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1 Introduction and motivation
Highly automated driving is expected to contribute to the quality of road trans-
portation in many ways. The most important impact can be the improvement of
road safety, as despite the significant reduction of fatal road accidents owing to the
spread of electronic safety systems, still many people lose their lives on public roads
mainly due to human errors (European Comission [2018]). Energy efficiency and
environmental friendliness is also an increasing social requirement. Automated vehi-
cles are predicted to significantly improve fuel economy and reduce the emission of
exhaust pollutants with the optimization of traffic flow in intelligent transportation
systems (Tettamanti et al. [2016]). As another important social benefit, autonomous
road vehicles could increase the mobility of handicapped or elderly people and un-
confident drivers (Watzenig and Horn [2016]).

One of the key aspects and most interesting problems for automated driving is the
navigation in dynamic traffic environments. The decision-making process is generally
partitioned into a hierarchical structure with four major layers. The thesis deals with
the topics of motion planning and vehicle control. Motion or trajectory planning is
responsible for the design of the vehicle’s motion that can be later executed by track-
ing controllers. The input of motion planning generally comes in form of maneuver
primitives such as cruise-in-lane, lane-change or right-turn. Based on the maneuver
primitive, a dynamically feasible, collision-free, and comfortable trajectory shall be
generated. The trajectory contains not only the desired path that the vehicle should
travel along but it also includes all temporal quantities which describe the vehicle’s
motion such as the associated velocity and acceleration. Vehicle control layer drives
the vehicle on the prescribed trajectory generated by motion planning. Stability and
robustness are often in focus of trajectory tracking controller synthesis due to the
modeling inaccuracies and unmodeled dynamics (Paden et al. [2016]).

Many different motion planning approaches have been developed in the last two
decades. Existing works can be broadly classified into four categories: geometric
methods, graph search methods, incremental search methods, and variational or op-
timal methods. Geometric methods generate trajectories based on some parametric
geometric curves such as circular arcs, clothoids, splines, or polynomial functions of
time or arc length (Sun et al. [2014]; Vorobieva et al. [2013]). These algorithms aim
to find the correct parameters of the curves with the consideration of geometrical
constraints, the steering kinematics of the vehicle, and the maximal allowed lat-
eral acceleration along the curve (Minh and Pumwa [2014]; Parlangeli et al. [2009]).
Graph search methods use a discretization of the vehicle’s spatio-temporal environ-
ment and building a graph from the unoccupied vehicle configurations or feasible
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motion primitives (Ajanovic et al. [2018]). The trajectory of the vehicle is then
found with a minimum-cost search in the graph with a method such as A* search
and its extensions (Montemerlo et al. [2008]; Tianyu Gu et al. [2015]). Instead of a
fixed graph discretization, incremental search techniques such as Rapidly-exploring
Random Tree (RRT) and its extensions are building the graph incrementally to in-
crease the feasibility of resulting trajectories by providing more flexibility (Jayasree
et al. [2017]). Some works include the prediction of the vehicle’s closed-loop response
to the randomly sampled reference and use the resulting vehicle states to build the
graph (Kuwata et al. [2009]; Arslan et al. [2017]). Optimal methods have been used
successfully to plan dynamically feasible trajectories for systems with nonholonomic
dynamics. The motion planning task is formulated as a nonlinear constrained opti-
mization problem, which aims to find some appropriate input functions that drive
the model of the vehicle from its current state into the required end state while min-
imizing an objective function that represents the quality of the trajectory (Howard
and Kelly [2007]; Ferguson et al. [2008]). The problem can be discretized by using a
convenient parametrization for the chosen input functions (Majd et al. [2018]). The
actually deployed methods applied in real world self-driving road vehicles are com-
ing from all the categories described above. Each approach has its advantages and
drawbacks as well. Geometric methods have the common advantage to be computa-
tionally cheap, but they can only consider vehicle dynamic constraints to a limited
extent which restricts the feasibility of the generated motion. Thanks to their prob-
lem setup, search based methods are inherently solving obstacle avoidance problems
with ease. However, because of the applied discretization schemes, they are also
struggling to provide guarantees for dynamical feasibility. A big advantage of op-
timal methods is that they can easily integrate models of vehicle dynamics in the
problem formulation, providing real feasibility. Nonetheless, they generally require
significant computational resources endangering real-time applicability.

The thesis focuses on techniques that enable dynamically feasible motion plan-
ning for nonholonomic road vehicles even in demanding driving situations that in-
volve large accelerations pushing the vehicle to the limits of stability. The motivation
to address this area is that to the best knowledge of the author there are barely any
works in literature that employ a nonlinear vehicle model with precise modeling
of tire forces during motion planning. Accordingly, a nonlinear single track vehi-
cle model has been developed to serve as a base for the presented research, which
provides precise results even for dynamically demanding driving maneuvers while
having a moderate computational requirement, and forges dynamic equations from
various literature on vehicle and tire dynamics with novel practical considerations
that enable an efficient and stable numerical solution (Hegedüs and Bécsi [2018b]).
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This model is also used in other works in the field of motion planning that are not
in the scope of the thesis (Kővári et al. [2020]; Fehér et al. [2019]). The emphasis
during the presented research is put on techniques that enable dynamically feasible,
comfortable, and customizable optimal motion planning in a robust manner under
real-time constraints.
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2 Contributions

Thesis I.

A novel nonlinear constrained optimization based motion planner has been developed
for highly automated road vehicles. The method generates the reference trajectory
in a model predictive approach, taking into account the nonlinear and nonholonomic
dynamics of wheeled vehicles, thus ensuring dynamical feasibility. Given its current
initial state, the vehicle reaches the prescribed final state by the satisfaction of a non-
linear equality constraint system. The comfort and fastness of the generated motion
are ensured by the minimization of lateral acceleration and jerk as well as travel time
respectively. Passenger preferences are considered by the appropriate selection of cost
function weights. The method is validated in various simulations with a special em-
phasis on sensitivity to changes in planning and model parameters.
Hegedüs et al. [2017a], Hegedüs et al. [2017b], Hegedüs and Bécsi [2018a]

The first thesis presents an optimal motion planning algorithm that is capable
of planning dynamically feasible, comfortable, and customizable motions for highly
automated road vehicles. The motion planning task is formulated as a nonlinear
constrained optimization problem as

min
p

J(X(p, t)) =
∑

j

wjzj(X(t)), (1)

subject to

Ẋ(t) = f(X(t), u(p, t)), X(0) = Xi, (2)

C(X(t)) = 0. (3)

The main goal of the planning is to find a reference trajectory u(p, t) that drives the
vehicle from the given initial state to a prescribed end state, represented as nonlinear
equality constraint system C(X(t)). The reference trajectory of the vehicle is char-
acterized by a trapezoidal longitudinal velocity profile and a cubic spline yaw rate
profile. The appropriate parameters p of the reference trajectory are searched such
way, that constraints and optimality criteria are formulated based on the resulting
motion of a precise closed loop nonlinear vehicle model f(X(t), u(p, t)). The dy-
namical feasibility of the generated motion is thus ensured, and the deviation from
the prescribed end state is inherently minimized. The goodness of the motion is
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described by a suitable objective function J(X(p, t)). The comfort of the trajectory
is established by the minimization of lateral acceleration and jerk, that are mainly
responsible for passenger discomfort. The travel time along the trajectory is also
minimized to provide a fast arrival to the end state. The trade-off between different
qualifiers zj such as comfort and speed can be customized by the setting of cost
function weights wj.

Figure 1: Optimal motion planner architecture

The inputs of the planning are the current initial and the required terminal ve-
hicle states, as well as an initial guess of the reference trajectory parameters. The
iteration step begins with the calculation of reference inputs based on the current pa-
rameter values. Then, the motion response of the vehicle is simulated. Knowing the
driven trajectory of the vehicle, the cost and constraint functions are evaluated. If a
sufficient solution is found, the optimization process quits. Otherwise, a correction
is made to the reference parameters, and the iteration continues (Figure 1).

Figure 2: Lane change and curved lane keeping trajectories
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Simulation results show that the constrained-optimal solution is able to provide
feasible motions even if the prescribed end states are at the borders of the possible
reachable region (Figure 2). Analysis of different cost function weightings verifies
that the solution is stable and can be balanced between comfort and fastness as
expected.

Figure 3: Normalized maximal lateral acceleration and jerk along trajectories

Larger relative weights applied on the lateral acceleration term effectively increase
the comfort of the trajectory, while larger weighting of the arrival time term speeds
up the motion and thus increases acceleration (Figure 3).

Examination of the sensitivity to changing vehicle and road parameters proves
that the applied model predictive approach is able to compensate the negative effects
of the deviation between the nominal model and the actual vehicle (Figure 4). The
proposed motion planner’s terminal state constraint violation remains below the
value produced while driving along a non-predictive reference trajectory, even if the
actual vehicle’s characteristics significantly differs from the one used at planning.
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Figure 4: Norm of constraint violation along trajectories
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Thesis II.

A novel real-time unconstrained optimal motion planner has been developed and tested
for highly automated road vehicles. A reference trajectory planner has been imple-
mented which generates a cubic spline path and a linear velocity profile connecting
the given initial and the required final vehicle states, making optimization constraints
unnecessary. The Stanley path tracking controller has been extended to consider the
steering actuation delay with an additional lookahead which significantly reduces the
cross track error. The method optimizes the shape of the reference trajectory to pro-
vide minimal tracking errors, travel time, and discomfort during the resulting vehicle
motion. The algorithm is validated in a quasi real-time simulation environment and
by real vehicle measurements as well.
Hegedüs et al. [2020]

The second thesis presents a model-based real-time optimal trajectory planner
for road vehicles. The reference trajectory of the vehicle is first planned as a cubic
spline. The end points and boundary derivative values of the path spline are con-
strained by the given initial state and the prescribed end state of the vehicle. The
shape of the path spline can be customized by the definition of two equidistantly
distributed intermediate points which are subject to optimization (Figure 5). The

Figure 5: Cubic spline reference paths

motion of a precise closed loop nonlinear vehicle model is simulated along the ref-
erence trajectory so that performance criteria can be formulated on the resulting
motion. The minimization of trajectory tracking errors ensures dynamical feasibility
and also considers the arrival to the prescribed end state as a soft constraint. The
extension of the Stanley lateral controller with an additional lookahead enables the
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compensation of steering actuation delays that can be quite significant in case of
experimental vehicles that are equipped with a retrofitted actuator connected to the
original steering system. The additional lookahead is chosen as the kstm proportion
of the distance that the vehicle travels over the settling time of the steering actuation
Ts, calculated as

xV
v,stm = lv,f + kstmẋV

v Ts, (4)

where lv,f is the horizontal distance of the front wheel center point from the center
of gravity of the vehicle, and ẋV

v is the longitudinal velocity of the vehicle.
The comfort and fastness of the trajectory are considered as well by the mini-

mization of lateral acceleration and travel time respectively. The minimal number
of free parameters and the efficient implementation in C++ programming language
enable the usage of the algorithm under real-time constraints. Simulation results first
show that the vehicle is able to reach the prescribed final state within the required
tolerance in the unconstrained formulation also in case of dynamically demanding
scenarios. The real world applicability of the proposed method is then proven by
test vehicle measurements (Figure 6).

Figure 6: Lane change with test vehicle
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Thesis III.

A novel artificial neural network based hybrid method has been developed to speed
up optimal motion planning for highly automated road vehicles. Two concepts have
been elaborated to provide close-to-optimal initial guess for the optimization process
as well as to completely substitute online optimization. Multiple feedforward and
cascade deep neural networks have been trained to reproduce the solution provided
by the optimal planning algorithm. The proposed methods are evaluated in terms of
run-time, state constraint violation, and maximal lateral acceleration. The obtained
benchmark results are also validated by industrial standard vehicle simulations.
Hegedüs et al. [2018], Hegedüs et al. [2019]

In the first thesis a nonlinear optimization based trajectory planning algorithm
is proposed to generate dynamically feasible, comfortable, and configurable motion
for highly automated road vehicles with the model-based prediction of the vehicle’s
motion. The main drawback of the developed approach is the significant computation
time, which jeopardizes real-time applicability.

To overcome this issue, two hybrid approaches are suggested in the third thesis
with the application of artificial neural networks and supervised learning techniques.
The learning dataset is generated offline with the optimal planner, so that the run-
time of the original algorithm does not play a key role. Based on the learning dataset,
multiple feedforward and cascade neural networks are trained to solve the motion
planning problem by the approximation of the mapping performed by the original
planner. The first concept uses the output of the neural network as a close-to-optimal

Figure 7: Hybrid neural network based motion planner architecture
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initial guess for the optimization process. This halves the run-time of the planning
while maintaining the same performance regarding dynamical feasibility and motion
optimality. The second algorithm skips the online optimization entirely, and uses
the neural network’s output directly (Figure 7). The trajectory of the vehicle is
calculated by the simulation of the closed loop model applied in the optimal planner.
The plausibility of the neural network’s output is checked by the comparison of the
prescribed and actually reached final states, which eliminates the problematic of the
neural network being a black-box system.

(a) End constraint violation (b) Maximal relative lateral acceleration

Figure 8: State constraint violation and maximal relative lateral acceleration along
test trajectories

Although there are remarkable differences between the motions planned by the
neural network and the original optimization process when considering the whole
trajectory, the deviations are in a sufficient range if only the part of the motion
which is meant to be actually driven is dealt with (Figure 8a). Also, no significant
degradation in the optimality criteria can be observed in case of the neural network
based planing (Figure 8b). The significantly decreased computation time can even
enable the real-time usage of the proposed hybrid approach, which is prepared by
industrial standard vehicle simulations.
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Thesis IV.

A novel artificial neural network based vehicle model has been developed which is
capable of the precise short-term simulation of road vehicle motion. A trajectory
planning algorithm suitable for generating realistic driving scenarios in a random
manner is created to support learning data generation. Multiple concepts are elab-
orated to estimate a future state of the vehicle on the basis of its current state and
driver inputs with the help of neural networks. Numerous fully connected feedfor-
ward deep neural networks are trained with different parameters to obtain optimal
regression performance. The trained neural networks are utilized in a feedback loop
to calculate motions of several seconds. The proposed method is evaluated and vali-
dated by the simulation of a complex test dataset.
Hegedüs et al. [2021]

Figure 9: Realistic random trajectories

The fourth thesis presents a method for fast short-term vehicle motion simulation
up to approximately 10 seconds with an artificial neural network based approach.
Firstly, learning samples are generated based on a classical nonlinear vehicle model
for a dynamically diverse set of driving maneuvers. Reference data of these driving
maneuvers are created by a numerical motion planning algorithm based on the as-
signment of piecewise linear travel velocity and curvature profiles similar to public
road designs. The input of the trajectory planner is computed randomly in such a
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way, that the resulting motions are realistic and contain demanding high-acceleration
cases as well (Figure 9).

Figure 10: Motion prediction with neural network based vehicle model
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Supervised learning techniques are then used to train the fully connected deep
neural networks to estimate a future state of the vehicle based on its current state
and driver inputs. The state variables that are not present in the output of the neural
network are subsequently calculated by numerical integration. This neural network
based computation is later used in a feedback loop to simulate the motion of the
vehicle over time, where the output of the network is used to calculate its input
for the next time step. For short-term simulations, the resulting neural network
based vehicle simulation algorithm is capable of fully replacing the classical dynamic
model while being two times faster (Figure 10). This speed gain can be especially
useful in the online optimization loop of dynamically feasible optimal motion planner
algorithms, where the required duration of simulations is typically inside the range
where the new approach delivers plausible results. In this application, supervision of
the neural network based results is possible by the one-time execution of the original
dynamic model.

3 Future work
The most clear continuation of the presented work could be the common integration
of the neural network based initial value generator presented in Thesis III and vehicle
model described in Thesis IV in the original optimal motion planning algorithm
shown in Thesis I. Another natural extension would be the integration of collision
avoidance inside the optimization problem in form of soft or hard constraints. A
hierarchical approach combining the preliminary planning of a reference path or
free corridor ahead of the vehicle with a subsequent dynamically feasible planning
is also a technique worth considering. The hybrid neural network planner which
completely substitutes online optimization in Thesis III shall be extended with the
generation of a safe emergency motion in case of the neural network generates a
highly infeasible solution. Regarding the fast vehicle model presented in Thesis IV,
an interesting future direction could be the application of transfer learning to adapt
the presented model to changing vehicle parameters and friction conditions. Training
the neural networks based on real vehicle measurements afterwards is also an exciting
opportunity to provide even more realistic simulations.
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