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Abstract. Deep Deterministic Policy Gradient (DDPG) is an effective reinforcement 
learning method designed for continuous control tasks. In this work, we investigate the use 
of DDPG to generate optimal motion trajectories for robotic systems, focusing on smooth, 
efficient, and collision-free movements. The approach centers on designing a reward 
function that balances trajectory smoothness, successful task execution, and obstacle 
avoidance. A simulated training environment is constructed to develop and assess the 
learned policies. Results from the experiments show that DDPG is capable of producing 
high-quality trajectories. These outcomes emphasize the promise of deep reinforcement 
learning in enabling real-time trajectory optimization for robotic applications.
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Аннотация. Терең детерминирленген саясат градиенті (Deep Deterministic 
Policy Gradient, DDPG) — үздіксіз басқару міндеттерін шешуге арналған тиімді кү-
шейте оқыту әдісі. Бұл жұмыста роботтандырылған жүйелер үшін оңтайлы қозға-
лыс траекторияларын генерациялау мақсатында DDPG әдісін қолдану зерттеледі. 
Зерттеу барысында қозғалыстардың бірқалыптылығын, тиімділігін және соқтығы-
сусыз орындалуын қамтамасыз етуге баса назар аударылады. Тәсілдің негізгі 
бөлігі траекторияның бірқалыптылығын, тапсырманың сәтті орындалуын және 
кедергілерді айналып өтуді теңгеретін сыйақы функциясын әзірлеуге негізделеді. 
Үйретілген басқару саясаттарын әзірлеу және бағалау үшін модельденген оқыту ор-
тасы құрылады. Эксперимент нәтижелері DDPG әдісінің жоғары сапалы траектори-
яларды генерациялай алатынын көрсетті. Алынған нәтижелер роботтандырылған 
қолданбаларда траекторияларды нақты уақыт режимінде оңтайландыру үшін терең 
күшейте оқыту әдістерін қолданудың перспективалылығын көрсетеді.

Түйінді сөздер: терең детерминирленген саясат градиенті, күшейте оқыту, 
траекторияларды оңтайлы генерациялау, үздіксіз әрекеттер кеңістігі
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Аннотация. Метод глубокого детерминированного градиента политики (Deep 
Deterministic Policy Gradient, DDPG) представляет собой эффективный метод обу-
чения с подкреплением, предназначенный для решения задач непрерывного управ-
ления. В настоящей работе исследуется применение метода DDPG для генерации 
оптимальных траекторий движения роботизированных систем с целью обеспечения 
плавности, эффективности и отсутствия столкновений при перемещении. Основное 
внимание уделяется разработке функции вознаграждения, обеспечивающей баланс 
между плавностью траектории, успешным выполнением поставленной задачи и 
избеганием препятствий. Для обучения и оценки получаемых политик управления 
формируется моделируемая среда обучения. Результаты экспериментов показывают, 
что метод DDPG способен генерировать траектории высокого качества. Полученные 
результаты свидетельствуют о перспективности применения методов глубокого об-
учения с подкреплением для оптимизации траекторий движения роботизированных 
систем в режиме реального времени.

Ключевые слова: глубокий детерминированный градиент политики, обуче-
ние с подкреплением, оптимальная генерация траекторий, непрерывное простран-
ство действий
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Introduction.
Reinforcement Learning (RL) is a fundamental area of machine learning that allows 

agents to acquire behaviors by interacting with their environment through trial and error. 
Among RL methods, Deep Deterministic Policy Gradient (DDPG) is a highly effective 
algorithm for problems involving continuous action spaces. This work investigates the 
use of DDPG for discovering and generating optimal trajectories, as well as evaluating 
its overall performance. DDPG proves especially useful in scenarios where an agent must 
plan trajectories within a multidimensional continuous domain, such as robotic navigation 
or motion planning. The study discusses the core elements of the DDPG algorithm and 
its role in trajectory generation, where environmental feedback is shaped by the reward 
function. The range of tasks where DDPG can be applied is quite broad, especially in 
areas that require decision making in continuous and high-dimensional action spaces. One 
of the most common applications is robotic control, where the algorithm can be used to 
generate precise joint movements or end-effector trajectories. For example, robotic arms 
in industrial settings can be trained with DDPG to pick, place, or manipulate objects in a 
smooth and efficient way.

Mobile robots, drones, and self-driving vehicles all operate in environments 
where actions such as steering angle, velocity, or acceleration are continuous rather than 
discrete. DDPG provides a framework to learn optimal navigation policies that balance 
safety, efficiency, and goal achievement. In addition, DDPG finds applications in energy 
systems and resource optimization problems. For instance, in smart grid management or 
continuous production control, the algorithm can learn strategies that minimize energy cost 
while satisfying system constraints. Similarly, in finance or portfolio optimization, where 
decisions are continuous in nature, DDPG can support adaptive strategies for trading or 
allocation of assets.

Materials and methods.
Several studies highlight the application of reinforcement learning methods, 

including DDPG, in industrial environments.
For instance, in (Kober et al., 2013), a methodology is proposed for improving the 

precision of assembly robots through reinforcement learning by dynamically adjusting 
control stiffness, leading to enhanced contact precision and reduced errors. Similarly, the 
work in (Xue et al., 2018) explores the integration of AI-driven reinforcement learning 
models for managing fleets of automated guided vehicles (AGV) in manufacturing, 
optimizing task scheduling and improving system efficiency by preventing deadlocks. 
Furthermore, (Gong et al., 2022) introduces an optimized DDPG-based path planning 
method for mobile robots, enhancing their ability to navigate complex environments 
efficiently while ensuring collision-free movement. Several studies have highlighted 
the application of reinforcement learning methods, particularly DDPG, in industrial 
environments. The work in (Zhao et al., 2023) presents an enhanced DDPG algorithm 
incorporating a hierarchical memory structure, improving trajectory planning accuracy 
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and adaptability in robotic arm motion control. Path-following control of autonomous 
ground vehicles has been extensively explored using classical controllers (e.g., Pure 
Pursuit, Stanley, PID), nonlinear methods (sliding mode, backstepping), and, more 
recently, reinforcement learning (RL). Traditional approaches offer stability and real-time 
feasibility but struggle with nonlinear dynamics and parameter tuning. Nonlinear adaptive 
controllers improve robustness yet still rely heavily on accurate models. To overcome these 
limitations, deep RL methods have emerged as model-free alternatives. In work (Cao et 
al., 2023) applied the Deep Deterministic Policy Gradient (DDPG) algorithm for vehicle 
path following, achieving smoother steering and reduced cross-track error compared to 
conventional methods. However, the given approach focuses only on control and simulation 
scenarios and leaving open challenges in joint speed-steering coordination, generalization 
to diverse environments, and integration with model-oriented control. The present work 
addresses these issues by combining data-driven learning with model-based constraints for 
improved adaptability and performance.

Fig. 1. Examples of industrial robot applications, including material handling and transport, assembly and 
light machining, automated quality inspection, and packing with palletization (Buerkle et al. 2023).

In Figure 2 the initial positions are the origin. The graph on the right side demonstrates 
the errors observed in the left given subplot (Cao et al., 2023).

Another work (Chen et al., 2022) addresses trajectory planning for a 7-DOF 
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manipulator in uncertain, dynamic environments by applying model-free deep reinforcement 
learning (DRL). They compare the stochastic policy-based Soft Actor-Critic (SAC) and 
the deterministic Deep Deterministic Policy Gradient (DDPG) to achieve collision-free 
manipulation under uncertainty. Their key contributions include: devising a dense reward 
function combining distance to goal and distance from obstacles; using relative rather than 
absolute state representations for better learning convergence; demonstrating that SAC 
achieves higher stability, efficiency and zero-collision performance after around 5000 
episodes, whereas DDPG shows higher variance and slower convergence. While this work 
advances DRL for high-dimensional manipulators in dynamic settings, it still remains in 
simulation, does not integrate explicit model-based planning/constraints, and separates 
action types (end-effector motion only) rather than holistic vehicle-manipulator control.

Fig. 2. The trajectories for calculating the cross-track error (Cao et al., 2023).

Fig. 3. First, the robot learns to reach the goal. Then avoid collisions with dynamic obstacles. Third, keep 
reaching the target position (Chen et al., 2022).

The development of deterministic policy gradient methods was preceded by the 
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emergence of stochastic policy gradient approaches, which formed the basis of early policy 
optimization techniques. Traditional reinforcement learning algorithms such as Q-learning 
(Watkins et al., 1992) and REINFORCE (Williams, 1992) were mainly suited for discrete 
action spaces, limiting their effectiveness in domains that require precise continuous 
control. To address this challenge, Silver et al. proposed the Deterministic Policy Gradient 
(DPG) algorithm, which optimizes a deterministic policy directly instead of relying on 
action sampling from probability distributions (Williams, 1992). Through the deterministic 
policy gradient theorem, DPG provided a more stable and efficient framework for learning 
in continuous control environments.

Building on the foundation of DPG, Lillicrap et al. introduced its deep learning 
extension, known as the Deep Deterministic Policy Gradient (DDPG) algorithm (Silver et 
al., 2014). This method combines the power of deep neural networks with the actor–critic 
framework, where the actor is responsible for learning a deterministic policy and the critic 
evaluates the value function. The design borrows elements from the Deep Q-Network 
architecture, enabling effective learning in high-dimensional continuous action spaces.

To ensure training stability, DDPG employs a replay buffer, which stores past 
interactions and allows the algorithm to learn from a diverse set of previous experiences. This 
mechanism reduces the problem of correlated updates that often destabilize reinforcement 
learning. In addition, DDPG makes use of target networks-slower-updating copies of the 
actor and critic-that introduce delayed updates and therefore mitigate variance, further 
stabilizing the learning process.

Unlike classical Q-learning methods restricted to discrete actions, DDPG is tailored 
for continuous domains. This makes it highly suitable for advanced control problems, such 
as robotic motion and autonomous manipulation, where agents must choose from an infinite 
range of possible actions to achieve fine-grained control over their environment (Lillicrap 
et al., 2015). At the core of DDPG is the actor–critic architecture. This design uses two 
neural networks that operate together. The Actor network is responsible for deciding which 
action to take in a given state, effectively representing the agent’s strategy or policy. The 
Critic network, on the other hand, evaluates the quality of the chosen action by estimating 
how good it is in terms of expected future rewards. The Actor therefore learns how to 
act, while the Critic learns how to judge the Actor’s choices. The Actor is improved by 
following feedback from the Critic, and the Critic itself is trained using gradient-based 
optimization methods to minimize the difference between its predictions and the actual 
outcomes. Another key element is the replay buffer. In reinforcement learning, experiences 
collected by the agent are often highly correlated because they come from sequential 
interactions with the environment. If the algorithm learns directly from this sequential 
data, it risks overfitting to recent experiences and failing to generalize. To address this, 
DDPG stores past experiences in a memory buffer. During training, random samples of 
experiences are drawn from this buffer to train the networks. This randomization breaks the 
correlation between consecutive experiences, smooths the learning process, and improves 
the efficiency of training.

Together, these components-value estimations through the Q-function (1), the actor–
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critic framework, the use of target networks, and the replay buffer-form the theoretical 
foundation of DDPG. Each element plays a crucial role in enabling stable and efficient 
learning in environments with continuous action spaces, making the algorithm especially 
effective for tasks such as robotic control and autonomous navigation.

                       (1)       
 
Application of DDPG to the problem of trajectory generation
In continuous action spaces, the task begins with two defined points: a starting 

point and a target point. The goal is to generate a trajectory from the start to the target in 
the most efficient and shortest possible way. In reinforcement learning, this requires the 
design of a reward function that provides positive feedback to encourage maximization of 
performance. To increase the complexity of the task, additional points are introduced that 
act as obstacles, preventing a direct path to the goal. As a result, the problem can be divided 
into main challenge:

● A task that contains obstacles;
● A task with multiple goals.
Current approach uses three components of the reward function. The first component 

is the agent’s distance to the target. The agent is penalized by the negative distance to the 
current target (2).

                                                (2)

The position refers to the current location of the trajectory, while the obstacle 
represents the location of a barrier in the environment. In the second case, it is necessary 
to consider how the agent behaves when encountering an obstacle. For this experiment, 
two variables were introduced: dist_to_obstacle and penalty_dist_to_obstacle. The first 
indicates the distance between the agent and the obstacle, and the second specifies the 
penalty applied to the agent at each step of the trajectory (3).

              (3)

Next, it is necessary to assign a reward for reaching the goal. For this purpose, two 
variables are introduced: goal_distance and goal_reward, with values set to 0.1 and 10, 
respectively. Since multiple goals may exist, defining these values in advance is practical. 
This setup means that when the agent approaches a goal within a distance of less than 
0.1, it will receive a reward of 10. Such a reward acts as an incentive for the agent to 
successfully complete its tasks (4).
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                            (4)

      The final reward function will be as follows (5).

    (5)

Results and discussion.
The training process was divided into two stages. To ensure representativeness, the 

agent was trained for only 200 episodes. In the first experiment, the agent was assigned 
a single goal, with the task of reaching it while avoiding obstacles. The training was 
performed on an NVIDIA RTX 4070 GPU with CUDA support, and the total duration was 
approximately two hours. For visualization, the start position is indicated by a green dot, 
obstacles are marked in red, and the target points are shown in blue. Figures 2 illustrate the 
agent’s learning process.

It is important to note how the agent progressively learns to reach all designated 
points. By episode 74, the trajectories identified by the agent already show attempts to 
pass through the target locations. By episode 141, the paths become more consistent and 
reliable, and this trend continues. Nevertheless, it should be emphasized that improved 
outcomes could be achieved by extending the number of training episodes and refining the 
reward function.

When compared with traditional trajectory planning approaches such as A* or 
linear interpolation, the deep deterministic policy gradient algorithm demonstrates clear 
advantages, especially in dynamic and continuous domains. A* relies on discrete state 
spaces and requires a predefined map of the environment, while linear interpolation simply 
connects waypoints with straight lines, often ignoring obstacles. In contrast, DDPG 
learns a control policy directly within continuous state and action spaces, enabling the 
generation of smooth and adaptive trajectories that respect physical constraints while 
avoiding obstacles, even in partially observable or changing environments. Furthermore, 
DDPG optimizes agent behavior based on cumulative rewards, which makes it possible to 
incorporate complex objectives such as energy efficiency, trajectory smoothness, or safety 
margins. Unlike classical methods that must be recalculated whenever the environment 
changes, a trained DDPG agent is capable of generalizing to new, unseen conditions. 
This adaptability makes DDPG particularly effective for real-time robotic control, where 
both perception and decision-making must function continuously and flexibly. Figure 3 
illustrates all trajectories for comparison.
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Fig. 4. Agent learning process demonstration from different episodes.

Fig. 5. Comparison of different algorithms.
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Table 1. Comparison of algorithms for task
Method Frequency MAE
Linear 0.386 0.808
Bezier 0.487 0.771
A* 0.370 0.777
DDPG 0.389 0.796

Table 1 provides a quantitative comparison of five trajectory generation methods: 
Spline (used as the reference), Linear Interpolation, Bezier Curve, A* Search, and DDPG. 
The evaluation relies on two main metrics: Mean Absolute Error (MAE) and Maximum 
Error, both measured relative to the spline trajectory. Linear interpolation demonstrates 
a slightly higher error (MAE = 0.39), highlighting its limitations in managing curvature 
and ensuring path continuity. The Bezier curve, although producing the smoothest visual 
path, results in the largest deviation (MAE = 0.49) because it lacks precise control over 
intermediate goal positions. The DDPG-based trajectory performs at a level similar to A*, 
with an MAE of 0.39, showing improvement over linear interpolation but still not reaching 
the accuracy of the reference spline. This gap may be due to restricted training episodes or 
incomplete policy optimization.

Conclusion.
This paper demonstrated the use of the DDPG algorithm for trajectory generation 

by targets. The results show potential for future applications in training robots and 
manipulators, with improvements possible through reward function adjustments. Future 
work will focus on refining the reward design, testing alternative reinforcement learning 
methods, and enhancing stability and sample efficiency. Another important direction is the 
inclusion of safety constraints and collision avoidance to increase real-world applicability. 
Finally, integration with a physical robotic manipulator will allow real-time testing in 
dynamic environments, ensuring smoother, more precise, and faster execution, ultimately 
strengthening the model’s robustness for industrial use.
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