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Abstract

Expert drivers possess the ability to execute high sideslip angle maneuvers, commonly known as drifting, during
racing to navigate sharp corners and execute rapid turns. However, existing model-based controllers encounter chal-
lenges in handling the highly nonlinear dynamics associated with drifting along general paths. While reinforcement
learning-based methods alleviate the reliance on explicit vehicle models, training a policy directly for autonomous
drifting remains difficult due to multiple objectives. In this paper, we propose a control framework for autonomous
drifting in the general case, based on curriculum reinforcement learning. The framework empowers the vehicle
to follow paths with varying curvature at high speeds, while executing drifting maneuvers during sharp corners.
Specifically, we consider the vehicle’s dynamics to decompose the overall task and employ curriculum learning to
break down the training process into three stages of increasing complexity. Additionally, to enhance the generaliza-
tion ability of the learned policies, we introduce randomization into sensor observation noise, actuator action noise,
and physical parameters. The proposed framework is validated using the CARLA simulator, encompassing various
vehicle types and parameters. Experimental results demonstrate the effectiveness and efficiency of our framework in
achieving autonomous drifting along general paths. The code is available at https://github.com/BIT-KaiYu/drifting.

1. Introduction

Drifting is a cornering maneuver characterized by significant lateral slip. During drifting, the driver
induces the vehicle into a state of oversteer, causing the tires to lose traction and resulting in substantial
sideslip angles. This technique is commonly observed in motorsport events, where drivers execute rapid
turns while maintaining a drifting state. As an extreme sport, drifting has attracted considerable research
interest, particularly in the field of autonomous drifting [1-3]. The exploration of autonomous drifting
holds great potential for advancing autonomous driving technology by expanding handling limits and
improving vehicle stability. However, controlling autonomous drifting presents significant challenges
due to its inherent complexity and potential risks. This is particularly true when navigating general
paths that exhibit a diverse range of curvature variations, which are commonly encountered in real-world
driving environments.

Previous studies have employed vehicle models of varying fidelity to analyze vehicle stability during
cornering and demonstrate the existence of drift equilibria, laying the foundation for autonomous drift-
ing control [4—6]. Notably, Velenis et al. [7] and Goh et al. [8] have developed controllers for achieving
steady-state drifting in simulations and experiments, respectively. To track a reference drifting trajectory
along a sharp bend, Zhang et al. [9] proposed a comprehensive framework for path planning and motion
control. In the context of drifting maneuvers, they employed a rule-based algorithm to generate reference
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Figure 1. Our framework employs curriculum reinforcement learning to train an agent for autonomous
drifting along general paths. The curriculum is designed by considering the various vehicle states
involved in the task.

vehicle states and control actions. Additionally, Chen et al. [10] developed a hierarchical dynamic drift-
ing controller capable of uniformly tracking a general path during both drifting maneuvers and typical
cornering maneuvers. However, the applicability of their approach to general paths is limited, as they
rely on carefully designed road shapes to facilitate the calculation of drift equilibria.

The nonlinearity of the model and the difficulty of obtaining accurate parameters present challenges
for achieving autonomous drifting using traditional methods. However, learning-based methods, par-
ticularly reinforcement learning, provide a solution for such cases. Reinforcement learning (RL) is
a data-driven approach that involves learning through interactions with the environment [11]. Since
explicit mathematical models of the system are not required, reinforcement learning has been success-
fully applied to solve various complex control tasks [12—14]. Domberg et al. [15] employed a highly
accurate vehicle simulation to train a vehicle for steady-state drifting and subsequently transferred the
learned controller to a physical model car. In their work, Cai et al. [16] introduced a reinforcement
learning-based controller for autonomous drifting along complex paths. They formulated the problem
as a trajectory tracking task by learning from human player operations.

Considering the existing works, performing drifting maneuvers along general paths using model-
based control methods presents challenges due to the difficulties in accurately modeling vehicle dynam-
ics. When applying reinforcement learning to autonomous drifting, the presence of multiple objectives
makes direct training time-consuming and challenging. Curriculum learning (CL) has been proven
effective in accelerating reinforcement learning training across various applications [17]. However,
designing and sequencing the curriculum for autonomous driving tasks have not been thoroughly stud-
ied. Therefore, this paper presents a novel curriculum reinforcement learning-based control framework
for autonomous drifting along general paths, as illustrated in Figure 1. The main contributions of this
paper are as follows:

o A control framework for autonomous drifting along general paths is proposed, taking into
account vehicle dynamics and leveraging reinforcement learning. Our framework enables the
vehicle to follow complex paths at high speeds while executing drifting maneuvers during sharp
corners.

o CL is introduced to accelerate the convergence rate and improve the final performance. By
considering the vehicle’s dynamics and customizing the reward function, the overall task is
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divided into three stages of increasing difficulty: low-speed trajectory tracking, high-speed path
following, and high-speed drifting.

« To enhance the generalization ability of our controller, we introduce randomization into sensor
observation noise, actuator action noise, and physical parameters.

« Experiments conducted in CARLA demonstrate the effectiveness and efficiency of our frame-
work even when encountering vehicles of diverse sizes, masses, and friction coeflicients.!

The remainder of this paper is organized as follows: Section 2 provides an overview of the related
work. Section 3 elucidates the background information concerning drifting and reinforcement learning.
Our proposed method is presented in Section 4, encompassing the RL-based framework, the curriculum
setup, and the randomization techniques employed. The experimental results are presented in Section 5.
Finally, Section 6 draws the conclusion.

2. Related work

As a typical vehicle motion observed under extreme conditions, drifting has been extensively studied.
Prior research on autonomous drifting can be categorized into two groups: traditional methods and
learning-based methods.

a) Traditional methods: The investigation of traditional methods encompasses two components: mod-
eling and control. In the modeling aspect, Inagaki et al. [4] analyzed vehicle dynamic stability during
critical cornering using a two-state model for lateral dynamics. Ono et al. [5] employed a bicycle model
with nonlinear tyres to demonstrate that vehicle spin phenomena can be attributed to the saturation of
rear side forces. In order to abandon the constraint of small slip and steering angles, a nonlinear four-
wheel vehicle model was used by Edelmann et al. [18]. Additionally, Hindiyeh et al. [19] presented an
analysis of drifting using a three-state bicycle model that incorporates longitudinal dynamics.

Various control methods are employed in drifting control, such as feedforward-feedback control [20],
linear quadratic regulator (LQR) [21, 22], model predictive control (MPC) [23-25], etc. Zhang et al. [9]
employed a rule-based algorithm to generate an input sequence for steering and torque, enabling the
vehicle to track a reference drifting trajectory along a sharp bend. Chen et al. [10] integrated drifting
and typical cornering control using the dynamic drifting inverse model to track a customized path during
both drifting and typical cornering maneuvers.

Overall, traditional methods for drifting control typically rely on precise mathematical models and
system dynamics equations. However, these models struggle to accurately capture the highly nonlinear
and dynamic behaviors that are characteristic of drifting along general paths.

b) Learning-based methods: In contrast to traditional methods, learning-based methods can establish
direct input—output relationships, often requiring minimal or no explicit model information. Acosta et al.
[26] introduced a data-driven approach for drifting control, utilizing feedforward neural networks and
a model predictive controller. The internal parameters and drifting steady-state references are learned
directly from a real driver using supervised machine learning. Zhou et al. [27] employed a combination
of a relatively simple vehicle model and a neural network to compensate for model errors, achieving
precise drifting control using MPC.

Different from methods based on neural networks, RL-based drifting control methods, due to their
interactive learning nature, possess the capability to fully exploit the maximum potential of the vehi-
cle. Cutler et al. [28] employed a model-based RL algorithm to achieve steady-state drifting motion.
Initial policies were learned from data obtained using traditional control methods. Domberg et al. [15]
employed a highly accurate vehicle simulation to train the vehicle for steady-state drifting and subse-
quently transferred the learned controller to a physical model car. In [16], the model-free RL algorithm,

Uhttps://youtu.be/94Dez-1yN-U
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Figure 2. Comparison of typical cornering (left) and drifting (right).

soft actor-critic (SAC), was used to train a drifting controller in CARLA. An experienced driver pro-
vided reference states for both training and evaluation by operating the vehicle on different maps and
recording corresponding trajectories.

What sets our approach apart from the aforementioned methods is that our control framework does
not require any vehicle mathematical models. Furthermore, to address the challenges associated with
multiple objectives in drifting along general paths, we incorporate CL to divide the task into multiple
stages of increasing difficulty.

3. Background
3.1. Autonomous drifting

Drifting differs significantly from typical cornering when considering vehicle maneuvering, as depicted
in Figure 2. To an observer, drifting can typically be identified by three distinctive characteristics [29].
The first and foremost essential is a large sideslip angle g, indicating a substantial angular differ-
ence between the vehicle’s travel direction and its heading direction. This corresponds to the vehicle
exhibiting significant lateral sliding. The sideslip angle can be calculated by:

B =arctan<&), (1)

VX
where v, and v,, respectively, represent the vehicle’s longitudinal velocity and lateral velocity in the
body-fixed coordinate system at the center of gravity.
The second characteristic is large drive torques. For rear-wheel drive vehicle, large drive torques
result in the saturation of tire friction at the rear wheels. The tire forces are given by the “friction circle”
relationship:

F2+F*=(uF.), )

where F,, F,, F,, and u, represent the longitudinal force, the lateral force, the normal load on the rear
tire, and the coefficient of friction, respectively. The equation establishes the principle that the total force
generated at the tire must not exceed the maximum force available at the tire due to friction.

The final characteristic is countersteer, which refers to steering the vehicle in the opposite direction
of the intended turn. This implies that the steering angle § and the vehicle’s yaw rate r have opposite
signs. Countersteer assists in stabilizing the vehicle and preventing it from spinning out or losing control
completely.

During drifting, there are complex interactions among multiple forces. When a vehicle drifts,
the lateral, longitudinal, and vertical forces acting on the front and rear wheels undergo changes.
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These forces are coupled together and impact the vehicle’s dynamic behavior. The coupling of these
forces increases the complexity of the vehicle’s behavior, necessitating a comprehensive consideration
of the effects of multiple forces and corresponding adjustments during the drifting process. Therefore,
solving the task of autonomous drifting using traditional methods is a challenging endeavor [30].

3.2. Reinforcement learning

Reinforcement learning is a branch of machine learning aimed at enabling an agent to learn optimal
decision-making strategies through interaction with the environment [11]. In reinforcement learning, the
agent learns by observing the state of the environment, taking different actions, and receiving rewards
or penalties from the environment. The core idea of reinforcement learning is to maximize cumulative
rewards by optimizing action selection through trial and error and feedback.

As a classical formalization for sequential decision-making problems, Markov decision process
(MDP) provides a mathematical model to formalize reinforcement learning problems. It consists of a
set of states S, a set of actions A, transition probabilities P(s., | s;, a;), a reward function R: S x A — R,
and a discount factor y € [0, 1].

In reinforcement learning, a policy & refers to the action selection mechanism employed by an agent
in a specific environmental state. It establishes the mapping from states to actions, determining which
action the agent should take in different states. Specifically, at each discrete time step z, the agent observes
a certain feature representation of the environmental state, s, € S. Then, the agent selects an action based
on the current state: a, ~ (- | 5,). As a consequence of its action, the agent receives a numerical reward
r, = R(s,, a,) and the environment’s new state s,,;, which is sampled based on the transition function.
The objective of reinforcement learning training is to find a policy 7 that maximizes the discounted sum
of rewards over an infinite horizon:

oo
7* = arg max E” Z y'r |, 3)
T =0
where E™[-] is computed as the expectation over the distribution of sequences t=
(S0, Ao, 7o, S1, a1, 11, - - - ) obtained under the policy 7 and transition P.

3.3. PPO and GAE

Proximal policy optimization (PPO) [31] is one of the most popular reinforcement learning algorithms.
It interleaves the collection of new transitions with policy optimization. After a batch of new transitions
(s;, a,, 1y, 8,41) is collected, optimization is performed to maximize the objective:

L) =T, [min (r(O)A,, clip(r,(0), 1 — €, 1 + e)A,)] , (4)

7 (arlst)
”HOM(H:\Sr)
clipping. In PPO, the unconstrained objective function encourages the agent to take the actions that have

positive advantage while clipping limits too large of the policy update.
In (4), the advantage function A, is necessary for the policy gradient and it can usually be estimated
by:

where r,(6) = is the probability ratio. Here, € is a hyperparameter that controls the amount of

A(s,,a) = Q7 (s, a,) — V7 (s)), (5)

where Q” (s;, a,) is the estimation of the action-value function Q" (s,, a,) =E [R, | 5;, a,] and & (s,) is the
approximation of the state-value function V7(s,) = E [R; | s;]. Monte Carlo methods are often used to
construct Q" (s;, a,),

O (spa)=Y v'ru 6)

=0
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Figure 3. Proposed learning-based drifting framework.

Generalized advantage estimator (GAE) [32] is one style of policy gradient implementation that
adjusts the bias-variance trade-off. It is defined as the exponentially weighted average of multi-step
estimators in the following way:

VGAE(V A) Z (V)\) 5t+l’ (7)

=0

where §) is the TD error:

5 =14y Vi(sin) — V(s). ®)

4. Methodology
4.1. Problem formulation

We formulate the drifting control problem as MDP. The goal is to achieve high-speed path following
while enabling the vehicle to execute drifting maneuvers during cornering. To achieve high-speed drift-
ing with an autonomous vehicle, four main objectives need to be considered: (1) avoiding collisions
with road boundaries, (2) precisely following the reference trajectory, (3) maintaining high speeds, and
(4) executing effective drifting maneuvers in corners.

The learning-based framework is shown in Figure 3. The controller’s inputs include the vehicle’s
states and the reference trajectory. The action commands generated by the controller are passed through
a low-pass filter before being executed by the vehicle. Rewards received from the environment provide
feedback for the controller’s learning process. PPO with GAE is used to train the agent.

1) State space: In MDP, states represent the conditions or situations in which a system or agent may
exist. They are crucial as they provide key information for the agent and influence the actions it takes.
The design of states should reflect the impact of the agent’s actions on the environment, but complex
states can increase the complexity of the problem.

In order to implement autonomous drifting of a vehicle, the state space needs to encompass infor-
mation about the vehicle’s state and the environmental state. The vehicle state observation is shown in
Figure 4, which consists of the continuous variables of the lateral position from the reference trajectory
e,, the heading angle error ¢,,, forward and side velocities (v,, v,), and sideslip angle 8. We denote the
state space S as:

S= {ey9 ew;‘}x’vy’ /B’F}5 (9)
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Figure 4. Observation for vehicle states.

where I' contains 10 (x, y) positions in the reference trajectory ahead. For the general case, they are
represented in the body frame coordinate system. e, and e, characterize whether the vehicle stays on
the expected trajectory. v, is used to measure the vehicle’s travel speed, while v, indicates whether the
vehicle is undergoing lateral motion. B is the angle between the vehicle and the direction of travel. A
larger sideslip angle indicates that the vehicle is drifting laterally, while a smaller sideslip angle suggests
that the vehicle is more stable on the trajectory. All state variables are individually normalized to [0, 1]
based on their respective maximum and minimum values.
2) Action space: The control actions are the steering angle and the throttle, denoted as:

A={s,1}. (10)

In CARLA [33], the steering angle is normalized within the range of [—1, 1], and the throttle within
[0, 1]. To enhance training efficiency, we further constrain the throttle within the range of [0.6, 1].
Through experimentation, we have discovered that employing the unfiltered steering command directly
from the RL agent results in the vehicle frequently swaying from side to side. This observation aligns
with a similar finding presented in [34]. To achieve a smoother motion, the actions are first passed
through a low-pass filter before being executed by the vehicle.

3) Reward function: The reward function plays a crucial role as a signal that indicates the desirability
of actions taken by the agent in specific states. It provides valuable feedback to the agent, enabling it
to comprehend the consequences of its actions and adjust its behavior accordingly. In line with our
objectives, we have appropriately formulated the high-speed drifting problem by introducing a novel
reward function:

Fr=retre,+r, +rn+r,. 1)

The first part r, is designed with a focus on safety. We aim to penalize the vehicle for colliding with
road boundaries. CARLA is equipped with collision sensors to detect such incidents:

0 no collision
r.i= (12)
—a collision
In order to enable the vehicle to track the reference trajectory, r,, and r, are designed separately.
We motivate the vehicle to get as close as possible to the reference trajectory. Therefore, the position
following reward is defined as:

). 13)

The angle following reward is designed to penalize a large heading angle error, thereby promoting
the vehicle to maintain a stable posture throughout its movement:

ro, = kyexp (ks e, |) (14)

Fo, i= €Xp (—k |e,

To facilitate high-speed driving, positive rewards are provided to the vehicle’s speed v, measured in
m/s, thereby incentivizing higher speeds in the agent’s behavior. However, it is important to consider that
the encouraged speed may have an upper limit due to the decrease in speed during drifting maneuvers.
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Hence, the speed reward r, encourages the vehicle to achieve higher speed, up to a predefined maximum
threshold:
kyexp—ks|v—>b|) ifv<bd

.

= (15)

ky otherwise

As previously mentioned, drifting is a cornering technique wherein the vehicle deliberately sustains a

high sideslip angle while operating at high speeds. Simultaneously, the sideslip angle reflects the lateral

stability of the vehicle [35]. Therefore, in straight roads, a large sideslip angle is not encouraged. Then
the sideslip angel reward is defined as:

ke k| > ¢
roi= 3y —kB |kl <o ) (16)
0 o= |k|<Zc

where k represents the curvature value of the reference trajectory. The estimation of the value is
performed by utilizing three waypoints and applying filtering processes [36].

4.2. Curriculum setup

Due to the presence of multiple objectives, training a controller for autonomous drifting directly poses
significant challenges and can consume considerable time. In our specific context, we adopt a stage-based
learning procedure for our agent inspired by CL [37]. CL is a training strategy in the context of machine
learning. It involves exposing the model to progressively challenging data, beginning with simpler exam-
ples and gradually advancing to more complex ones. In comparison to direct training on the entire set
of tasks, curriculum reinforcement learning has shown its effectiveness in improving convergence rate
and achieving improved final performance [38—40].

We divide the training procedure into three stages based on the different objectives involved, such that
the agent is guided to learn increasingly complex behaviors. In each stage, we maintain the action space,
state space, and environment dynamics unchanged. However, the initial policy and reward functions are
modified based on the specific task at hand.

o Stage 1: We initiate the training procedure by addressing the low-speed trajectory tracking task.
In this task, the autonomous agent is trained to accurately track a reference trajectory at low
speeds. The objective is to minimize deviations from the desired trajectory while ensuring head-
ing stability. By emphasizing this initial stage, the agent acquires fundamental control skills,
laying a solid foundation for more complex maneuvers in subsequent stages. The reward function
defined for this stage is as follows:

r1=rc+rey+re¢- (17)

o Stage 2: We shift our focus to the high-speed path following task, in which the agent is trained
to track the path at increased speeds. This stage introduces higher velocities and more dynamic
challenges compared to the initial stage. To effectively accomplish this task, the agent’s control
system must demonstrate the capability to execute actions with both precision and responsive-
ness. A defined reward function is utilized for this stage to provide guidance and assess the
agent’s performance:

P =re+ry +r, +1. (18)

o Stage 3: In the concluding stage, we delve into the high-speed drifting task. The agent is trained
to perform precise and controlled drift maneuvers at high speeds. Drifting involves intention-
ally inducing and managing oversteer, enabling the vehicle to slide laterally while maintaining
control. Furthermore, we impose stringent criteria on the vehicle’s lateral stability, emphasizing
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Table 1. Standard deviation of applied gaussian
observation noise.

Observation Standard deviation
Vehicle positions +0.02m
Vehicle orientations 4+ 0.003 rad
Vehicle velocities +0.03 m/s

its ability to sustain control and stability. In this stage, the reward function r encompasses all
the rewards defined throughout the training procedure. It is designed to provide positive rein-
forcement for the agent’s successful execution of precise and controlled drift maneuvers at high
speeds while maintaining control and stability.

When it comes to knowledge transfer, policy transfer is employed to enable the agent to leverage the
knowledge acquired from one intermediate task and apply it to another task [41]. This approach allows
for the reuse and transfer of learned policies, enabling the agent to build upon previously acquired
knowledge and skills as it progresses through different stages of the curriculum. Specifically, the ini-
tial stage starts with a randomized policy, indicating a lack of prior knowledge or specific strategy. In
the subsequent stages, the initial policy selection is based on the training outcomes from the previous
stage. Correspondingly, the parameters related to policy exploration undergo changes when transitioning
between stages.

4.3. Randomization

In order to enhance the robustness and generalization ability of the controller, domain randomization
is incorporated into the training procedure. Domain randomization involves the introduction of random
variations and perturbations into the training environment or simulation to generate a diverse set of
training scenarios [42—45]. Specifically, we introduce randomization to the sensor observation noise,
actuator action noise, and physical parameters.

1) Observation noise: To faithfully simulate the noise encountered in real-world scenarios, gaus-
sian noise is introduced to the sensor observations. The magnitude of the noise is determined based on
the achieved accuracy through Precise Point Positioning (PPP) within a Real-Time Kinematic (RTK)
network. The specific noise levels are detailed in Table I.

2) Action noise: We introduce gaussian noise to all actions to simulate an inaccurate actuation system.
In addition, we achieve policy exploration by modifying the standard deviation of the noise. As the
training process advances, the standard deviation of the gaussian noise linearly decreases. This approach
allows the agent to explore a diverse set of actions while steadily improving its control strategy.

3) Physics randomization: The physical parameters are sampled at the beginning of each episode and
remain constant throughout the entire episode. Randomization is introduced by using the test baseline
values as the reference point. Table II provides a comprehensive list of these randomized values. These
particular parameters are chosen due to their substantial influence on the dynamic performance of the
vehicle.

5. Experiments
5.1. Experimental setup

We conduct our experiments using CARLA [33], an open-source autonomous driving simulator known
for its flexible environment and realistic physics. We select the “Audi A2” as the simulated vehicle
model. As shown in Figure 5, A map featuring corners with varying levels of difficulty for turns serves
as the reference path.
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Table Il1. Ranges of physics parameter randomizations.

Parameter Scaling factor range
Vehicle mass Uniform([0.8, 1.2])
Tire friction Uniform([0.8, 1.2])
Center of mass in x direction Uniform([0.95, 1.05])
Center of mass in z direction Uniform([0.95, 1.05])

Table I11. Hyperparameters.

Hyperparameter Value
Iteration size 2048
Num. epochs 10
Optimizer Adam
Policy network learning rate 0.0003
Value network learning rate 0.001
Discount factor (y) 0.99
Clipping parameter (¢) 0.2
GAE discount (1) 0.95
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/E -300f
<
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Figure 5. Measured vs. reference path for experimental run.

The policy is trained using the PPO algorithm with GAE. The PPO agent is built upon the actor-
critic framework, where both the policy network and the value function network are constructed with
two hidden layers. Each hidden layer consists of 64 units and utilizes the activation function tanh. The
hyperparameters for the training are listed in Table III. The training is conducted on a desktop equipped
with a Xeon E3-1275 CPU and a RTX 2080 GPU.

5.2. Drifting performance

1) Quantitative results: To demonstrate the effectiveness of our approach, we conduct experiments using
vehicles with various combinations of tire friction (F) and mass (M). The baseline for both training and
testing is set to F3.5M 1.8, indicating a friction coefficient of 3.5 for all four tires and a vehicle mass
of 1800kg. We compare our results with the algorithm proposed by Cai et al. [16]. To quantitatively
evaluate the performance, the following metrics are employed:
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Table IV. Quantitative evaluation for different methods. |, means smaller numbers are better. 1 means
larger numbers are better.

C.T.E., HAE.| MAX-V{ AVG-V4 MAX-St AVG-S-S| AVG-S-Ct SMOY| SMOS|

Setup Methods (m) (°) (km/h) (km/h) (°) (°) (°)
Cai - - 100.24 74.12 26.23 3.30 11.32 18.082  0.099
F2.8M1.8  PPO 1.71 8.12 103.62 73.37 22.28 2.92 8.24 9.134 0.033
CL-PPO 132 7.05 105.02 74.57 20.58 2.86 8.44 9.062 0.031
Cai - - 97.84 74.87 25.77 3.38 9.72 21.552  0.102
F3.5M1.8  PPO 1.24 7.78 104.08 76.22 19.80 2.20 7.05 10.799 0.034
CL-PPO  1.08 5.94 104.89 76.68 20.47 2.72 7.77 9.129 0.030
Cai - - 102.63 79.37 29.30 3.52 10.00 21.139 0.101
F3.5M1.5 PPO 1.69 8.40 110.64 78.92 19.40 2.98 8.19 10.600  0.033
CL-PPO  1.30 7.05 111.84 79.34 18.72 2.71 8.18 9.873 0.032

« C.TE. represents the average cross-track error, which measures the deviation between the vehi-
cle’s actual position and the desired path in a test. Similarly, H.A.E. represents the average
heading angle error.

e MAX-V and AVG-V represent the maximum velocity and the average velocity during a test,
respectively. In our context, achieving higher velocities is encouraged.

« MAX-S represents the maximum slip angle achieved by the vehicle. AVG-S-S and AVG-S-C rep-
resent the average slip angle during straight roads and sharp corners, respectively. On straight
roads, a small slip angle is desirable as it indicates good lateral stability. Conversely, in sharp
corners, a larger slip angle is encouraged as it allows for exploration of the vehicle’s control
limits.

e« SMOY and SMOS are used to evaluate the smoothness of the vehicle’s yaw rate and steering,
respectively. To calculate these metrics, rolling standard deviations are computed independently
for each of them, using a rolling window size of 5.

We evaluate the performance of each trained agent by calculating the average metrics across 10
repeated experiments. The testing results are summarized in Table IV. It is important to note that
we refrained from conducting error comparisons with the approach proposed by Cai et al. due to the
disparities in reference trajectories.

In all setups, our agent (CL-PPO) achieves the highest MAX-V, reaching a maximum of 111.84 km/h.
When it comes to slip angle, our agent achieves a maximum of 20.58°, which is slightly lower than
Cai’s. Nevertheless, our agent demonstrates an advantage in stabilizing vehicle sideslip, as evidenced
by smaller slip angles on straight roads. Additionally, our agent consistently achieves smaller values for
SMOY and SMOS across all experimental setups. This indicates that our agent excels in maintaining the
vehicle’s lateral stability and steerability. Overall, these results highlight the effectiveness of our agent
in enhancing the performance and stability of the vehicle.

The experiments conducted on various combinations of vehicle mass and tire friction demonstrate the
adaptability of our intelligent agent. It is evident that reducing the mass and friction coefficient both lead
to increased velocities and slip behavior. However, they also introduce challenges in control, resulting
in larger tracking errors. Fortunately, our agent exhibits excellent performance in maintaining vehicle
stability.

To evaluate the robustness of two agents, we present the key data from 10 experiments in Figure 6.
The same conclusion can be drawn that our agent achieves higher velocity and smaller slip angle. The
concentration of data indicates that our algorithm exhibits better robustness. This can be attributed to
the smoothness and stability of our control.

2) Qualitative results: Figure 7 visualizes the performance of the learned agents in the setting
F3.5M1.8, supplemented with crucial measurements. In order to showcase the adaptability of our

https://doi.org/10.1017/5026357472400119X Published online by Cambridge University Press


https://doi.org/10.1017/S026357472400119X

12 Kai Yu et al.

MAX-V (km/h) AVG-V (km/h)
105 =I= 77 | %
100 75
2. | | 73 | |
Cai CL-PPO Cai CL-PPO
AVG-S-S (°) AVG-5-C (°)
4.0 10.5
35
9.0
3.0
7.5
. =
Cai CL-PPO Cai CL-PPO

Figure 6. Evaluation comparisons for the setting F3.5M1.8.
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Figure 7. Comparison of drifting maneuvers between our agent and the Cai’s. The dashed lines serve
as the starting and ending line for drifting maneuver. A negative number of the steering command means
a right turn.

agent to diverse road scenarios, three distinct locations in Figure 5 are chosen. A, B, and C represent
sharp-angle bends, right-angle bends, and obtuse-angle bends, respectively.

The top plots depict the vehicle’s motion path in relation to the reference path. It is evident that
our agent successfully tracks the reference path closely in scenarios B and C. However, in scenario
A, the learned agent exhibits a wider deviation in both position and heading from the reference path.
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This discrepancy can be attributed to the smaller turning radius, which results in a higher centrifugal
force and more significant vehicle sliding.

The velocity subplot reveals that our agent surpasses Cai’s by achieving higher velocities, particularly
in scenario C. Our analysis of the velocity and slip angle curves aligns with established findings in the
field. During drifting, as the slip angle gradually increases, a greater lateral force is required to maintain
dynamic stability. However, due to force saturation on the rear wheels, the longitudinal force diminishes,
resulting in a decrease in vehicle velocity. In scenarios A and B, we observe a relatively higher velocity
decay, which can be attributed to the extended drifting process over a longer distance.

Drifting maneuvers involve significant variations in yaw rate, indicating the engagement of vehicles
in extreme control actions. Analysis of the steering data reveals that in scenario A, characterized by
a smaller turning radius, the steering command is increased intentionally to induce oversteer, thereby
facilitating the vehicle’s drifting. Conversely, even slight variations in steering command have a notable
impact on the yaw rate in scenarios B and C. As the vehicle exits the drifting maneuvers, the steering
command returns to its neutral position.

In summary, our agent demonstrates the ability to effectively control the vehicle during drifting
maneuvers across various bends. The variations in vehicle states and control align with observations
derived from the analysis of high sideslip maneuvers performed by professional drivers [46]. Moreover,
compared to Cai’s results, our approach exhibits smoother vehicle states and improved drifting behavior.

5.3. Curriculum learning

To evaluate the impact of CL, we employ different training methods for the drifting policy. In the case
of CL-PPO, we follow a three-stage training approach. In contrast, the policy trained without CL begins
training directly with the ultimate rewards. For comparison purposes, two additional experimental setups
are devised: CL-PPO-FT, where the first two stages are trained jointly, and CL-PPO-LT, where the last
two stages are trained jointly. It is crucial to load the pretrained policy from the previous stage and
reinitialize the weights of the exploration term before commencing each new training stage.

Figure 8 shows the learning curves of different methods. Comparing CL-PPO and CL-PPO-FT high-
lights the importance of dividing the training into Stage 1 and Stage 2. Starting from the second stage,
CL-PPO demonstrates higher rewards compared to CL-PPO-LT, showcasing the significance of divid-
ing Stage 2 and Stage 3. In general, CL-PPO exhibits a relatively faster convergence rate and achieves
higher total rewards compared to PPO. Additionally, the data in Table IV demonstrates that our method
exhibits certain improvements in terms of final performance compared to PPO.
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Table V. Quantitative evaluation for different stages. | means smaller numbers are better. 1 means
larger numbers are better.

C.TE.| HAZE., MAX-V{ AVG-Vf MAX-St AVG-S-S| AVG-S-Ct SMOY, SMOS|

Setup (m) ©) (km/h) (km/h) ©) ©) ©)

Stage 1 0.18 2.60 45.23 42.70 5.26 0.24 2.70 1.441 0.008
Stage 2 0.64 4.78 95.46 72.80 18.58 1.94 7.06 10.662 0.037
Stage 3 1.38 6.79 106.60 77.20 19.43 2.22 7.56 8.240 0.027

Figure 9. Different vehicles for generalization ability test.

To demonstrate the validity of our three-stage training design, which progressively approximates the
overall task objective, we tested the policies obtained from each stage. The test results are shown in
Table V. As can be seen, the first stage achieves excellent trajectory tracking, characterized by minimal
deviation from the reference trajectory and exhibits superior vehicle stability. The results from the second
and third stages show significant improvements in speed and slip angle compared to the first stage.
However, the third stage outperformed the second stage in terms of speed, slip angle, and vehicle stability.
With the progression of training, the performance gradually improved, further demonstrating the validity
of our curriculum design.

5.4. Generalization analysis

1) Unseen vehicle types: To evaluate the generalization ability of the proposed controller, a variety
of vehicles are selected for testing, as shown in Figure 9. The corresponding physical parameters are
presented in Table VI. In the table, “RPM” stands for “Revolutions Per Minute,” which refers to the
number of times the engine’s crankshaft rotates in one minute. When comparing the Citroen C3 to
the benchmark Audi A2, both vehicles have a comparable size, but the Citroen C3 stands out with a
lower mass and maximum RPM. On the other hand, the Chevrolet Impala, a full-sized sedan, has a
longest chassis, resulting in an expanded turning radius that presents a significant steering challenge.
The Volkswagen T2, characterized as a van model, has a restricted maximum RPM, which limits its
acceleration capability. Lastly, “Carlacola” is a truck model featured within Carla, known for its notable
physical dimensions and substantial mass. Consequently, it poses higher demands on vehicle control
and state stability.

https://doi.org/10.1017/5026357472400119X Published online by Cambridge University Press


https://doi.org/10.1017/S026357472400119X

Robotica 15

Table VI. Different vehicles with their respective physical parameters for generalization ability

test.

Vehicle Audi A2 Citroen C3  Chevrolet Impala  Volkswagen T2  Carlacola
Suspension urban urban urban van truck
Length (m) 3.72 3.98 5.37 4.52 5.20
Width (m) 1.68 1.69 1.83 1.73 2.62
Height (m) 1.54 1.61 1.42 2.03 2.48
Tire friction 3.50 3.50 3.50 3.50 3.50
Mass (t) 1.80 1.00 1.50 2.30 5.50
Max RPM 10,000 5730 5730 2000 5730

Table VII. Quantitative evaluation for different vehicles. | means smaller numbers are better. 1
means larger numbers are better.

C.TE.| HAE., MAX-V{ AVG-V} MAX-S{ AVG-S-S| AVG-S-Ct SMOY| SMOS|

Vehicle (m) ©) (km/h)  (km/h) ©) ©) ©)

Audi A2 1.24 7.78 10489  76.68 2047 2.72 7.05 10.799  0.034
Citroen C3 190 11.05 11678 7863  27.49 4.26 9.75 10.169  0.036
Chevrolet Impala  1.28 9.19 10637 74.71 21.25 3.60 8.87 9.461  0.034
Volkswagen T2 118 4.20 63.41 57.25 6.83 1.19 0.74 5132 0.019
Carlacola 0.98 5.02 73.00  60.43 7.66 1.33 1.95 5.869  0.022

We conduct drifting tests on the identical path, and the results are presented in Table VII. Due to
the general nature of our design, all tested vehicles can fully leverage their capabilities to accomplish
drifting tasks without the need for reference vehicle states. The Citroen C3 achieves a maximum velocity
of 116.78 km/h and a maximum slip angle of 27.49°. This performance can be attributed to its lower
mass compared to other vehicles. The Chevrolet Impala demonstrates results comparable to the Audi A2,
showcasing the effective adaptability of our controller to extended vehicle dimensions. The Volkswagen
T2, characterized by its minimal maximum RPM, achieves superior SMOY and SMOS, despite its lower
velocity and slip angle. When dealing with the large dimensions and substantial mass of “Carlacola,”
our controller also demonstrates notable effectiveness.

Experiments conducted with various vehicles demonstrate that our controller performs well when
faced with vehicles having different combinations of size, mass, and maximum RPM, indicating strong
generalization ability.

2) Unseen path: To demonstrate the generalization ability of our controller on previously unseen
paths, we conduct tests on a new path with varying curvature, as shown in Figure 10. The vehicle used
is configured as F'3.5M1.8. The experimental results indicate that our controller follows the desired path
successfully.

Figure 11 presents significant measurements obtained during the test. A maximum slip angle of
16.46° is observed at 25.3s. Between 48 and 51 s, the vehicle engages in extended drifting, lead-
ing to a noticeable deviation from the desired path. Notably, the slip angle remains close to zero
during long straight sections, indicating the effectiveness of our controller in maintaining lateral sta-
bility and minimizing vehicle slip. The measured velocity aligns with our previous analysis, exhibiting
rapid deceleration upon entering a slip condition and quick acceleration during the exit from drifting.
Throughout the test, the average velocity reaches 82.28 km/h, with a maximum of 119.82 km/h achieved.
Remarkably, the steering command remains close to zero during straight path segments, showcasing
excellent stability. Even during continuous turning between 30 and 50 s, our measurements show no
significant oscillatory behavior. The effectiveness and stability demonstrated on the unseen path serve
as validation of the generalization ability of our control framework.
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Figure 10. Measured vs. reference path for generalization ability test.
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Figure 11. Important measurements vs. time for generalization ability test.

6. Conclusion

In this paper, a control framework based on curriculum reinforcement learning is designed to enable
vehicles to perform high-speed driving and drifting maneuvers along general paths. The framework
considers the dynamics of the vehicle and incorporates CL to break down the task into multiple stages
of increasing difficulty. Additionally, we introduce domain randomization techniques to enhance the
robustness of the learned policies. We validate the proposed framework in CARLA using various vehicle
types and parameters. The experimental results demonstrate the effectiveness and generalization ability
of our framework, as well as the beneficial impact of CL on improving the convergence rate and overall
performance. In the future, we will implement and evaluate the simulation-to-reality policy on real
vehicles, thus bridging the gap between simulation and real-world applications.
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