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Abstract

Path planning and collision avoidance are essential components of an autonomous driving
system (ADS), ensuring safe navigation in complex environments shared with other road
users. High-quality planning and reliable obstacle avoidance strategies are essential for ad-
vancing the SAE autonomy level of autonomous vehicles, which can largely reduce the risk
of traffic accidents. In daily driving scenarios, lane changing is a common maneuver used
to avoid unexpected obstacles such as parked vehicles or suddenly appearing pedestrians.
Notably, lane-changing behavior is also widely regarded as a key evaluation criterion in
driver license examinations, highlighting its practical importance in real-world driving.
Motivated by this observation, this paper aims to develop an autonomous lane-changing
system capable of dynamically avoiding obstacles in multi-lane traffic environments. To
achieve this objective, we propose a hierarchical decision-making and control framework
in which a Double Deep Q-Network (DDQN) agent operates as the high-level planner
to select lane-level maneuvers, while a High-Order Control Lyapunov Function–High-
Order Control Barrier Function–based Quadratic Program (HOCLF-HOCBF-QP) serves
as the low-level controller to ensure safe and stable trajectory tracking under dynamic
constraints. Simulation studies are used to evaluate the planning efficiency and overall
collision avoidance performance of the proposed hierarchical control framework. The
results demonstrate that the system is capable of autonomously executing appropriate
lane-changing maneuvers to avoid multiple obstacles in complex multi-lane traffic envi-
ronments. In computational cost tests, the low-level controller operates at 100 Hz with
an average solve time of 0.66 ms per step, and the high-level policy operates at 5 Hz with
an average solve time of 0.60 ms per step. The results demonstrate real-time capability in
autonomous driving systems.

Keywords: autonomous vehicle; Control Lyapunov Function; Control Barrier Function;
deep reinforcement learning; automated lane changing

1. Introduction
With rapid urbanization and technological development, the number of privately

owned vehicles has dramatically increased each year. The excessive numbers of private
vehicles have led to severe traffic congestion and an alarming increase in road accidents,
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which gradually become a new set of challenges that every modern city must confront.
Autonomous Driving Systems (ADS) benefit from powerful and robust autonomous driv-
ing algorithms and offer a promising solution to these challenges by reducing human
error and enhancing road safety. A rule-based higher-level decision-making approach has
been proposed in reference [1] for low-speed autonomous shuttles for use in a campus
environment. A unified hardware and software architecture and scalable low-level controls
have been proposed in reference [2] for autonomous driving. Among the various compo-
nents in a reliable ADS, path planning and collision avoidance play a particularly vital
role. A well-designed planner can generate safe and feasible trajectories for autonomous
vehicles in complex dynamic traffic environments. Path planning, path tracking, and
optimization-based collision avoidance maneuvering of autonomous vehicles are presented
in reference [3]. The elastic band approach to collision avoidance of autonomous driving is
introduced and treated in reference [4]. The methods in references [3,4] also form traditional
approaches to lane change maneuvering in autonomous driving.

The development of path planning and collision avoidance functions for connected
automated vehicles is an intricate and complex process. Based on the specific vehicle
type and traffic scenario, various planning algorithms and strategies are employed to
plan a collision-free trajectory. Extensive research has been conducted to develop high-
performance and robust collision-free path planning strategies, which can generally be
categorized into two major approaches: optimization-based methods and machine learning-
based methods.

The optimization-based approach formulates path planning and collision avoidance as
a mathematical optimization problem with well-defined constraints, aiming to compute an
optimal, collision-free trajectory by minimizing or maximizing specific objective functions.
These constraints generally come from two primary sources: Vehicle dynamic limitations
(such as acceleration, steering angle, and braking capabilities) and traffic environment
constraints (such as road boundaries and curvatures). Ensuring feasible and safe naviga-
tion requires optimizing trajectory planning within these constraints while maintaining
computational efficiency for real-time applications.

Among various methods, the Control Lyapunov Function-Control Barrier Function-
Quadratic Programming (CLF-CBF-QP) approach has gained significant attention due to
its ability to balance safety and stability in an optimization framework. In this approach,
CLFs enforce system stability, ensuring the vehicle follows a desired trajectory, while
CBFs define safety boundaries, preventing collisions with traffic barriers and other road
users. The optimal control input is then obtained by solving a QP problem, which ensures
that both stability and safety constraints are satisfied [5–7]. This formulation allows for
real-time control adaptation, making it particularly effective for dynamic traffic scenarios.
The CLF-CBF-QP framework has been widely adopted in the fields of robotics [8,9] and
autonomous driving [10–12], especially for vehicle control problems involving various
system models, such as kinematic [13,14] and dynamic vehicle [15] representations. In
addition to being used as a standalone controller, CBFs are also frequently integrated as
safety filters alongside other control strategies, such as Deep Reinforcement Learning (DRL)
and Model Predictive Control (MPC) [16,17], where they act as safety-check layers to ensure
constraint satisfaction during control calculation. In addition, as system dynamics grow in
complexity, High-Order CBF (HOCBF) formulations are introduced to allow CBF-based
control to be applied to more general nonlinear systems [18,19].

Beyond CLF-CBF-based methods, various other optimization-based approaches have
been explored to improve path planning and collision avoidance, including the Elastic Band
approach [20], the Potential Field approach [21], the Support Vector Machines (SVM)-based
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approach [22], geometry-based optimization (quintic spline) [23], and hybrid A* search in
spatiotemporal map [24].

The machine learning-based approach, on the other hand, frames autonomous driv-
ing and collision avoidance as a Markov Decision Process (MDP) problem and employs
reinforcement learning (RL) methods to optimize the decision-making process. This ap-
proach has been widely applied in autonomous driving research [25–27]. Early work by
Kendall et al. introduced an end-to-end deep reinforcement learning (DRL) framework
for ADS [28], while Yurtsever et al. proposed a hybrid DRL system combining rule-based
control with DRL-based algorithms [29]. Researchers have further extended DRL with
innovations [30–32], such as short-horizon safety mechanisms for highway driving [33],
dueling architectures for efficient learning [34], and hierarchical reinforcement learning
(H-REIL) to balance safety and efficiency in near-accident scenarios [35]. Additionally,
many DRL-based models have been trained using simulation platforms like CARLA and
The Open Racing Car Simulator (TORCS) [36,37], demonstrating their effectiveness in
various driving conditions [38].

While optimization-based methods offer robustness and reliability due to their mathe-
matical rigor, they often lack real-time feasibility and struggle to scale in high-dimensional,
dynamic environments due to computational complexity and limited adaptability. In con-
trast, learning-based approaches, especially DRL-based methods, provide flexibility and
data-driven decision-making, but they require extensive training data and extra hard-coded
safety assurances to ensure reliability in real-world scenarios.

To address these limitations, researchers are increasingly exploring data-driven hy-
brid approaches that integrate optimization-based planning with machine learning and
reinforcement learning techniques. A particularly promising direction is the integration
of CLF-CBF-QP with DRL, which combines rule-based safety constraints with adaptive
learning-based decision-making [39,40]. This fusion allows autonomous systems to lever-
age the robustness and stability of optimization-based methods while incorporating the
real-time adaptability of learning-based approaches, significantly enhancing safety, effi-
ciency, and decision-making capabilities in complex and dynamic driving environments.

Through observations of daily driving behavior, we find that most human drivers
tend to perform lane-changing maneuvers to avoid obstacles, such as stationary vehicles or
unexpected hazards. Inspired by this observation, this paper focuses on developing an au-
tonomous lane-changing system that can automatically perform lane-changing maneuvers
to avoid obstacles in multi-lane traffic environments. The contributions of this paper are
as follows.

• This paper introduces a novel low-level controller based on the combined High-
Order Control Lyapunov Function (HOCLF) and High-Order Control Barrier Function
(HOCBF) framework, specifically designed for on-road vehicle dynamic models. This
controller enables accurate path tracking under normal conditions and ensures effec-
tive collision avoidance in the presence of obstacles.

• Inspired by human driving collision avoidance behavior, we propose a hierarchical
control framework that combines a high-level DDQN decision-making agent and
low-level optimization-based control. This control framework enables the system to
autonomously select appropriate lane-level strategies for collision avoidance.

• The DDQN agent observes the surrounding traffic environment and determines high-
level lane-change actions (e.g., idle—meaning no lane change; left lane change; and
right lane change). These discrete decisions are then translated into reference tracking
formulation and executed by the HOCLF-HOCBF-QP controller.

• This hierarchical architecture takes advantage of both the learning-based approach and
the optimization-based approach. The DRL-based high-level planner enables flexible
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decision-making in various traffic scenarios, while the optimization-based low-level
controller adds hard safety constraints through HOCBFs, preventing unsafe behavior.

The remainder of this paper is organized as follows. Section 2 presents the method-
ologies applied in this study, including the single-track lateral vehicle dynamic model, the
formulation of the low-level HOCLF-HOCBF-QP controller, and the training process of the
DDQN-based high-level decision-making agent. Section 3 demonstrates the simulation
results of the proposed framework, which include path-tracking performance using the
HOCLF-QP controller, collision avoidance performance of the proposed low-level HOCLF-
HOCBF-QP controller, and the overall performance of the integrated hierarchical controller,
which combines the high-level DDQN decision-making agent with the HOCLF-HOCBF-QP
tracking controller. Detailed analysis of simulation results is also provided in this section.
Finally, Section 4 concludes the paper and outlines possible directions for future research.

2. Methodology
To develop a high-performance lane-changing-based ADS, we propose a hierarchical

control architecture that comprises a low-level optimization-based controller and a high-
level decision-making agent. In this section, we aim to present the methodology utilized
to design this controller. First, we present a single-track lateral vehicle dynamic model
(also known as the bicycle model) to describe the lateral motion of the ego vehicle, which
serves as the foundation for controller design. Second, based on this vehicle dynamic
model, we design an HOCLF-HOCBF-QP controller as the low-level control module. This
controller can generate optimal and dynamically feasible control inputs that allow the
vehicle to accurately track a given reference point or trajectory. Finally, we integrate the
HOCLF-HOCBF-QP controller with a high-level Double Deep Q-Network (DDQN) agent,
which learns to generate high-level discrete lane-change decisions based on observed
traffic conditions.

2.1. Single-Track Lateral Vehicle Dynamic Model

In this paper, we employ a linear single-track lateral vehicle dynamic model for
controller design and simulation of the vehicle. Figure 1 illustrates the plane lateral motion
of this single-track vehicle, which serves as the foundation for the subsequent controller
design. The vehicle is moving forward with a constant speed. For realistic simulation,
the wheel side slip angle (the angle between the direction of the wheel’s travel and the
actual path) is considered in this model. The complete derivation of this vehicle model
can be found in Chapter 2 of [3]. Equation (1) demonstrates the state space equation of
this vehicle’s lateral dynamics where β and r represent vehicle side slip angle and vehicle
yaw rate, respectively, and form the state of the model, δ f and δr are vehicle front and
rear steering angles and are the inputs of the model, Mzd is yaw moment disturbance,
which serves as the external disturbance. Equations (2) and (3) are used to calculate the
vehicle’s position based on β and r. ψ is the vehicle yaw angle. Table 1 provides a detailed
explanation of the parameters in the vehicle model. The vehicle model parameters used are
taken from reference [41], which has applied deep reinforcement learning control to the
safety of vulnerable road users in their interaction with autonomous vehicles. The values
of the different parameters used are presented in Section 3.
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vcos(β + ψ)dt (2)
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∆y =
∫ t f

0
vsin(β + ψ)dt (3)

Figure 1. Linear single-track lateral vehicle dynamic model.

Table 1. Lateral model parameters [41].

Symbol Parameter

X, Y Earth-fixed frame coordinate
x, y Vehicle-fixed frame coordinate
V Center-of-gravity (CG) velocity
m Mass
Iz Yaw moment of inertia
β Side-slip angle
ψ Yaw angle
r Yaw rate

Mzd Yaw disturbance moment
δ f , δr Front and rear wheel steer angle
α f , αr Front and rear tire slip angle
C f , Cr Front and rear tire cornering stiffness
l f , lr Distance between CG and front and rear axle

Vf , Vr Front and rear axle velocity
Ff , Fr Front and rear lateral tire force

By assuming a front-steering vehicle (δr = 0) and neglecting yaw moment disturbances
(Mzd = 0), Equations (1)–(3) can be combined to construct a five-degree-of-freedom (5-DOF)
lateral vehicle dynamic model for simulation purposes. The state-space equation for the
proposed 5-DOF vehicle lateral dynamic model is given by

.
β
.
r
.
x
.
y
.
ψ

 =


A11 ∗ β + A12 ∗ r
A21 ∗ β + A22 ∗ r

v ∗ cos(β + ψ)

v ∗ sin(β + ψ)

r

+


B1

B2

0
0
0

δ f . (4)

where A11 =
−C f −Cr

mv , A12 = −1 +
(Cr lr−C f l f

mv2

)
, A21 =

Cr lr−C f l f
Iz

, A22 =
−C f l2

f −C
r
l2
r

IzV , B1 =
C f
mv

and B2 =
C f l f

Iz
. Compared to simplified lateral vehicle dynamic models like Equation (1)

that only consider internal vehicle states such as sideslip angle and yaw rate, the proposed
model further incorporates the vehicle’s position and orientation (x, y, ψ). This augmen-
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tation enables a clearer geometric interpretation of the vehicle state, which is particularly
beneficial for the subsequent design of HOCLF-HOCBF-based controllers, where reference
tracking and obstacle avoidance can be formulated in the global coordinate frame.

2.2. Control Lyapunov Functions and Control Barrier Functions
2.2.1. Preliminary

This section begins with an overview of the Control Lyapunov Function (CLF) and
Control Barrier Function (CBF) frameworks. We then present the detailed formulation of
the proposed low-level path-tracking controller based on the High-Order CLF and High-
Order CBF implemented through a Quadratic Program (HOCLF-HOCBF-QP). Before we
dive into the definition of CLF and CBF, we need to begin with a clear formulation of
the system dynamics. Many control strategies, including Lyapunov-based methods, are
developed for systems expressed in a control-affine form, which can be written as

.
x = F(x, u) = f (x) + g(x)u (5)

where x ∈ Rn denotes the system state, u ∈ Rm is the control input of the system and m, n
are the dimensions of the state and input. f (x) and g(x) are locally Lipschitz continuous in
x. f (x) denotes the drift terms and g(x) is the control effectiveness term. This control-affine
formulation of a system is widely used in many fields, including robotics and autonomous
vehicle fields, to describe system dynamics. The single-track lateral vehicle dynamics
model used in this study is also a control-affine system.

Given this formulation, one fundamental objective in control is to let the vehicle
eventually reach the destination, which requires designing a controller to stabilize the
system around a desired equilibrium. A common way to design such a stabilizing controller
is to incorporate a CLF as a constraint in the optimization-based control framework. This
guarantees Lyapunov stability for systems with control inputs. The definition of the CLF is
presented in the following. Consider a continuously differentiable function V(x) : Rn → R .
If there exist positive coefficients c1 > 0, c2 > 0, c3 > 0 such that for ∀x∈ Rn,

c1∥x∥2 ≤ V(x) ≤ c2∥x∥2 (6)

and also,
inf

u∈U

[
L f V(x) + LgV(x)u + c3V(x)] ≤ 0 (7)

where L f and Lg denote Lie derivatives along f (x) and g(x). Then, V(x) is a CLF for the
system which can guarantee global and exponential stabilization.

In addition to stability, another fundamental objective in control is to let the vehicle
perform the collision avoidance when there exist obstacles around it, which requires
designing a controller to ensure the safety of the system. To achieve this goal and to encode
safety requirements within the control framework, CBFs have been introduced. CBFs
are mathematical constructs that define a safe set of states and provide a mechanism for
keeping the system within this set over time. Similar to CLFs, they can be incorporated
into an optimization-based control framework such as quadratic programming (QP). The
definition of the CBF is presented as follows. Consider a continuously differentiable
function h(x) : Rn → R and the corresponding safe set

C = {x ϵ Rn : h(x) ≥ 0} (8)
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The function h(x) is considered a CBF if there exists a control input u ϵ Rn such that
the following condition holds for ∀x ϵ C.

sup
u∈U

[
L f h(x) + Lgh(x)u + α(h(x))] ≥ 0 (9)

where α is a class-κ function. The detailed derivation and proof of CLF and CBF can be
found in [7].

2.2.2. HOCLF and HOCBF Definition

For complex systems where safety constraints depend on higher-order derivatives of
the position states, standard CLFs and CBFs become insufficient. Therefore, we need to
introduce HOCLF and HOCBF. The relative degree of HOCLF and HOCBF is the number
of times we need to differentiate it along the dynamics of the system until the control input
u explicitly shows.

The definition of the HOCLF is presented as follows. Consider an dth-order contin-
uously differentiable function V(x) : Rn → R . We let ϕ0(x) = V(x) and a sequence of
functions ϕi(x) : Rn → R , i ∈ {1, . . . , d}:

ϕi(x) =
.
ϕi−1(x) + αi(ϕi−1(x)), i ∈ {1, . . . , d} (10)

where αi, i ∈ {1, . . . , d} are class-κ functions. If there exist αd such that for ∀x ̸= 0n,

inf
u∈U

[
Ld

f V(x) + LgLd−1
f V(x)u + S(h(x)) + αd(ϕd−1(x))

]
≤ 0 (11)

where L f and Lg denote Lie derivatives along f (x) and g(x), then, V(x) is a HOCLF for
the system which can guarantee global and exponential stabilization.

Similarly, the definition of HOCBF is presented as follows. Consider an rth-order
continuously differentiable function h(x) : Rn → R . We let Ψ0(x) = h(x) and a sequence
of functions Ψi(x) : Rn → R , i ∈ {1, . . . , r}:

Ψi(x) =
.

Ψi−1(x) + βi(Ψi−1(x)), i ∈ {1, . . . , r} (12)

where βi, i ∈ {1, . . . , r} are class-κ functions. We also define a sequence of sets Ci,
i ∈ {1, . . . , r}:

Ci(x) = {x ∈ Rn : Ψi−1(x) ≥ 0}, i ∈ {1, . . . , r} (13)

If there exists βr and a control input u ϵ Rn such that the following condition holds for
∀x ϵ C1 ∩ C2 ∩ . . . ∩ Ci

sup
u∈U

[
Lm

f h(x) + LgLm−1
f h(x)u + S(h(x)) + αi(Ψi−1(x))

]
≥ 0 (14)

where L f and Lg denote Lie derivatives along f (x) and g(x), then the function h(x) is
considered a HOCBF for the system which can guarantee safety. The detailed derivation
and proof of HOCLF and HOCBF can be found in [18,42].

2.2.3. HOCLF and HOCBF Design

In this section, the design of the proposed low-level controller is presented. The key
objective of this controller is to compute safe and effective control inputs that allow the
vehicle to follow a desired path from the start point to the destination while avoiding
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collisions with surrounding obstacles. In order to achieve this, we first design the path-
following part using HOCLF.

V(x) =
(
x − xg

)2
+

(
y − yg

)2 (15)

.
V(x, u) = L f V(x) + LgV(x)u

= 2vcos(β + ψ)
(
x − xg

)
+ 2vsin(β + ψ)

(
y − yg

) (16)

L2
f V(x) = ∇

(
L f V(x)

)T
f (x) = −2vsin(β + ψ)

(
x − xg

)
(A11β + A12r)+

2vcos(β + ψ)
(
y − yg

)
(A11β + A12r)+

2v2 − 2vsin(β + ψ)
(

x − xg
)
r + 2vcos(β + ψ)

(
y − yg

)
r

(17)

LgL f V(x)u = ∇
(
L f V(x)

)T
g(x)u = −2vsin(β + ψ)

(
x − xg

)
B1δ f+

2vcos(β + ψ)
(
y − yg

)
B1δ f

(18)

Equations (15)–(18) demonstrate the design of the HOCLF and its derivative where
[x, y] represent the current coordinates of the vehicle, and

[
xg, yg

]
are coordinates of the

destination. The coefficients A11, A12, A21, A22, B1, B2 were defined in the vehicle dynamics
model described earlier. The purpose of introducing the HOCLF in this design is to ensure
the stability of the system, thereby enabling the vehicle to converge toward the target desti-
nation or tracking point on the desired path. The design idea is straightforward. We want
the vehicle’s position [x, y] to eventually coincide with the destination coordinates

[
xg, yg

]
.

To achieve this, we construct a Lyapunov candidate function V(x), which quantifies the
squared distance between the current position and the goal. The inequality condition in
Equation (19) is HOCLF constraint

L2
f V(x) + LgL f V(x)u + α1

( .
V(x, u)

)
+ α2(V(x)) ≤ δ (19)

where α1 and α2 are class-κ functions and δ is a slack variable. In practice, we implement
these as positive constant gains. This constraint ensures that the control input u consistently
drives the system towards the goal in a stable and controlled manner.

Similarly, we can then design the collision avoidance part using HOCBF as

h(x) = (x − xo)
2 + (y − yo)

2 − r2
o (20)

.
h(x, u) = L f h(x) + Lgh(x)u = L f h(x)

= 2vcos(β + ψ)(x − xo) + 2vsin(β + ψ)(y − yo)
(21)

L2
f h(x) = ∇

(
L f h(x)

)T
f (x) = −2vsin(β + ψ)(x − xo)(A11β + A12r)+

2vcos(β + ψ)(y − yo)(A11β + A12r)+
2v2 − 2vsin(β + ψ)(x − xo)r + 2vcos(β + ψ)(y − yo)r

(22)

LgL f h(x)u = ∇
(
L f h(x)

)T
g(x)u = −2vsin(β + ψ)(x − xo)B1δ f+

2vcos(β + ψ)(y − yo)B1δ f

(23)

Equations (20)–(23) demonstrate the design of the HOCBF and its derivative, where
[x, y] represent the current coordinates of the vehicle, and [xo, yo] are coordinates of the
obstacles. The coefficients A11, A12, A21, A22, B1, B2 are defined in the vehicle dynamics
model described earlier. The purpose of introducing the HOCBF in this design is to enforce
safety by ensuring that the vehicle avoids potential collisions with surrounding obstacles.
The design idea is straightforward. We want to prevent the vehicle’s position [x, y] entering
a circular danger zone of radius ro centered at [xo, yo]. To achieve this, we construct a barrier
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candidate function h(x) which quantifies whether the center of the vehicle is entering the
dangerous zone or not. The inequality condition in Equation (24) is the HOCBF constraint.
For each obstacle, we need a unique HOCBF constraint

L2
f h(x) + LgL f h(x)u + α3

(
L f h(x)

)
+ α4(h(x)) ≥ 0 (24)

where α3 and α4 are class-κ functions. In practice, we implement these as positive constant
gains. This constraint ensures that the control input u cannot drive the system towards the
unsafe region with obstacles.

2.2.4. HOCLF-HOCBF-QP Formulation

To combine the previous designs of HOCLF and HOCBF within a single control
framework, we need to formulate a QP that incorporates both HOCLF and HOCBF as
inequality constraints. This optimization-based approach enables the controller to compute
control inputs that not only drive the system towards the desired destination but also
maintain safety by avoiding entering unsafe regions with obstacles.

The formulation of the QP is presented in Equation (25).

u∗ = argmin
u,δ

∥∥∥u − ure f

∥∥∥2
+ qδ2 (25)

s.t L2
f V(x) + LgL f V(x)u + α1

( .
V(x, u)

)
+ α2(V(x)) ≤ δ and

L2
f h(x) + LgL f h(x)u + α3

(
L f h(x)

)
+ α4(h(x)) ≥ 0, f or each obstacle

where u is the control input, ure f is a nominal reference input, which can be set to zero for
minimizing control effort. δ is a slack variable of HOCLF constraint, allowing temporary
relaxation of HOCLF constraint when it is in conflict with HOCBF. The penalty weight
q > 0 balances the performance and constraint violation

The parameters in the HOCLF-HOCBF-QP controller include the CLF constraint
coefficients, CBF constraint coefficients, and CLF relaxing term δ in QP formulations.
The CLF constraint coefficients affect tracking aggressiveness. Higher values improve
convergence speed but may lead to more abrupt control actions. Moreover, if the CLF
constraint coefficient is an excessively large value, it will impose overly strict convergence
requirements, which may lead to infeasible optimization problems. Increasing the CBF
constraint coefficients makes the safety constraint less strict, allowing the vehicle to follow
more efficient trajectories but reducing the safety margin. Conversely, reducing CBF
constraint coefficients enforces stricter safety constraints, forcing the vehicle to maintain a
larger distance from obstacles. The CLF relaxing term δ influences the trade-off between
strict constraint satisfaction and feasible control effort. Compared to other parameters, the
CLF constraint coefficient has a more direct and sensitive impact on the feasibility and
effectiveness of the overall control performance.

2.3. Deep-Reinforcement-Learning

Markov Decision Process (MDP) is a framework used in modeling sequential decision-
making problems. In an MDP, the system evolves over time by selecting actions based
on the current state. The goal is to find an optimal policy that can maximize long-term
cumulative reward. Autonomous driving naturally fits into this framework. At each
moment, driving decisions such as whether to change lanes, accelerate, or slow down are
made based on the current vehicle state and traffic environment. Therefore, in this paper,
we formulate the high-level autonomous driving task as an MDP, and the detailed MDP
setting is provided in the case study section.
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Once the autonomous diving problem is formulated using MDP, reinforcement learn-
ing (RL) can then be employed to optimize the decision-making process and find an optimal
policy. Deep Reinforcement Learning (DRL), a subset of RL, is particularly effective for
autonomous driving applications and can be broadly categorized into value-based and
policy-based methods. Value-based DRL, inspired by Q-learning [43], estimates action
values to determine the best possible decision. Techniques such as Deep Q-Networks
(DQN), Double Deep Q-Networks (DDQN), and their successor [44–47] improve learning
efficiency in environments with large state spaces and discrete action spaces. Policy-based
DRL [48], on the other hand, directly learns a mapping from states to actions without
explicitly estimating value functions. Methods such as Policy Gradient (PG), Actor-Critic
(A2C [49], A3C [50]), Proximal Policy Optimization (PPO) [51], and their successor [52–54]
refine decision-making by adjusting policy parameters to maximize expected rewards.

In this paper, since the high-level decision-making agent is required to generate
discrete lane-level actions, a value-based reinforcement learning method is particularly
well-suited. Compared with policy-based methods, value-based approaches like Q-learning
and its variants tend to be more sample-efficient and easier to train in discrete action spaces.
Given the relatively simple structure of our task and the need for stable and efficient
learning, we adopt the DDQN algorithm to train the high-level agent. From the loss
function of DDQN shown in Equation (26), DDQN mitigates the overestimation bias
found in standard DQN by decoupling action selection and action evaluation during Q-

value updates (using max
at+1

Qθ−i

(
st+1, argmax

at+1
Qθi (st+1, at+1)

)
instead of max

at+1
Qθ−i

(st+1, at+1)

for update), leading to a more stable training process. Table 2 provides detailed explanation
of the parameters in loss functions. Moreover, while DDQN is used in this work due to its
simplicity and effectiveness, the modular design of our hierarchical framework allows for
flexibility. For complex driving tasks, more advanced algorithms such as SAC or DDPG
can be applied for better performance.

Li(θ) = E(s,a,r)

[(
r + γmax

at+1
Qθ−i

(
st+1, argmax

at+1
Qθi (st+1, at+1)

)
− Qθi (st, at)

)2
]

(26)

Table 2. DDQN loss function parameters.

Symbol Parameter

s State
a Action
r Immediate reward

θ−i Target-network’s parameter
θi Online-network’s parameter
γ Discount for future reward

Figure 2 illustrates the neural network structure used in the DDQN framework and
Algorithm 1 demonstrates the pseudocode of hierarchical DDQN implementation in this
paper. The DDQN employs a fully connected feedforward neural network consisting of
two hidden layers, each with 128 neurons using ReLU as activation functions. The input
layer has 25 units (flattened from 5 × 5 including ego vehicle’s information and traffic
environment information), and the output layer has 3 units corresponding to three lane-
level actions. The training process uses a standard replay buffer with a size of 100,000 and
a mini-batch size of 64. The Q-network is updated using the mean squared error (MSE)
loss between the predicted Q-values and the target Q-values. The Adam optimizer is used
with a learning rate of 0.001. To stabilize training and mitigate overestimation bias, a target
network is maintained and synchronized with the main Q-network every 100 learning
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steps. An ε-greedy exploration strategy is adopted, where ε linearly decays from 1.0 to
0.05 over 200,000 steps. This linear decay strategy allows the agent to fully explore the
environment instead of converging to a local optimal policy.

Algorithm 1: Hierarchical DDQN algorithm flowchart

1: Initialize high-level DDQN agent
2: Initialize low-level HOCLF-HOCBF-QP controller
3: for each episode do
4: Initialize and reset traffic environment
5: for t = 1 to T do
6: With probability ϵ select a random high-level action at

7: Otherwise select high-level action at = maxaQ∗(st, a; θ)

8: for each low-level control steps do
9: Reset target tracking point according to current states and at

10: Reset obstacle list according to current states
11: Calculate optimal control u∗ using HOCLF-HOCBF-QP
12: Execute u∗ for a control step
13: end for
14: Calculate reward rt and record next state st+1

15: Store transition (st, at, rt, st+1) in replay buffer D
16: if t mod training frequency == 0 then
17: Sample random minibatch of transitions (sj, aj, rj, sj+1)) from D

18: Set yj = rj + γmaxa j+1Q̂
(

sj+1, argmaxa j+1Q
(
sj, aj+1; θ

)
; θ
)

19: for non-terminal sj+1

20: or yj = rj for terminal sj+1

21: Perform a gradient descent step to update θ

22: Every N steps reset Q̂ = Q
23: end if
24: Set st+1 = st

25: end for
26: end for

Figure 2. DDQN framework neural network structure.

3. Results
In this section, we present simulation results of the proposed hierarchical control

framework to evaluate its effectiveness and robustness. The results are organized into two
parts to demonstrate both the individual performance of the low-level HOCLF-HOCBF-QP-
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based controller and the overall system performance after combining with the high-level
DDQN-based decision-making agent. Table 3 displays the values of the parameters used in
the simulations.

Table 3. Value of parameters used in simulation.

Symbol Parameter Value

V Center-of-gravity (CG) velocity 5 m/s
m Mass 3000 kg
Iz Yaw moment of inertia 5.113 × 103 kg m2

C f Front tire cornering stiffness 3 × 105 N/rad
Cr Rear tire cornering stiffness 3 × 105 N/rad
l f Distance between CG and front axle 2 m
lr Distance between CG and rear axle 2 m

δ f max Maximum allowed front wheel steer angle 0.7 rad
δ f min Minimum allowed front wheel steer angle −0.7 rad

3.1. CLF-CBF-Based Optimization Controller

To prove the effectiveness of the proposed low-level controller, we conduct simulations
to evaluate the performance of the HOCLF-HOCBF-QP controller in both path tracking
and collision avoidance. We first test the HOCLF-QP controller’s tracking performance
using a reference path tracking test case. In this test case, the vehicle is required to travel
from a starting point to a destination while following a predefined reference trajectory.
The results show that the proposed HOCLF design allows the vehicle to smoothly and
accurately follow the predefined path in obstacle-free environments.

Then, we incorporate HOCBF constraints into the controller and evaluate the con-
troller’s collision avoidance capability. An obstacle is deliberately placed near the reference
path to test whether the controller can successfully avoid potential collisions by temporarily
deviating from the planned trajectory. Simulation results indicate successful navigation
around the obstacle and smooth return to the reference path once the obstacle is safely
passed. In addition, we also evaluate the controller’s capability to perform reference point
tracking. In this test case, the vehicle starts from an arbitrary starting point and is required
to reach a target reference point while avoiding surrounding obstacles. The simulation
results demonstrate that the proposed HOCLF-HOCBF-QP controller can effectively per-
form path planning and ensure real-time safety in complex dynamic environments with
multiple obstacles.

3.1.1. CLF-Based Path Tracking Controller

Figure 3 shows the tracking performance of the HOCLF-QP controller on a predefined
single lane change reference trajectory. The red dashed line represents the desired reference
path of the single lane change maneuver, while the blue solid line illustrates the actual
trajectory of the ego vehicle under the HOCLF-QP control. As observed in the figure,
the tracking performance is highly accurate throughout the entire path. The controller
successfully leads the vehicle to follow the reference path with minimal lateral deviation,
indicating the effectiveness of the HOCLF formulation in ensuring the stability of the
system. This result validates the controller’s ability to serve as a reliable low-level trajectory
tracking controller for use in the proposed hierarchical control framework.
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Figure 3. CLF Path Tracking Controller Performance.

3.1.2. CLF-CBF-Based Autonomous Driving Controller for Static Obstacle

Figure 4 shows the trajectory tracking result of the HOCLF-HOCBF-QP controller
in the presence of a static obstacle. The red dashed line represents the original reference
path of the single lane change maneuver, while the orange circle represents the obstacle
that is deliberately added near the predefined path. The blue line represents the actual
trajectory of the ego vehicle under the HOCLF-HOCBF-QP control. Compared to the
HOCLF-QP controller results, which focused only on trajectory tracking, as demonstrated
in the previous section, the HOCLF-HOCBF-QP controller successfully leads the vehicle to
change its trajectory to avoid potential collision with the obstacle while still tracking the
desired path after passing the obstacle. The safety constraint is enforced by HOCBF, which
ensures that the system state remains within a safe set even when the original reference
would result in a potential collision. The deviation from the reference path is observed
near the obstacle, which is an intentional and necessary result of the CBF-based safety
intervention. Once the vehicle passes the obstacle, it smoothly returns to its reference
trajectory, demonstrating the controller’s ability to balance safety and stability.

Figure 4. CLF-CBF-Based Autonomous Driving Controller for Static Obstacle, Path Tracking. Orange
Circle Shows the Static Obstacle.

Figure 5 illustrates the reference point tracking performance of the HOCLF-HOCBF-
QP controller in a complex environment with multiple static obstacles. The vehicle starts
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from origin and aims to reach a predefined destination (represented by the green marker)
while avoiding collisions with the circular obstacles (represented by the orange circles). The
dashed line shows the actual trajectory of the ego vehicle under the HOCLF-HOCBF-QP
control, which demonstrates the controller’s ability to balance target point tracking and
obstacle avoidance. Notably, the trajectory deviates smoothly around all three obstacles,
indicating that the HOCBF constraints are effectively preventing the system from entering
unsafe sets. This test case proves the effectiveness of the HOCLF-HOCBF-QP controller
in reference point tracking and collision avoidance tasks, particularly in complex envi-
ronments with multiple obstacles. This result further validates the controller’s ability
to serve as a reliable low-level trajectory tracking module in the proposed hierarchical
control framework.

Figure 5. CLF-CBF-Based Autonomous Driving Controller for Static Obstacle, Reference Point
Tracking. Orange Circles Show the Static Obstacles.

3.1.3. CLF-CBF-Based Autonomous Driving Controller for Dynamic Obstacle

To further evaluate the low-level HOCLF-HOCBF-QP controller’s collision avoidance
capability, we tested its performance in a traffic scenario involving a dynamic obstacle
moving along a predefined single-lane-changing trajectory. Figure 6 shows the trajectory
tracking result of the HOCLF-HOCBF-QP controller in the presence of a dynamic obstacle.
The ego vehicle successfully tracked the reference path before and after the interaction with
obstacles while performing a clear collision avoidance maneuver when approaching the
obstacle. During the avoidance process, the vehicle deviated from the reference path to
maintain safety but smoothly rejoined the original trajectory once the obstacle was passed.

Figure 7 illustrates the real-time distance between the vehicle and the dynamic obstacle
over time. The minimum distance occurs at around 2.0 s, where the vehicle and the obstacle
are at their closest. The minimum distance remains above the predefined safety threshold
of 2 m, which is generally considered a socially acceptable minimum safe distance between
vehicles and surrounding objects in typical driving scenarios.
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Figure 6. CLF-CBF-Based Autonomous Driving Controller for Dynamic Obstacle, Path Tracking.
Orange Area Shows the Dynamic Obstacle.

Figure 7. Real-Time Distance Between Vehicle and Dynamic Obstacles.

3.2. Hybrid DRL and CLF-CBF-Based Controller

In this section, we present the simulation results of the proposed hierarchical con-
trol framework, which integrates a high-level DDQN-based decision-making agent and
a low-level HOCLF-HOCBF-QP-based trajectory tracking controller. After validating the
effectiveness of the low-level controller in the previous section, we integrate a high-level
planner to handle more complex decision-making tasks. To evaluate the overall perfor-
mance of the hierarchical control framework, we design a simple and complex test case
within a multi-lane traffic environment. In both cases, the ego vehicle must travel from a
starting point to a predefined destination, navigating through a roadway populated with
multiple obstacles. The vehicle is required to dynamically avoid obstacles by performing
appropriate lane changes. The test cases are constructed using a highway-environment
simulator [55]. The environment settings, vehicle dynamics, and the low-level control
strategy are modified to match our problem setup. Unlike traditional trajectory planning
setups, no predefined global path is provided. Instead, the DDQN-based high-level agent
generates discrete lane-level decisions (e.g., idle, left lane change, right lane change) based
on observation of the ego vehicle’s state and the traffic environment. At the same time, the
HOCLF-HOCBF-QP low-level controller ensures that each decision is executed safely and
accurately in real time.
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In this paper, the environment state is represented as a 5 × 5 array that encodes
information about the ego vehicle and its surrounding obstacles. Each row corresponds
to an entity (either the ego vehicle or an obstacle) and includes the following attributes:
[presence, x, y, vx, vy], where presence is a binary indicator of whether the object exists in
the current frame. The action space is discrete and consists of three possible maneuvers:
idle (no lane change), left lane change, and right lane change. The reward function is
designed to encourage goal-reaching behavior while penalizing unsafe or inefficient actions.
A positive reward of +50 is assigned when the vehicle successfully reaches its destination.
A large negative reward of −100 is applied in the event of a collision with any obstacle.
Additionally, at each timestep, the agent receives a dense reward proportional to its forward
progress (∆x), calculated as rprogress = c ∗

(
xcurrent − xprev

)
, where c is a positive coefficient,

which encourages faster navigation. A small penalty of −0.5 is applied when the agent
executes a lane change (either left or right) to discourage unnecessary lateral movement
and to promote trajectory stability.

Simulation results from both test cases show that the proposed framework can make
the vehicle successfully navigate from the start point to its destination while effectively
avoiding all obstacles using the appropriate lane-changing maneuver(s).

3.2.1. DRL High-Level Decision-Making Agent

In this section, we first present the training progress of the high-level DDQN-based
decision-making agent in the proposed hierarchical control framework. Table 4 summarizes
the key hyperparameters used in the DDQN training process, and Figure 8 illustrates the
training progress of the DDQN high-level decision-making agent in the three-lane complex
autonomous driving environment. A low-pass filter is applied to smooth both the episode
reward and step count curves for better interpretability. Initially, the agent exhibits poor
performance due to the high probability of random explorations, with the total reward
remaining negative and the step count relatively low, indicating frequent collisions and
early episode terminations. After approximately 2500 episodes, a significant improvement
is observed: The total reward begins to rise rapidly, and the average number of steps
per episode increases concurrently. This trend suggests that the agent gradually learns
an effective lane-changing strategy to avoid obstacles and to extend its episode longevity.
After about 3500 episodes, both rewards and steps per episode are maintained at a relatively
high level, indicating convergence to a stable policy. Some fluctuations are still present in
the reward curve, likely due to exploration behavior or occasional difficult scenarios.

Figure 8. Deep reinforcement learning training progress.
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Table 4. Hyperparameters and training settings.

Hyperparameter Value

Replay buffer size 100,000
Mini-batch size 64
Learning rate 0.001

Target network update frequency Every 100 steps
Exploration strategy (ε decay) 1.0 → 0.05 over 200,000 steps

Discount factor (γ) 0.99
Optimizer Adam

Loss function Mean Squared Error (MSE)

3.2.2. Hybrid DRL and CLF-CBF Controller

Figure 9 illustrates the ego vehicle’s trajectory in a two-lane highway test case using
the proposed hierarchical controller. The road is divided into two lanes with clearly marked
boundaries and a centerline. The ego vehicle (represented by the yellow rectangle) starts
in the upper lane and initially follows a straight path before encountering an obstacle
(represented by the red rectangle) positioned ahead in the same lane. The vehicle performs
a lane-change maneuver in front of the obstacle by smoothly transitioning into the lower
lane. After passing the obstacle, the vehicle performs another lane-change maneuver and
returns to the upper lane to avoid collision with the second obstacle. A video animation
of the two-lane test case is available at https://youtu.be/a1442r2Rg-E (accessed on 9
June 2025).

Figure 9. Hierarchical controller overall performance in simple test case.

Figure 10 illustrates the ego vehicle’s trajectory in a complex three-lane highway test
case using the proposed hierarchical controller. From the plot, we notice that this envi-
ronment is much more complex compared to the simple two-lane test case demonstrated
before. The ego vehicle (represented by the yellow rectangle) starts in the upper lane
and initially follows a straight path before encountering an obstacle (represented by the
red rectangle) positioned ahead in the same lane. The vehicle performs two consecutive
lane-change maneuvers to transition smoothly into the lower lane in response to a series
of obstacles. After passing the obstacles, the vehicle performs another two consecutive
lane-change maneuvers and returns to the upper lane to avoid collision with other obstacles.
A video animation of the two-lane test case is available at https://youtu.be/t3RXrZ1A7XU
(accessed on 9 June 2025).

The two trajectory plots in Figures 9 and 10 demonstrate the effectiveness of the proposed
hierarchical control system. The high-level DDQN agent can correctly generate lane-change
decisions based on obstacle positions, while the low-level HOCLF-HOCBF-QP controller
ensures smooth and safe high-level decision execution. The trajectory remains continuous

https://youtu.be/a1442r2Rg-E
https://youtu.be/t3RXrZ1A7XU
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and collision-free throughout the simulation, indicating successful integration of decision-
making and control components. Moreover, the vehicle consistently follows a straight path in
obstacle-free regions, without performing unnecessary lane-change behaviors. This suggests
that the penalty design for lane changes successfully discourages unnecessary lane-changing
actions, which makes the decision-making process more efficient.

Figure 10. Hierarchical controller overall performance in complex test case.

To evaluate the computational efficiency of the proposed hierarchical control frame-
work, we conducted computational cost tests based on the aforementioned simulation test
case. In complex test case settings, the low-level control simulation frequency is 100 Hz
and the high-level policy simulation frequency is 5 Hz. The low-level HOCLF-HOCBF-QP
controller requires an average solve time of approximately 0.66 ms per step using the
Gurobi optimizer, while the high-level DDQN decision-making agent requires an average
computational time of approximately 0.60 ms per step. These tests were performed in a
Google Colab CPU environment, which is using a single-threaded Intel Xeon, and there is
no GPU acceleration. Even under this relatively limited computational setting, the solve
times account for only 6.6% of the low-level control cycle (10 ms) and 0.3% of the high-level
decision-making cycle (200 ms), respectively. These results demonstrate that the proposed
framework has good real-time capability. While it is expected that the computational time,
particularly for the HOCLF-HOCBF-QP controller, will increase in more complex traffic
scenarios with higher numbers of obstacles and constraints, our current results suggest
that the proposed framework still provides sufficient real-time capability for typical au-
tonomous driving tasks. In future work, we plan to further evaluate its effectiveness and
real-time capability by conducting tests using the Hardware-in-the-Loop (HIL) approach
and Vehicle-in-Virtual-Environment (VVE) approach to ensure its real-world feasibility and
practical applicability in different driving scenarios.

4. Conclusions and Future Work
Path planning and collision avoidance are critical challenges in the development of

reliable autonomous driving systems, particularly in dynamic multi-lane environments
with obstacles. Traditional rule-based planners often struggle to handle such complexities.
To address these limitations, this paper proposed a hierarchical decision-making and control
framework that enables autonomous vehicles to automatically avoid obstacles through
lane-changing maneuvers.

The proposed system integrates a high-level DDQN-based decision-making agent with
a low-level HOCLF-HOCBF-QP-based controller. The high-level DDQN agent generates
discrete lane-level decisions based on the ego vehicle’s information and traffic environment
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information, while the HOCLF-HOCBF-QP controller ensures safe and efficient trajectory
tracking and collision avoidance.

Simulation results validate the effectiveness of the framework in navigating complex
multi-lane traffic environments with static obstacles. The results show that the system
can successfully execute appropriate lane-changing maneuvers to avoid collisions while
navigating from starting point to destination.

In addition to demonstrating collision avoidance performance, we also evaluated the
computational efficiency of the proposed framework. Computational cost tests show that
the low-level HOCLF-HOCBF-QP controller and the high-level DDQN agent complete
their respective computations well within the control cycles. These results demonstrate that
the framework has real-time performance capability for autonomous driving applications.

Compared to traditional optimization-based methods such as model predictive control
(MPC), the proposed framework significantly simplifies the online optimization process.
Traditional approaches typically solve large-scale optimal control problems at each step,
which introduces high computational complexity and often requires accurate environmen-
tal modeling. Also, these approaches sometimes may struggle to find optimal paths in
complex traffic conditions. In contrast, our approach takes advantage of the high-level
DRL-based decision-making agent and further enhances the system’s capability to navigate
various complex traffic environments. In addition, compared to traditional reinforcement
learning methods [56,57], including end-to-end approaches, the key advantage of our
proposed framework lies in the explicit integration of a low-level controller, which ensures
hard-coded safety rules. Traditional RL methods rely entirely on reward design and learned
policies to avoid collisions, which can still lead to unsafe behaviors during training or in un-
foreseen situations, as they lack hard safety guarantees. In contrast, our approach separates
decision-making and low-level control. The high-level DDQN agent focuses on discrete
lane-level maneuver selection, leveraging the adaptability and learning capability of RL to
handle diverse traffic conditions. Meanwhile, the low-level HOCLF-HOCBF-QP controller
ensures safety by introducing CBF constraint, providing a hard-coded safety layer.

There are still some limitations in this study. First, the vehicle model used in this
work is based on linear lateral dynamics with constant longitudinal speed, which limits the
realism of driving behavior. Future work will consider integrating a longitudinal dynamic
model to capture the vehicle’s longitudinal motions, hence letting the model become a
full vehicle dynamic model. Second, although DDQN performs well in the current setup,
more advanced DRL algorithms such as SAC or DDPG could potentially improve learning
efficiency and policy robustness in more complex or uncertain environments, and their
use will also be investigated in future work. Finally, we plan to conduct more detailed
sensitivity analyses and ablation studies to further understand the impact of key parameters
and the contribution of each module, especially in more complex dynamic environments
with multiple road users.
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