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Abstract: This paper introduces some of the artificial intelligence (Al) algorithms and applications presently being used for
robotic manipulator. These Al algorithms can be classified as adaptive, neuron network, fuzzy logic, evolutionary algorithms,
swarm intelligence and deep learning for motion controller design, path planning, dynamic parameters identification, robot
vision and grasping applications. Problems in robotic manipulator are reviewed and applications of Al for them.
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I. INTRODUCTION
Robotics and Al amplify human potentials, increase productivity and are moving from simple reasoning towards human-like
cognitive abilities. Current Al technologies are used in a set area of applications, ranging from healthcare, manufacturing, transport,
energy, to financial services, banking, advertising, management consulting and government agencies [1]. The autonomy of a robot
in an environment can be subdivided into perceiving, planning and execution (manipulating, navigating, collaborating). The main
idea of converging Al and Robotics is to try to optimize its level of autonomy through learning. This level of intelligence can be
measured as the capacity of predicting the future, either in planning a task, or in interacting (either by manipulating or navigating)
with the world. An important application of Al in robotics is for the task of perception. Robots can sense the environment by means
of integrated sensors or computer vision. Perception is not only important for planning but also for creating an artificial sense of
self-awareness in the robot.
In recent years, the industrial applications of robotic manipulators have significantly been increased. They have been extensively
used in the applications such as paint spraying, welding, accurate positioning system etc. Due to complexity of the task, Al has been
used more and more for robotic manipulator, especially in grasping, and path planning with obstacle avoidance. The applications of
Al are detailed in section 2 and 3.
The remains of this paper are organized as follows. Section 2 introduces important problems in robotic manipulator and application
of Al. Section 3 presents some of the Al algorithms used for robot manipulator. A detailed description how to apply Al to motion
planning is given in section 4. Section 5 concludes this paper and presents future work.

Il. PROBLEMS IN ROBOTIC MANIPULATOR
A. Path Planning and trajectory Planning
In order to move the manipulator (end effector) from an initial posture to a final assigned posture, the first problem needs to be
solved is that path planning and trajectory planning. A path denotes the locus of points in the joint space, or in the operational space,
which the manipulator has to follow in the execution of the assigned motion; a path is then a pure geometric description of motion.
On the other hand, a trajectory is a path on which a timing law is specified, for instance in terms of velocities and/or accelerations at
each point [2].
There are various ways to create trajectories that interpolate pose (or joint configurations) over time. These are trapezoidal velocity,
polynomial, spline. Trapezoidal velocity trajectories are piecewise trajectories of constant acceleration, zero acceleration, and
constant deceleration. This leads to a trapezoidal velocity profile, and a “linear segment with parabolic blend” (LSPB) or s-curve
position profile. Fig 1. is the trapezoidal velocity profile [3].
Trajectory planning can be performed either in the joint space or operational space. Trajectory planning in the operational space
allows path constraints such as obstacles to be accounted. However, it has disadvantages such as computationally expensive due to
inverse kinematics, unknown how to set the total time to traverse the path, ... [4].
It can be conceived that the inputs to a trajectory planning algorithm are the path specification, the path constraints, and the
constraints imposed by manipulator dynamics, whereas the outputs are the end-effector trajectories in terms of a time sequence of
the values attained by position, velocity and acceleration [2]. Inputs and outputs of the trajectory planner can be illustrated in Fig 2.
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Fig. 2 Trajectory planner

B. Motion Control

Once the entire trajectory is planned, there needs to be a control system that can execute the trajectory in a sufficiently accurate

manner. Due to highly nonlinear and time varying dynamic, the trajectory tracking control is one of the challenging problems. In

addition, uncertainty in the parameters of both mechanical part of manipulators and the actuating systems would cause more
complexity. In controlling robotic manipulator, there are two methods: classical method that using conventional theory and modern
method that using artificial intelligence theory.

In this motion control review section, authors will focus on the classical control including linear controller (PID) and nonlinear

controller (CTC, VSC, SMC) and modern control including adaptive control, fuzzy logic control, neural network control, learning

control.

1) Classical control: PID: These are the simplest controllers for controlling robotic manipulators. In the article [5], authors
presented an overview of PD control with desired gravity compensation of robot manipulators. The subjects the authors have
addressed include the boundedness of solutions for the closed-loop system and conditions for equilibrium uniqueness. Besides,
the authors have also reviewed PD control with adaptive desired gravity compensation that is able to overcome the parameter
uncertainty problem. In the paper [6], authors showed that the PID control law stability depends only on the inertial parameters
of the robot and proved the semiglobal stability of robot manipulators under the action of classical PID control. In the paper [7],
authors proved that under classical PID control, semiglobal stability can be assured with arbitrary small output tracking error. In
the paper [8], a simple decentralized continuous sliding PID controller for tracking tasks that yields semiglobal stability of all
closed-loop signals with exponential convergence of tracking errors is proposed. In the paper [9] authors proposed a new
saturated nonlinear PID regulator for solving the problem of global regulation of robot manipulators with bounded torques. An
approach based on Lyapunov theory is used for analyzing the global asymptotic stability. In this sense, this proposal gives a
step ahead in the search of a global asymptotic stability analysis for the practical PID. In [10], a Fractional adaptive PID (FPID)
controller for a robot manipulator was proposed. The PID parameters have been optimized by Genetic algorithm. The proposed
controller is found robust by means of simulation in a tracking job. The scheme of this proposed controller as in Fig 3. To solve
the strong nonlinearity and coupling problems in robot manipulator control, two novel robust adaptive PID control schemes are
proposed in paper [11] with known or unknown upper bound of the external disturbances. Invoking the two proposed
controllers, the unknown bounded external disturbances can be compensated and the global asymptotical stability with respect
to the manipulator positions and velocities is able to be guaranteed.
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Fig. 3 Robust fractional adaptive PID control for robot manipulator system

Computed torque control (CTC): Due to performance limitations of classical controllers, the computed torque control is usually
desirable in advanced applications. This control strategy ensures global asymptotic stability for fixed symmetric positive
definite (proportional and derivative) gain matrices. In the paper [12], authors showed that global asymptotic stability also holds
for a class of gain matrices depending on the manipulator state. The authors used fuzzy self-tuning algorithm to select the
proportional and derivative gains according to the actual tracking position error. Experiments on a two degrees of freedom
robot arm shown the usefulness of the proposed approach. Although computed torque control is an effective motion control
strategy, it requires precise dynamical models of robotic manipulators. To handle this impossibility, in the paper [13], a new
approach combing computed torque control and fuzzy control is developed for trajectory tracking problems of robotic
manipulators with structured uncertainty and/or unstructured uncertainty. Computer simulation results on a two-link elbow
planar robotic manipulator are presented to show tracking capability and effectiveness of the proposed scheme. The authors in
the paper [14] proposed two types of adaptive fuzzy computed torque control, where feed-forward and feed-back fuzzy
compensators are used to compensate modelling uncertainties and external disturbances. Comparisons of their performances
with conventional computed-torque controllers under the condition of these uncertainties are carried out. Comparative results
demonstrate that the two types of adaptive control schemes are effective in improving control performances in terms of
modelling uncertainties and external disturbances. Simulation results show that the trajectory tracking errors of the robotic
manipulator can be significantly reduced.

Variable structure control (VSC): Variable structure theory provided a technique for the design of the controller such that
robust to uncertainties in the model of the system, as well as being inexpensive from a computational point of view. Authors in
the paper [15] concluded that variable structure control is readily applicable to industrial robots for the robust control of
positions. Variable structure control has a major drawback is that undesired phenomenon of chattering due to high frequency
switching, which will often excite undesired dynamics. In the paper [16], authors embedded the variable structure control
strategy with a new adaptive control law, it provides an ability to compensate the effect of uncertainties, disturbances, and
unmodeled system dynamics.

Sliding mode control (SMC): Sliding mode controller is a powerful nonlinear controller which has been applied to robotic
manipulator. In recent years, artificial intelligence theory has been used in sliding mode control systems. Neural network, fuzzy
logic and neuro-fuzzy are synergically combined with sliding mode controller and used in nonlinear, time variant and
uncertainty plant (e.g., robot manipulator) [17]. In [18], a novel fuzzy sliding mode controller based on RBFNN is proposed.
RBFNN is used to compute the equivalent control. An adaptive rule is employed to on-line adjust the weights of RBFNN.
Using fuzzy controller to adjust the corrective control gain in sliding mode control, system performance is improved. Chattering
problem in the classical sliding mode controller is minimized. The authors in the paper [19] proposed an adaptive backstepping
sliding mode control to solve the precise trajectory tracking under external disturbances with complex environment, and the
dynamic response characteristics of a two-link robotic manipulator are described in this paper. Simulation results show that the
proposed control system has good tracking performance and strong robustness for the external disturbance.
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Adaptive control: Adaptive control has been recognized as an effective approach for mechanical robot manipulator controller
design due to the presence of nonlinearities and uncertainties in robot dynamic models. In [20], authors presented an in-depth
review of these existing developments whereby the robot adaptive control problems and solutions are systematically studied.
The various design techniques are categorized into three groups; (i) model-reference adaptive control, (ii) Self tuning adaptive
control, and (iii) Linear perturbation adaptive control. In [21], the author proposed two adaptive control schemes to realize the
objective of task-space trajectory tracking irrespective of the uncertain kinematics and dynamics. The proposed controllers have
the desirable separation property. A robust adaptive control method is systematically proposed in the paper [22] to significantly
reduce the relatively tracking errors of 6 degree of freedom (DOF) industrial robots under both external disturbances and
parametric uncertainties. The robust adaptive control law is formulated based on the robot dynamics in the task space of the
robot end-effector. The control law is designed by combining robust term and adaptive term to track the desired trajectory of
the end-effector with sufficient robustness and accuracy in the presence of unknown external disturbances and parametric
uncertainties. The trajectory tracking performances of the proposed control are finally guaranteed based on Lyapunov function
and Barbalat’s lemma. Test results are obtained to show that the combined robust adaptive control reduces the final trajectory
tracking error significantly as compared with conventional control

Fuzzy logic and neural network control: In the above sections, we have seen that fuzzy logic and/or neural network were
combined with classic controller to compensate tracking error due to nonlinearities and uncertainties in robot dynamic models.
Besides, fuzzy logic and neural network are also used to compensate physical constraints such as saturation nonlinearities of
actuators and friction phenomena at the robotic joints. The authors in [23] proposed a novel global asymptotic stable set-point
fuzzy controller with bounded torques for robot manipulators. This fuzzy controller for robot manipulators assures that the
steady state position errors are inside a region which can be arbitrarily reduced closed to zero when friction is present. In case
of absence of friction such a controller produces a global asymptotic stable closed-loop system. For both cases, it is always
guaranteed that the torques delivered by the actuators are inside prescribed limits given in agreement with actuators torque
capabilities. Experimental tests conducted on a robotic arm confirm the theoretical outcomes. The authors in [24] developed the
adaptive fuzzy neural network control (AFNNC), including indirect (IAFNNC) and direct (DAFNNC) frameworks for an n-link
robot manipulator, to achieve high-precision position tracking. Numerical simulations and experimental results of a two-link
robot manipulator actuated by dc servomotors are given to verify the effectiveness and robustness of the proposed
methodologies. Using neural networks for the control of robot manipulators have attracted much attention and various related
schemes and methods have been proposed and investigated. In the paper [25], the authors reviewed research progress about
controlling manipulators by means of neural networks. The problem foundation of manipulator control and the theoretical ideas
on using neural network to solve this problem are analyzed and then the latest progresses on this topic in recent years are
described and reviewed in detail. Obstacle avoidance is an important subject in the control of robot manipulators, but is remains
challenging for robots with redundant degrees of freedom, especially when there exist complex physical constraints. In the
paper [26], the authors proposed a novel controller based on deep recurrent neural networks. By abstracting robots and
obstacles into critical point sets respectively, the distance between the robot and obstacles can be described in a simpler way;,
then the obstacle avoidance strategy is established in form of inequality constraints by general class-K functions. Using
minimal-velocity-norm (MVN) scheme, the control problem is formulated as a quadratic-programming case under multiple
constraints. Then a deep recurrent neural network considering system models is established to solve the QP problem online.
Theoretical conduction and numerical simulations show that the controller is capable of avoiding static or dynamic obstacles,
while tracking the predefined trajectories under physical constraints

Learning Control: Learning control for robotic manipulators has been developed over the past decade and it is still in its infant
development stage and will become one of the most promising directions in the control area in robotic manipulators [27].
Learning control in robotic manipulators is mainly used to address the issue that the friction at the joints of robotic mechanisms
and other uncertainties may exist in the dynamic models, which are very complex and may even be impossible to model
mathematically. Learning control design through simulating human internal control and nervous systems for robot manipulators
is worth exploring so as to make the control system more intelligent. The combination of the mechatronic design approach and
learning control design approach for robotic manipulators also has great potential for future enhancements. One of the
applications of the learning control approach could be addressing safety issues such as those found in robotic-based
manufacturing industries.
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C. Dynamic Parameters Identification

The knowledge of the dynamic parameters of the manipulator play an important role in designing model-based algorithms for
controlling robot exactly. A number of methods have been proposed to identify dynamic parameters of robot. In [28], authors used
the least squares (LS) method and the particle swarm optimization (PSO) technique to estimate the distinct inertia parameters of
Staubli RX-60 robot. These experimental results show that the estimated inertial parameters predict robot dynamics well. In [29],
authors demonstrated the possibility of identification methods including least squares, extended Kalman filter, Adaptive Linear
Neuron (Adaline) neural networks, Hopfield recurrent neural networks and genetic algorithms in order to obtain parameters
characterizing the industrial robot dynamics, specifically in SCARA rabots. In the paper [30], the author introduces an application
of the Shuffled Frog Leaping Algorithm in identifying the dynamic parameters of UP6 manipulator without parameterization. The
simulated results show that SFLA gives response results close to the real model.

D. Robot Vision

Vision technology has become a critical component for many industrial robot applications such as robots guided by vision can
locate parts to be picked up, determine where to apply a weld, inspect parts that have been assembled or determine where to place a
part [31, 32].

Combination of visual sensing and robot manipulator in a feedback control loop is a principle concern in any application. There are
two different control schemes are generally used for the visual servoing of a dynamic system. The first control scheme is called
direct visual servoing and the second control scheme is called indirect visual servoing. Most of the visual servoing follows an
indirect control scheme as Fig 4 [33].

Xb Vision-based Dynamic
Camera
Control system
Low-level
Control

Fig. 4 Indirect visual servoing system

Reliable grasping is critical to successfully perform any grasp and properly recover for any error for any robotic application from
industrial pick-and-place to service assistance. In the paper [34], the authors proposed a novel vision approach for monitoring the
grasping tasks and verifying any lost of the held object. The underlying idea is the recognition of the contact points between the
robot manipulator and the grasped object.

I1ILALGORITHMS USED FOR ROBOTIC MANIPULATOR
A. Evolutionary Algorithms and Swam Intelligence
The popularity of metaheuristics, especially Swarm Intelligence and Evolutionary Algorithms, has increased rapidly over the last
two decades. Numerous algorithms are proposed each year, and progressively more novel applications are being found [35]. Fig 5.
lists some of the algorithms in these groups.

e Genetic algorithms o Particle Swam Optimization

o Differential evolution e Ant Colony Optimization

o Evolutionary strategies o Bees Algorithm

o Evolutionary programming e Shuffled Frog Leaping Algorithm
L] L]

Fig. 5 Metaheuristics based optimization algorithms

Evolutionary Algorithms and Evolutionary Algorithms have been widely used in robotics design optimization [36, 37], path
planning optimization [38, 39], optimizing the parameters of the controller [40] or parameter identification of robot manipulators
[41].
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B. ANN and Fuzzy logic

ANN and fuzzy logic have many applications but in robot manipulator area, they are mainly used for control system. Due to the
influence of non-linearities, disturbances, gravity and load effects, Fuzzy Logic Controllers (FLC) or Artificial Neural Network
(ANN) is adopted [42, 43].

C. Deep Learning

More recently, deep learning approaches have shown impressive performance across a wide range of domains, including computer
vision, audio processing, natural language processing, and others. These algorithms are based on neural networks, highly-
parameterized models which use multiple layers of representation to transform data into a task-specific representation and excellent
choice for robotic applications [44]

A few works have applied deep learning directly to robotic manipulation. In the paper [45], authors presented an asynchronous deep
reinforcement learning approach that can be used to learn complex robotic manipulation skills from scratch on real physical robotic
manipulators. In the paper [46], authors have developed and implemented two RL-based compensation schemes to improve the
suboptimal tracking performance of a feedback controller in a multi dof robot arm. The capacity to self-optimize the controllers of
robot arms is essential in the Industry 4.0 setting. Deep learning algorithm is also employed to learn the inverse dynamics models
[47]. In the paper [48], authors proposed a reinforcement learning (RL) based, cognition-enhanced six-axis industrial robot for
complex motion planning along continuous trajectories as e.g. needed for welding, gluing or cutting processes in production.

IV.Al APPLICATIONS FOR MOTION PLANNING
This section describes how to apply Al for path planning problem. Fig. 5 illustrates control system for motion planning. In this
system, motion planner block receives 3D coordinators from user and obstacle information from vision system to build global path
and send control signal to joint controller to control robot tracking to desired path. Al such as PSO, Fuzzy, ... will be used for
building 3D global path with avoiding obstacle as well as designing controller for tracking trajectory are our research in near future.

Begin — End

coordinators in 3D Motion . Robot y
—_— Joint Controller )
planner Manipulator

I Feedback position of joint

Environment model RGBD image

Vision system g

Fig. 6 Control system for motion planning

V. CONCLUSIONS
The literature review of this research has revealed that there was a significant trend toward the development of Al algorithms for
applying in robotic manipulator. Many articles had been directed to accomplish this goal, especially in motion planning and
grasping. In this paper, we have also discussed Al algorithms for 3D path planning with application vision system in order to avoid
obstacle.
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