Qi [m/s2] 3.0 6.0 4.5 6.5
A [m?] 0.0 0.0 0.0 0.0
Tn [m] 1.3 1.2 1.2 1.3

we select the bid randomly.

VI. EVALUATION

We demonstrate the universal applicability of our algo-
rithm on four different scenarios. The selected parameters
for each scenario can be found in Tab. I and are similar for
all cooperative vehicles involved in a traffic scene. Please
note that we only depict the drivable area with reference
to the vehicle’s center of gravity in the following figures to
illustrate the available solution space for trajectory planning.
To demonstrate that the negotiated road areas can be used for
multi-vehicle trajectory planning, we show our first results
for each scenario. However, trajectory planning in reachable
sets is an ongoing research project and out of scope for this
paper.

A. Scenario I: Roundabout

We start with the deliberately simple scenario C-
DEU_B471-2_1:2018a from the CommonRoad! benchmark
collection [24], where two communicating vehicles V; and
Vy cooperate such that vehicle V5 can safely enter the
roundabout (see Fig. 3a). Vehicle V) plans to take the first
exit, while vehicle V5 aims to take the second exit. A regular
grid with tile size 0.5mx0.5m in the Cartesian reference
frame Fj is employed.

Fig. 4 shows the projected reachable sets 13,,(18) of both
vehicles and the corresponding conflicting grid cells G¢(18)

Uhttp://commonroad.in.tum.de

— W
| — .\ negotiated drivable /<

area of Vo
negotiated drivable
area of V1 o

(b) Negotiated drivable areas of vehicles V4 and V> at time step k = 55
(first run).

Scenario I: Roundabout. The driving direction is indicated by the white arrows.

projected B, (18) projected B5(18)

projected B, (18) projected B (18)

Fig. 4. (Left) Projected reachable sets 53,, (18) of V1 and V3 and conflicting
cells GC(18) at time step k = 18; (Right) Projected negotiated reachable
sets BY (18).

at time step £k = 18 (left) and illustrates the projected
negotiated reachable sets B (18) (right). Vehicle V; accel-
erates and passes vehicle V5 which enters the roundabout
afterwards. The negotiated drivable areas of the final time
step are depicted in Fig. 3b.

B. Scenario II: Urban Road

In this scenario (CommonRoad-ID: C-DEU_B471-1_1_T-
1:2018a), vehicle V; cooperates with the oncoming vehicle
V> to evade the static obstacle in its lane (see Fig. 5). In
Fig. 5, we illustrate the result of the first and second run
of the algorithm: vehicle V; swerves as soon as vehicle V5
passes. At time step & = 12, we are able to improve the
negotiated drivable area by running Alg. 1 a second time,
since states of the driving corridor of vehicle V; leading to
a collision with the static obstacle or with vehicle V5 in a
future time step are removed. Additionally, Fig. 5 visualizes
the planned trajectories of vehicles V; and Va2 using the
negotiated drivable areas of the second run.

C. Scenario Ill: Crossing

Following the idea of Dresner et al. [4], we allow au-
tonomous vehicles to enter an intersection whenever it is
possible. As can be seen in Fig. 6, there are two cooperating
vehicles Vi and V5; vehicle Vi intends to turn left, while
vehicle V5 plans to move straight ahead. We show the results
after the first run of Alg. 1 in Fig. 6 in the left column. Two
driving strategies occur for vehicle V5: Vo can either pass
through the intersection before vehicle V) (see Fig. 6, left
column, k£ = 30) or it can stop and wait until V; has the
left the intersection (see Fig. 6, left column, k£ = 45). In this
scenario, it becomes apparent that our set-based method does
not only detect different cooperative maneuver options, but
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Planned trajectories:

Fig. 5. Scenario II: Urban Road.

also facilitates selecting high-level plans. Driving corridors
without bottlenecks are preferred, since they are more robust
in terms of unpredicted changes in the environment. In this
scenario, crossing the intersection can irritate human drivers
and may lead to a collision, since the negotiated driving
corridor for this maneuver becomes temporally tight. As
illustrated in Fig. 6, the second maneuver variant—stopping
at the intersection—is preferred. We therefore restrict the
reachable set of V5 to stopping at the intersection for the
second run of Alg. 1 (see Sec. IV-C). However, we do not
incorporate information from the first run of Alg. 1 for the
reachable set computation of vehicle V; during the second
run in order to fully utilize the released space of vehicle V5
(see Fig. 6, right column).

D. Scenario 1V: Highway

We apply our algorithm on the mixed-traffic scenario C-
NGSIM_US101_1:2017a from the CommonRoad benchmark
collection. We coordinate the motion of four cooperating
vehicles and restrict their movement to five lanes excluding
the highway on-ramp. As can be seen, our method is able
to allocate road areas for cooperative vehicles in challeng-
ing traffic situations with many non-communicating traffic
participants.

VII. CONCLUSION

We present an approach for negotiating road areas re-
quested by multiple vehicles to determine individual driving
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Fig. 6. Scenario III: Crossing. The driving direction is indicated by the
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corridors for these vehicles. The optimal allocation of offered
packages can be performed with polynomial runtime com-
plexity. Since available combinations of assets are matched to
the vehicles valuing them the most, the conflict resolution is
transparent. This is particularly important when considering
legal issues that may arise if sub-optimality is introduced. Fu-
ture research will focus on the evaluation of different utility
functions to determine the bids of the cooperative vehicles.



A.5 Tactical Decision Making for Cooperative Vehicles Using Reachable Sets

dynamic obstacl

__’//z-sr/—
v, = 2= =R

k=14
negotiated drivable area of V2

negotiated drivable area of V;

k=18 negotiated drivable area of V4

Planned trajectories:
k=0

e oy

Ta———— e ——— - 2 E8

——
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Furthermore, we plan to develop a pricing mechanism for
compensating vehicles handing over driving areas.
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A.6 CommonRoad: Composable Benchmarks for Motion
Planning on Roads [6]

Summary In order to increase the reproducibility of scientific results in publications and
to help accelerating the motion planning research, we have developed the CommonRoad
benchmark suite for motion planning of road vehicles. A CommonRoad benchmark consists
of several components, namely the vehicle model to determine the drivability of planned
motions, the cost function to be evaluated, and a specific traffic scenario available in our
public database. The traffic scenarios in our database are partly handcrafted, but are also
based on real traffic that has been recorded. Each scenario also contains a planning problem
for one or multiple vehicles that needs to be solved. CommonRoad defines a standardized
file format for the precise description of traffic scenarios using XML, thus ensuring platform-
independence.

Researchers can use their motion planning module to solve a benchmark and upload their
results to our CommonRoad website for comparison with existing solutions. Since each bench-
mark is fully described by an unique ID that encodes all required information, reproducibility
is greatly improved and the required details of test cases no longer need to be tediously de-
scribed in publications. CommonRoad provides realistic vehicle dynamics parameters and
realistic traffic situations, and offers the freedom to compose a benchmark tailored to the
user’s own needs.

Author Contributions M. A. initiated the idea of creating benchmarks for the motion plan-
ning on roads. S. M., M. A., and M. K. developed the concept of composable benchmarks.
M. A. selected the vehicle models. S. M. and M. A. specified the standardized cost functions.
S. M. and M. K. developed the scenario specification. M. K. coordinated the generation of
the scenario database. M. A. predominately wrote the conference paper with the support of
S. M. and M. K. M. A. led the research project.

Conference paper The author’s version of the conference paper is reprinted in this thesis.
The final version of record is available at http://dx.doi.org/10.1109/IVS.2017.7995802.

Copyright notice (02017 IEEE. Reprinted, with permission, from Matthias Althoff, Markus
Koschi, and Stefanie Manzinger, CommonRoad: Composable Benchmarks for Motion Plan-
ning on Roads, in Proc. of the IEEE Intelligent Vehicles Symposium, 2017.
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CommonRoad: Composable Benchmarks for Motion Planning on Roads

Matthias Althoff, Markus Koschi, and Stefanie Manzinger

Abstract— Numerical experiments for motion planning of
road vehicles require numerous components: vehicle dynamics,
a road network, static obstacles, dynamic obstacles and their
movement over time, goal regions, a cost function, etc. Providing
a description of the numerical experiment precise enough
to reproduce it might require several pages of information.
Thus, only key aspects are typically described in scientific
publications, making it impossible to reproduce results—yet, re-
producibility is an important asset of good science. Composable
benchmarks for motion planning on roads (CommonRoad)
are proposed so that numerical experiments are fully defined
by a unique ID; all information required to reconstruct the
experiment can be found on the CommonRoad website. Each
benchmark is composed by a vehicle model, a cost function,
and a scenario (including goals and constraints). The scenarios
are partly recorded from real traffic and partly hand-crafted to
create dangerous situations. We hope that CommonRoad saves
researchers time since one does not have to search for realistic
parameters of vehicle dynamics or realistic traffic situations,
yet provides the freedom to compose a benchmark that fits
one’s needs.

I. INTRODUCTION

Reproducibility of results is a cornerstone of science [1],
[2]. One obstacle towards reproducibility in motion planning
of road vehicles is that details of the experimental results are
often not fully provided—some reasons are page limitations
of publications, an overwhelming number of required details,
or simply because some details are taken for granted. Pro-
viding detailed benchmarks would help in this regard and
also simplify comparing different planning methods.

First attempts to improve reproducibility and compara-
bility of motion planning algorithms have been made in
the robotics community, but mostly for (mobile) robotic
manipulators and not for motion planning in the automotive
sector. This work provides the first benchmark collection
for motion planning on roads, which specifies in depth the
motion planning problem consisting of initial state, goal
region, road network, static and dynamic obstacles, and the
model of the ego vehicle (vehicle for which motion planning
is conducted). Before highlighting the main features of Com-
monRoad, we present a literature review that is categorized
into benchmark problems, datasets, and motion planning
libraries. Most previous work in robotic motion planning
focused on providing libraries that facilitate benchmarking,

*This work was supported by the Deutsche Forschungsgemeinschaft
(German Research Foundation) within the Priority Programme SPP 1835
Cooperative Interacting Automobiles (grant number: AL 1185/4-1) and by
the BMW Group within the Car@TUM project.

All authors have equally contributed to this work and are
with  Faculty of Informatics, Technische Universitit Miinchen,
85748  Garching,  Germany {althoff, markus.koschi,

stefanie.manzinger}@tum.de

without providing a set of benchmark problems in a standard-
ized form. We address this problem by providing composable
benchmarks that can be referenced to with a unique ID. Our
proposed collection also facilitates benchmarking, but this
paper does not provide performance metrics—this should be
better determined by workshops to reach consensus.

a) Benchmarks: We would first like to note that we
only reference benchmarks that are still publicly available.
The need of benchmarks in robotics is formulated in [3],
but this early work does not provide a specific benchmark.
Several European projects for benchmarking in robotics have
been conducted in the 2000s (e.g. [4]-[6]), but none has
considered motion planning on roads. Detailed benchmarks
have been developed in particular for robotic grasping [7], [8]
and for robotic manipulators with a focus on indoor human
environments [9]. More abstract benchmark problems for
motion planning are provided by the Texas A&M University'
and by Rice University?.

b) Datasets: While no benchmarks for motion planning
on roads exist, recordings of vehicle movements are avail-
able; however, none of them is a benchmark problem since
initial state, goal regions, and a dynamic vehicle model are
missing. Furthermore, there exists no data format commonly
used by different research groups. One of the most popular
datasets of recorded traffic participants is from the Next
Generation Simulation (NGSIM) program [10], [11]. Other
datasets exist, but they have not recorded all relevant vehicles
in a common reference frame, see e.g. [12]. Another class
of works provides results on recorded data, but the data has
never been or is no longer publicly available, e.g. [13]-[15].

¢) Motion planning libraries: One of the most suc-
cessful motion planning libraries in robotics is the Open
Motion Planning Library (OMPL) [16], which implements
many of the most important sampling-based approaches.
The OMPL has also been integrated into Movelt! [17],
but remains to be a stand-alone software. Movelt! itself is
integrated into the Robot Operating System (ROS) [18]. Cur-
rently, further infrastructure to facilitate benchmarking with
OMPL is developed [19]. Earlier libraries for sampling-based
motion planning are the Online, Open-source, Programming
System for Motion Planning (OOPSyrp) [20] and the Open
Robotics and Animation Virtual Environment (OpenRAVE)
[21] with similar goals as OMPL. Both libraries contain some
benchmark problems (none for automated driving), but their
focus is on the implementation of planning algorithms. A
library implementing graph-based search is the Search-Based

! parasol.tamu.edu/groups/amatogroup/benchmarks
2plannerarena.org
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Planning Library (SBPL)®, which is useful if one e.g. uses
motion primitives that span a search tree [22]. Besides graph-
based techniques, there also exists the Covariant Hamilto-
nian Optimization for Motion Planning (CHOMP) library
for gradient-based optimization techniques [23].

d) Automotive benchmarks beyond motion planning:
One of the most successful automotive benchmarks is the
KITTI benchmark targeting computer vision [24]. Another
important aspect is simultaneous localization and mapping;
the OpenSLAM®* project and the Radish project’ host a
collection of benchmarks and libraries for SLAM.

e) Novelty and key features: CommonRoad is a bench-
mark collection for motion planning of road vehicles (avail-
able at commonroad.in.tum.de) with the following features:

« Reproducibility/unambiguity: All information re-
quired to reproduce the results of a motion planner
is provided in an unambiguous way and explained by
manuals on our website.

o Composability: Our benchmarks are composed of ve-
hicle models, cost functions, and scenarios (including
goals and constraints). All components are carefully
chosen to easily combine and interchange them.

« Representativeness: Our benchmark problems contain
recorded traffic to faithfully represent real traffic and
hand-crafted problems since most recorded traffic situ-
ations are not critical/dangerous.

« Portability: We use XML to describe our scenarios,
which is platform-independent. We also provide exe-
cutable vehicle models implemented in MATLAB and
Python, which are also platform-independent.

o Scalability: Our benchmark examples range from sim-
ple static scenarios with a few obstacles and a large
driving corridor (i.e. region where collisions cannot
take place) to complex scenarios with many dynamic
obstacles and a small driving corridor.

o Openness: All benchmarks are freely available from
our website with the possibility to suggest new ones.

« Independence: Our benchmarks are independent from
planning libraries and our scenario representation could
serve as an interchange format between other tools.

II. BENCHMARK COMPOSITION AND PLANNING
PROBLEM

As previously mentioned, we compose benchmarks using
vehicle models, cost functions, and scenarios (including
goals and constraints). This modularity makes it easy to
generate many benchmarks from a smaller set of components
and also simplifies comparing the effects of vehicle models
or cost functions by only changing those components.

A. Benchmark Composition
Let us introduce with M, C, S, and B the respective
IDs of the model, the cost function, the scenario, and the

3wiki.ros.org/sbpl
4www.openslam.org
Sradish.sourceforge.net
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benchmark. The benchmark ID is constructed by separating
partial IDs by colons in the following order:

B = M:C:S.

For instance, for M=PM2, C=JB1, S=0V001, the bench-
mark ID is B = PM2:JB1:0V001. If using one’s own com-
ponent is preferred, one can use the ID IND (for individual).
For instance, if one uses an individual cost function for
the previous example, the ID becomes PM2:IND:OV001.
If one prefers to build upon an existing component, which
is modified, the new ID should have M- as a prefix. After
modifying the model of the first example, the new ID is
M-PM2:JB1:0VO001 (of course, the modification should be
described in detail). In case a collaborative planning bench-
mark is composed, we list the models and cost functions for
n controllable traffic participants by n-dimensional lists:

B = [My,..., M, ]:[C;,...,C,,]:C-S,

where the index refers to the vehicle and a collabora-
tive scenario is indicated by using the prefix C-, where
M- should be used first if both are required. The i-th
model and cost function corresponds to the i-th ego vehicle
specified in the scenario XML file as introduced later in
Sec. V-C. If only one model and/or cost function is used,
it is assumed that all controlled vehicles use the same one.
For instance, the benchmark ID for M;=PMI1, C;=JBI1,
My=PM3, Co=JBI1, M3=ST2, C3=SAl, and S=C-OVO011, is
B = [PM1,PM3,ST2]:[JB1,JB1,SA1]:C-OVO11.

B. Motion Planning Problem

The proposed benchmarks codify an optimization prob-
lem whose solution is the motion plan. Let us denote by
far(x(t),u(t)) the right hand side of the state space model
of vehicle model M so that

&(t) = far(2(t), u(t)), (1)

where z € R™ is the state vector and u € R™ is the
input vector. We further require the initial state z9 g € R”
(z(to) = wo,s) provided by scenario S, the initial time ¢,
and the final time ¢;. More details on the models can be
found in Sec. III. The cost function J¢ of ID C consisting
of terminal costs ¢ and running costs L¢ is

Jo(x(t),u(t), to, ty)

tr
= B (a(to), to, 2(ts), t) +/ Le(a(t), u(t). £) at,

to
which is detailed in Sec. IV. We denote the time-varying, free
drivable space on the road surface as Wi sree(t) C R? and
introduce O(z(t)) : R® — P(R2) (P() returns the power
set) as the function that returns the occupancy of a vehicle
given its state. A possible solution has to ensure that the
occupancy of the vehicle is in the free space (Vt € [to,tf] :
O(x(t)) € Ws,tree(t)) and respects additional constraints
gs(z(t),u(t),t) < 0 provided by scenario S, such as speed
limits or other traffic rules [25]. Equality constraints can be
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constructed from inequality constraints (e.g. z < 0N —x <
0 = x = 0). Let us further denote the goal region Gg C R™
of scenario S, which can be disjoint sets (see Sec. V-C). As
soon as z(t) € Gg attime t = ¢y, a feasible solution is found.
After introducing an input trajectory as u(-) (in contrast to
a value u(¢) at time t), we can finally formulate the motion
planning problem as finding

u*(-) = argmin Jo(x(t), u(t), to, t5) 2)
u()

subject to

&(t) = fu(z(t),u(t), O(z(t)) € Wstree(t),
gs(x(t),u(t),t) <0, z(to) =x0,5, x(ty) € Gs.

Associated with the optimal input trajectory u*(-) in (2)
is an optimal state trajectory x*(-) that can be obtained by a
forward simulation of (1). Directly solving (2) is referred to
as trajectory planning (see [26, Sec. 4.]). An alternative is to
first find a path that the vehicle should follow for which an
optimal velocity profile is computed, which we refer to as
path planning with subsequent velocity optimization (see [26,
Sec. 4.]). Both techniques can be used to solve our proposed
benchmarks.

[1I. VEHICLE MODELS

This section presents models for vehicle dynamics ranging
from simple to complex. For each model it is assumed that
underlying controllers exist that can realize a commanded
acceleration (positive and negative within given limits). For
adaptive cruise control in particular, numerous works already
exist that realize a commanded acceleration, see e.g. [27],
[28]. The effects of engine characteristics in terms of fuel
consumption can be considered in the cost function (see
Sec. 1V).

The lateral dynamics, however, cannot be abstracted away
to the same extent using controllers, especially when con-
straints such as the danger of roll-over must be considered
in extreme maneuvers [29], [30]. For this reason, our models
consider increasingly complex lateral vehicle dynamics and
tire models: point-mass model, kinematic single-track model,
single-track model, and a multi-body model. Some details
of the first two models are presented subsequently, whereas
due to space restrictions, the full detailed description of
the single-track model and the multi-body model can be
found in our vehicle model documentation on our website.
Executable MATLAB and Python implementations of all
presented models are also available. We have not included
Dubin or Reeds-Shepp cars since they require changing the
steering angle infinitely fast (see e.g. [31]).

The model IDs are constructed by first choosing the
model type (e.g. ST for single-track) followed by a number,
which refers to the parameterization in the vehicle model
documentation of our repository.

A. Point-Mass Model (M=PM)

The point-mass model is the simplest model that is
commonly used for motion planning, see e.g. [32], [33].

This model abstracts the vehicle as a point mass whose
absolute acceleration is bounded (Kamm'’s circle). Let us
introduce [ as the placeholder for a variable and [J, and
O, to denote the value of the corresponding variable in
z and y direction (world coordinates), respectively. After
further introducing position s, acceleration a, and maximum
absolute acceleration apay, the dynamics is

Sp =0y, 8y =ay, az + a2 < Omay-
The point-mass model ignores the minimum turning circle,

which is considered next in the kinematic single-track model.

B. Kinematic Single-Track Model (M=KS)

The kinematic single-track model (also known as the
kinematic bicycle model) considers only two wheels, where
the front and rear wheel pairs are each lumped into one
wheel, because the roll dynamics is neglected (see Fig. 1
and [34, Sec. 2.2]). This also explains the term single-track
model. Tire slip is not considered, but the kinematic single-
track model can be used when the vehicle does not operate
close to its physical capabilities [26], [35]. For instance,
when planning a parking maneuver, tire slip is not important,
but the point-mass model would not be sufficient since the
non-holonomic behavior and, in particular, the minimum
turning radius would not be considered.

In addition to the variables already introduced, we also
require the velocity of the steering angle vs, the steering
angle ¢, the heading ¥, and the parameter [ describing the
wheelbase as well as the parameter vg describing the velocity
above which the engine power is limiting maximum positive
acceleration rather than maximum tire forces (see Fig. 1).
We further denote by [J the minimum possible value, by T
the maximum possible value, by [, the value of a variable
in lateral direction, and by [ong the value in longitudinal
direction (vehicle-fixed coordinates). The differential equa-
tions of the kinematic single-track model as defined in this
work are

S=vs, U= %tan(é)7 0 = Q1ong,
Sz =wvcos(¥), $, =vsin(¥),

under consideration of the constraints

vs € [95165]7 0 e [éa L v e [27617 (3)
o Ogax 22 for v > vg,
Q1long € [_amama]a a = { e . “4)
Omax otherwise,

CL%ong + (U \II)Q < Unax (aflat =v \I/) (5)

Constraint (3) considers that the steering velocity, the steer-
ing angle, and the vehicle velocity are bounded. Limited en-
gine power and braking power as detailed in [36, Sec. II1.B]
are considered by (4). Finally, as in the point-mass model,
constraint (5) models Kamm'’s circle.

Note that kinematic single-track models differ slightly in
publications, depending on whether one considers that 1)
the steering angle or the steering velocity is an input, 2) the
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vehicle velocity or the vehicle acceleration is an input, or
3) the front or rear wheel is the reference point (here: rear
wheel, see Fig. 1). For instance, in [26, eq. (8)], the vehicle
velocity and the steering velocity are inputs. Additionally,
other works do not provide all the constraints of our model
(which can be easily removed, but a removal should be stated
since this simplifies motion planning).

C. Single-Track Model (M=ST)

The natural extension of the kinematic single-track model
is the single-track model (also known as the bicycle model),
which considers tire slip [34, Sec. 2.3] influencing the slip
angle (3, which is illustrated in Fig. 1 as the angle between the
velocity vector v and the vehicle orientation ¥. Works that
perform planning of evasive maneuvers closer to physical
limits require the single-track model, see e.g. [37], [38].
We additionally consider the load transfer of the vehicle
due to longitudinal acceleration a1.ng (neglecting suspension
dynamics). Due to space limitations, we refer the reader to
our vehicle model documentation for a detailed description
and derivation of the single-track model.

Since the single-track model uses a linear relationship
between slip angle and tire force (thus ignoring saturation
effects), constraint (5) is important for limiting possible tire
forces. Please note that in contrast to this work, other works
often only consider constant velocity when referring to a
single-track model (see e.g. [34, Sec. 2.3]). Also, the weight
transfer between the front and rear axle is often neglected in
single-track models (see e.g. [37]).

reference point [sz, s,]7 for kinematic
single-track model (rear wheel)

reference point [sz, sy]7 for
single-track model (center of mass)

Fig. 1. Combined illustration of kinematic/standard single-track model.

D. Multi-Body Model (M=MB)

Although the previously introduced single-track model al-
ready considers many important effects of vehicle dynamics,
it does not consider the vertical load of all 4 wheels due
to roll, pitch, and yaw, their individual spin and slip, and
nonlinear tire dynamics. An example of a multi-body model
used for motion planning of a road vehicle can be found
in [39]. Although many commercial multi-body models for
vehicle dynamics exist®, those models are proprietary and
thus not appropriate for a benchmark that requires public
accessibility. Our multi-body model is taken out of [40,
Appendix A], which is one of few detailed and accessible
multi-body dynamics descriptions. Due to the complexity
of the multi-body model, we refer to the vehicle model
documentation of our repository and only mention the main
features.

Swww.carsim.com, www.tesis-dynaware.com, www.mscsoftware.com
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The multi-body dynamics is described by 3 masses: The
unsprung mass and the sprung masses of the front and rear
axles. The forces between these masses are described by the
dynamics of the suspension and the tire model. We consider
all suspension forces in [40, Appendix A] originating from
springs, dampers, and anti-roll bars. For the tire dynamics
we use the PAC2002 Magic-Formula tire model, which is
widely used in industry [41]. Rewriting all equations as a
state space model yields 29 state variables.

E. Numerical Experiments and Interchangeability of Models

In order to facilitate switching between different models
and to compare results as done in this subsection, we describe
in our vehicle model documentation how parameter sets
and initial states can be converted in the best possible
way between models. There, we further provide state-space
formats of all models so that it is easier to build one’s own
executable models in addition to the ones in MATLAB and
Python.

To illustrate better differences between models, we briefly
present numerical experiments for a BMW 320i (parameter
set 2 in vehicle model documentation). The duration of each
experiment is 1 s, and the initial velocity is 15 m/s; further
details of the experiments can be found in the vehicle model
documentation. First, we compare the kinematic single-track
model, the single-track model, and the multi-body model
when driving a left curve. It can be easily seen in Fig. 2(a)
that the kinematic single-track model realizes the tightest
bend since it does not consider tire slip; the single-track
model is a little wider due to considering tire slip. This effect
is even stronger for the multi-body model since it already
considers saturation of tire forces before constraint (5) is
active. This can be seen even better when comparing the slip
angles of the single-track model and the multi-body model
in Fig. 2(b).

Second, we demonstrate understeering and oversteering
(see [34, Sec. 3.3]) for the multi-body model during corner-
ing by braking into the corner (a1ong = —0.7 g, g represents
the gravity constant), coasting (aiong = 0 g), and heavily
accelerating (a1ong = 0.63 g) the rear-wheel-driven vehicle
(power oversteer) as shown by the slip angle in Fig. 3(a). It
can also be easily observed, by plotting the pitch in Fig. 3(b),
that the vehicle is “diving” during braking while the front
lifts during acceleration.

IV. CosT FUNCTIONS

This section proposes standardized cost functions for the
motion planning problem in (2). Analogously to the com-
posability of the benchmarks, we compose different types of
partial cost functions to a single cost function. The partial
cost functions have a unique ID p and the set P contains all
IDs of the proposed partial cost functions. The overall cost
function is obtained by the weighted sum

Jo(@(t),ult),to tr) = Y wi Ji(x(t), u(t), to, tr),
=
where Z C P contains the IDs of the applied partial cost
functions and w; € R are weights. We first present popular
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Fig. 2. Comparing the kinematic single-track (KS) model, the single-track
(ST) model, and the multi-body (MB) model during cornering.
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Fig. 3. Investigating oversteering and understeering as well as pitch for

the multi-body model.

partial cost functions using the variables already introduced
in Sec. III:

o Time: Jp =ty (see [42, eq. 2]).
o Acceleration: J4 = [/ a(t)%dt (see [43, Sec. TILB]).

Jto

o Jerk: J; = [}7 a(t) dt (see [44, Sec. III)).

« Steering angle: Joa = [,/ §(t)*dt (see [45]).

o Steering rate: Jop = ]tif vs(t)? dt (see [45]).

o Energy: Jp = ftzf P(x(t),u(t))dt, where
P(x(t),u(t)) is the required power of the engine
for the state x and the input u, which can be obtained
from engine mappings (see [28, Sec. IIL.B]).

o Yaw rate: Jy = [ W(t)%dt (see [43, Sec. IILB]).

« Lane center offset: J;o = ;f d(t)? at, where d is the
distance to the lane center or a driving corridor (see [43,
Sec. IIL.B]).

o Velocity offset: .Jy, = ftif (vaes (2(t)) —v(t))? dt, where
Vges(2(t)) is the desired velocity for the vehicle state x
(see [43, Sec. IIL.B)).

o Orientation offset: Jo = t’;f (Oaes (z(t)) — 0(¢))2 dt,
where 0g4es(2(t)) is the desired orientation for the vehi-
cle state = (see [45]).

« Distance to obstacles: Jp = fttof max(& (), ...,
&,(t)) dt, where o is the number of obstacles, &;(t) =
e~ Wassedi (1) d;(t) is the distance of the ego vehicle to
an obstacle, and wg;st 1S an additional required weight
(see [46, eq. 7-8]).

o Path length: J;, = [/ v(t)dt (see [46, Tab. 1]).

o Terminal offset: J7o = d(ts)? (see [44, eq. 2]).

o Terminal distance to goal: Jr¢ = dgoa1(? f)2, where
dgoa1 1s the distance to the goal (see [47, Sec. IV.D]).

Let us now introduce a notation for writing the used weights
compactly. We write wr = 0.1, wsa = 0.4, and wy = 0.7 in
short as [(7'0.1), (SA|0.4), (Y']0.7)]. After agreeing that we
use SI units for all variables, this notation uniquely defines
a cost function. Most works, however, do not provide such
weights, so we cannot include their values in the current
version of the benchmark. We therefore hope that once the
structure is fixed, other researchers will contribute their used
weights. Works that published their used weights are listed
below, where the cost function ID is chosen as the initials
of the first authors plus a running number:

o Jyp1 from [42, eq. 2]: [(T'|1)].

o Jgay inspired by [48, eq. 2]: [(SA|0.1), (SR|0.1),
(D|10)] (we use fewer parameters).

o Jwx1 inspired by [46, Tab. IV]: [(T'|10), (V|1),
(A]0.1), (J]0.1), (D]0.1), (LCI10)] (we use fewer
parameters and velocity difference instead of absolute
velocity).

V. SCENARIOS

As a last component, we introduce scenarios specified by
an XML file, which is composed of 1) a formal representa-
tion of the road network, 2) static and dynamic obstacles, and
3) the planning problem of the ego vehicle(s) as shown in
Fig. 4, where details of child elements are omitted for clarity.
In the following subsections we briefly describe each data
format in more detail. A detailed description can be found
in the XML documentation on our website. We also provide
a scenario documentation listing all available scenarios.

A. Road Network

For our benchmarks we use lanelets [49] as atomic,
interconnected, and drivable road segments to represent the
road network. A lanelet is defined by its left and right
bound, where each bound is represented by an array of
points (a polyline), as shown in Fig. 5. We have chosen
lanelets since they are as expressive as other formats, such
as e.g. OpenDRIVE’, yet have a lightweight and extensible
representation. Using lanelets allows the road network to
be modeled as a directed graph, where each node has
four types of outgoing edges: successor, predecessor, adja-
centLeft, and adjacentRight (see Fig. 4; predecessor is not
required but added for implementation reasons). Lanelets
additionally contain traffic regulations, e.g. the speed limit.
All road networks are stored using XML. The XML data
structure of OpenStreetMap® can represent lanelets in the
WGS84 coordinate frame using references between lanelets
and primitive elements as described in [49]. Since we require
Cartesian coordinates and a compact element structure to also
represent obstacles and the planning problem, we propose
our CommonRoad XML data format as specified on our
website.

7opendrive.org
8openstreetmap.org
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Fig. 4. Structure of the XML files encoding each scenario. For clarity we
do not show all elements of the XML structure.
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Fig. 5. Lanelets of a complex intersection in the city center of Munich
(scenario ID S=GER_Muc.-la). Besides roads, tram rails are also modeled
by lanelets.
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B. Obstacles

Obstacles are characterized by their role (static/dy-
namic), type (car/truck/bus/bicycle/pedestrian/construction-
Zone/parked Vehicle/priority Vehicle/unknown), shape (rect-
angle/circle/polygon), and movement over time (if the ob-
stacle is dynamic). We have restricted ourself to the shapes
rectangle, circle, and polygon since rectangles are a good
description for cars and trucks, circles are a good description
of pedestrians, and any other two-dimensional shape can be
modeled by a polygon if the number of points approaches
infinity. If motion planners depend on other representations,
one has to enclose the provided shape, see e.g. [S0].

occupancy at final time of prediction horizon

trajectory

unknown behavior

known behavior stochastic behavior

Fig. 6.
ments.

Supported occupancy representation of predicted obstacle move-

When the obstacle is dynamic, we provide three possi-
bilities to describe the movement over time as illustrated in
Fig. 6: known behavior, unknown behavior bounded by sets,
and unknown behavior described by probability distributions.

a) Known behavior: We describe known behavior with
a trajectory, which is modeled as state sequence containing
position and orientation. After defining the reference points
of shapes of obstacles, the occupancy of an obstacle along
a trajectory is uniquely defined: the reference point of a
rectangle and a circle is their geometric center and the
reference point of a polygon is its first point (polygons are
stored as an ordered list of points).

b) Unknown behavior: Occupancy sets that evolve over
time are used to represent unknown behavior [36]. For
occupancy sets we only allow polygons as a representation
that can be obtained from our tool SPOT [51]. Please note
that one can also represent known behavior by evolving
occupancy sets, which do not change their size over time.

c) Unknown stochastic behavior: One can describe
unknown stochastic behavior with probability distributions
of states. Since many different probability distributions are
used (e.g. Gaussian [52], piecewise constant [53], etc.), we
provide a placeholder for probability distributions in our
XML structure. Please note that for stochastic behavior, the
distribution of the state and the dimension of the vehicle
have to be stored separately to correctly compute crash
probabilities [53, Sec. VI]. For this reason, we also store
the shape of obstacles as we do for known behavior.
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[}~~~ Ego vehicle

Goal lane

[+ +++++ Obstacle A

[—— Obstacle B

Fig. 7.

C. Planning Problem

Each ego vehicle has an initial state as well as one or
several goal regions. If several goal regions are provided,
we implicitly assume that only one of them has to be
reached, modeling options like overtaking or staying behind a
vehicle. The position of the goal region is defined by a point,
shape (rectangle/circle/polygon), or lanelet. For orientation,
velocity, and time, intervals or exact values can be provided.
Since different vehicle models can be used (see Sec. III), the
shape of the ego vehicle is part of the parameterization of
the model. Despite the fact that the different models have
different state variables, we can initialize all models by the
initial state of a single-track model as described in the vehicle
model documentation.

VI. EXAMPLE

We demonstrate our proposed benchmark collection with
a deliberately simple scenario, which is based on recorded
traffic data from the NGSIM U.S. 101 dataset (07:50 a.m. to
08:05 a.m.). Fig. 7 shows the trajectories of two vehicles and
the initial position of the ego vehicle. We consider all lanes
of the U.S. 101 highway provided by the NGSIM dataset;
however, we only depict three out of six lanes in Fig. 7 for
the sake of clarity. The goal of this scenario is to plan a
lane-change maneuver for the ego vehicle to the left-most
lane within a time horizon of ¢ € [5.5,6.0] s (see Fig. 7).

The applied trajectory planner is based on numerical
optimization; for a detailed explanation of the algorithm,
the interested reader is referred to [45, Sec. III.1]. In this
paper, we use a kinematic single-track model as described in
Sec. III based on the parameters KS1 described in the vehicle
model documentation. However, in order to demonstrate how
parameters can be modified, the parameter vg is changed to
vg — 00. The cost function is chosen as

Jsar(x(t),u(t),to,ty) = waJa +wsatsa
+wsrJsr +wreJre +wyJy +woJo,

which minimizes the acceleration (J4), steering effort (Jg 4
and Jgg), the distance and orientation offset to a reference
path (Jrc and Jp), and the velocity offset (.Jy/). The chosen
weights are

[(A4]50), (SA|50), (SR|50), (LC|1), (V]20), (O]50)].

Since the ego vehicle should perform a lane-change to the
left lane, the reference path is set to the center of the goal
lane for computing the costs Jrc and Jo. Furthermore, the
optimization horizon is 5.5 s and the desired velocity is
Vdes = 25 m/s.

Solution of our applied trajectory planner for scenario "NGSIM_US101_0".

The wunique ID of the benchmark is B =
M-KS1:SM1:NGSIM_US101_.0, with vg — oo. Our obtaine
trajectory has a total cost of Jgari(z(t),u(t),to,ty) =
5.69-10%. In contrast to other work, all details on the vehicle
model, the cost function, and the scenario are precisely
given by our unique ID. Please note that without the ID we
also would not have had the space to present all the details
of the scenario in this work, although it is quite simple.

VII. CONCLUSIONS

To the best of our knowledge, we provide the first set
of composable benchmark problems for motion planning on
roads accessible from commonroad.in.tum.de. While this
paper only provides a rough overview, all details can be
found in the provided documentation on our website. Each
composed benchmark has a unique ID that can be used in
publications or for one’s own organization of benchmarks.
This is demonstrated by an example for which we also
provide a solution. Our benchmark collection contains a mix
of recorded and constructed scenarios as well as scenarios
on highways, on rural roads, and in urban settings. Our
platform-independent repository can be extended by other
researchers and will also be extended by ourselves.
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