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ABSTRACT

In recent years, it has become the frontier and hotspot of research in the field of intelligent robotics.
In this study, a robot vision-guided unloading system is designed, and a robot grasping control
method based on fuzzy mathematical method is proposed for the robot unloading problem under the
uncertain information environment, and the particle swarm optimized fuzzy PID control algorithm is
introduced into the grasping force control field. Comparison experiments of robot joint trajectory
tracking, position and control inputs are carried out in the simulation environment, and the method
in this paper can realize accurate tracking of motion trajectory and weaken the vibration
phenomenon. The robot unloading experiments show that the success rate of single target and
multi-target grasping and placing are both above 91% and 85% respectively, which verifies the
effectiveness of the particle swarm fuzzy PID control algorithm of this paper in robotic grasping, and
it has a certain value of engineering application for robotic unloading control.

Keywords: fuzzy mathematics, particle swarm algorithm, fuzzy PID, visual guidance, robot unloading

1. Introduction

With the improvement of intelligent control technology and mechanical design level, the state
constantly encourages the development of intelligent manufacturing, and successively put forward
industry 4.0 and “Made in China 2025” to realize the upgrading of manufacturing industry [1-2].
Continuous casting as an advanced casting method in the iron and steel industry production process,
the development of its intelligence is also one of the key links in the transformation of the iron and
steel industry. In the past, the development of continuous casting process intelligence is limited by
the operating environment is high temperature, high dust, high noise, high radiation high-risk areas,
industrial robots and machine vision in the iron and steel metallurgy industry development is slow

& Corresponding author.

E-mail address: yuanfei@wxic.edu.cn (F. Yuan).
Received 25 February 2024; Revised 10 May 2024; Accepted 15 December 2024; Published Online 15 April 2025.
DOI: 10.61091/jcmcc127a-288
© 2025 The Author(s). Published by Combinatorial Press. This is an open access article under the CC BY license
(https://creativecommons.org/licenses/by/4.0/).



5108 YUAN ET AL.

[3-6]. In order to actively respond to the call of national policy and the trend of intelligent
development, after continuous improvement and breakthroughs in recent years, artificial
intelligence technology has penetrated into the various processes in the steel mill, including
temperature measurement and sampling robot running in high temperature and dusty environment,
handling and palletizing robots that can adapt to the large weight, high tempo, high frequency, slag
replenishment robots can scientifically quantify the demand of the production line, and the stable
and fast coating of the Coding robot and so on [7-10].

On the other hand, along with the gradual acceleration of the development process of global
economic integration, the rapid rise of the logistics industry. As an important cargo transfer station,
the internal logistics operation efficiency and external throughput capacity of regional depots
directly affect the level of their own competition and the economic benefits of the entire
transportation chain [11-13]. The introduction of a variety of loading and unloading equipment is
the most direct and effective way to achieve the above goals, but its price is expensive, unable to meet
the needs of large quantities of purchases. In recent years, the labor cost of loading and unloading
goods in regional warehouses has been increasing, in addition to the traditional human work is not
only inefficient, but also work intensity [14-15]. The robot for the intensity, high repetitive operating
environment can show the advantages of inexpensive, reliable, quality and quantity of uninterrupted
work, so the combination of cargo handling and robots, the study of unmanned intelligent loading
and unloading methods has become a key topic of high concern in the logistics industry [16-17].
Machine vision can replace the human eye for measurement and judgment, and can effectively
improve the flexibility and automation of the operation. Convolutional neural network is a
multi-layer feed-forward neural network containing convolution operation, which can directly
process the input image and retain all the information of the image in a more complete way, and is
widely used in the fields of visual tracking, image recognition, etc [18-19].

Literature [20] designed a modular and reconfigurable software framework to assist in solving the
automated container loading and unloading problem, which was tested and summarized in real
scenarios, and made a positive contribution to the optimization of automated loading and unloading.
Literature [21] describes the dangers and inefficiencies of manual loading and unloading of goods,
and proposes the use of sensing technology and robotic actuators to realize the automation and
intelligent execution of cargo loading and unloading, which improves the efficiency and safety of
cargo loading and unloading to a certain extent. Literature [22] conceptualized the basic analytical
framework of parallel loading and unloading system, which can obtain the optimal loading and
unloading scheme, and then improve the loading and unloading efficiency. Literature [23] designed a
material loading and unloading system with the ability to automatically recognize the angle of the
common workpiece by combining a camera, a collaborative arm and a plc-controlled conveyor belt,
and the feasibility of the system was confirmed in simulation experiments. Literature [24]
envisioned a logistics loading and unloading sequence planning method based on the a-star search
algorithm to solve the status quo of material loading and unloading clutter, and the proposed
strategy was found to be superior to the traditional strategy in practical tests. Literature [25]
integrated visual servo technology and heuristic algorithm based generative adversarial network
training to develop a strategy for dynamic loading and unloading of materials by robots, and finally
introduced an adaptive dual-rate odorless Kalman filter visual tracking algorithm to improve the
stability and real-time performance of visual servo system.

This paper designs a robot unloading system based on visual guidance, describes the overall
design of the system framework, combines the robot kinematics analysis, and realizes the coordinate
conversion between the camera and the robot through hand-eye calibration. Based on the fuzzy
mathematical method, the fuzzy PID control robot unloading system is adopted, and the particle
swarm algorithm is used to optimize the initial parameters of the decision-making fuzzy PID contro],
to improve the cumbersome parameter tuning link of purely using PID algorithm, and to construct
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the particle swarm fuzzy PID control grasping method. The system model and algorithm are
combined in Simulink for modeling, and the specific performance of traditional fuzzy PID control
method and particle swarm fuzzy PID control of this paper are compared and analyzed from the
three dimensions of the joint trajectory tracking, the joint position error and the joint control inputs,
to test the optimization effect of the particle swarm algorithm. After that, an experimental platform is
built to take the items in the YCB dataset as the operation objects, and carry out single-objective and
multi-objective grasping and placing experiments of the model, to explore the control effect of this
paper's method on the unloading operation of the robot.

2. Robotvision-guided unloading system

With the rapid development of global industry, the demand for robot intelligence is increasing. The
application of robots at this stage is mainly focused on robot grasping work. Applying deep learning
to the field of grasping detection, combining target detection and grasping control, realizing rapid
identification and accurate grasping of robots, is of great significance for the application of robots in
complex scenes such as industrial manufacturing and logistics handling. As a result, this paper
designs a robot unloading system based on vision guidance.

2.1. Overall system design

In order to realize the intelligent unloading work of the robot, a robot grasping system composed of
two parts, visual guidance and robot grasping, is designed in this section, and the design framework
of the robot visual guidance unloading system is shown in Fig. 1. The visual guidance part mainly
includes using the visual sensor to collect the picture of the object and perform image preprocessing,
and the robot grasping part mainly includes establishing the camera coordinate system and the robot
coordinate system, and completing the matrix conversion between the coordinate systems and the
system calibration, as well as the unloading control of the robot.

The vision sensor is the basic hardware of the target detection part, which is the “eye” of the robot
to realize the grasping task. The application of vision greatly enriches the information that the robot
can perceive, which is conducive to the robot's control decisions and the realization of intelligent
grasping. The vision sensor converts optical signals into digital images to provide the positional
information of the target object for the robot grasping system. The quality of its acquired images
directly affects the difficulty of image processing and the prediction results of the target detection
algorithm model. The vision sensor chosen in this paper is a high frame rate binocular camera, which
can output uncompressed binocular 720P/960P HD images, suitable for high-precision recognition,
three-dimensional vision and other research, which is widely used in pattern recognition, target
tracking and other fields.

The selection of the robot needs to meet the requirements of the subject experiment on the
grasping load, grasping positioning accuracy and activity space. According to the different structure
of the robotic arm can be divided into parallel structure robot and series structure robot two types.
Among them, parallel robots generally work faster, but the activity space is smaller, and the tandem
robot has a high degree of freedom, the robot's activity space is larger, suitable for flexible grasping
and sorting scenes. There are different kinds of grasping objects in the grasping experiments of this
project, and there may be complex situations such as occlusion between objects, so the tandem
structure robot is chosen.
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Fig. 1. Design framework of robot visual guidance discharge and loading system

2.2. Robot vision system calibration

Robot vision system calibration is one of the key aspects to ensure precise robot motion and control.
By analyzing the kinematics of the robot, accurate positioning and control of the target is achieved.
Camera calibration is an important step in computer vision and image processing, and calibration
removes the aberrations introduced by the camera lens to ensure the accuracy of the image
information.

2.2.1. Kinematic modeling. The kinematics of the robot is analyzed using the modified D-H
parametric method, where the specific parameters are rod length of @, torsion angle of &, bias
of d;, and turn angle of &,.

According to the D-H parametric method the transformation matrix is obtained as:

T

i—1 _ 3 .
; T=R Gord) L) R (1)

(21:6;)
where R(z‘.,,,q.) and R(x‘.,a‘.,l) denote rotational transformation matrices and ]Ez,q,d,») and ]Exf,a,»,l)
denote translational transformation matrices.

First, its positive kinematic equations are derived. The position of the end-effector of the industrial
robot in the global reference system is calculated from the rotation angle of each joint, and the
transfer matrix of the end-effector with respect to other coordinate systems :'7 and the
transformation matrix between two neighboring joints based on the base coordinate system i are
deduced !'D,and finally the position transformation matrix “'T is obtained.

The corresponding chi-square transformation matrix is derived based on the D-H parameters:



UNCERTAINTY MODELING AND DECISION OPTIMIZATION OF ROBOT 5111

cosd, —sinb cosa;, sindsina, «a,cosq,

sing.  cos@ cosa; —cos@sina, asind,
D, = , (2)
0 sing, cosq, d,
0 0 0 1

From Eq. (1), the coordinate transformation relationship between two consecutive joints can be
obtained by substituting the data in the D-H parameter table, and finally the position transformation
matrix of the neighboring joints of the robot is obtained |7 :

1

co -S6, 0 0

o _ S C6 0 0 5
“Tlo o 0 10 (3)
0 0 0 1
[co, -S6, 0 a]
o 0 0 0 4, .
27|56, —co, 0 0 (4)
. 0 0 0 |
[co, -SO, 0 a, |
Sg, C6, 0 O
ZT: 3 3
“Tlo 0 1 —d (5)
| 0 0 0 1 |
[co, -S0, 0 a,]
3 0 0 1 d,
o= (6)
-S6, -C6, 0 O
. 0 0 0 1|
[co, -So, 0 0]
sy _ 0 0 -10 ,
S 7se, co. 0 o0 (7)
L 0 0 0 1]
[ co, -SO, 0 0]
S 0 0 10 )
“"“l-s6, co, 0 0 (8)
0 0 0 1]
Eqs. CO =cos6, SO =sind,,
From Egs. (3) to (8), the transformation matrix result can be expressed as:
7= LTLTTTT 9)

Secondly, the specific position of the known target point is converted to each joint angle by inverse
kinematics equations to accomplish the operations such as wire cutting and wire extraction. The
specific positions of the end-effector are p,, P,,and p., and the postures are 7, 7,, v, m, m,

m_, a., d,,and a.The joint angles are inverted by left-multiplying the inverse matrix of each joint
into the position matrix of the industrial robot in a sequential manner.
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1) Solving for 6. Multiply |7~ with ¢7 to obtain:

3
4

4
5

5
6

T (G). T=5T(8,).7(8,).7(6,).T(6).T(8,)=,T (10)

The results of & are as follows:
6, :arctan(py/px) (11)

2) Solving for 6. After determining the solution for joint angle €, the equation can be obtained by
equating the elements (1,4) and (2,4) corresponding to the left and right sides of the matrix of Eq.

(9):
Cp, +S1py =a, (C2C3 —S2S3)—d4 (C2S3 +S2C3)+a2C2 -p.
=0, (C,8,+5,C,) +d,(C,C, ~5,5,) + S, (12)
Let n, =C,p,+S5,p, be obtained by squaring both sides of Eq. (12) and adding them together:
2a,p.S, —2a,nC, =d; +a; —n’ —p’ —a; (13)
Let 2a,p. =t ,cosep, 2a,n =t sing, then:
{p =2a[plent (14)
@ =arctan(n, / p,)

Let n,=d,’ +a,’ —n’-p.* —a,’, then the solution of 8 is:

6, = arctan (n, / p,)—arctan (n2 [ £3Jt] —n] ) (15)

3) Solving for 6. According to the following equation we have:

T (8), 17 (0T (6. TS T(6).7(8)

2
3

5
6

T(6,)=T (16)

Thisleadsto 6 and ¢,:

=S(C,p.+S -C
0, = arctan[ ( Ll ) 2P }— arctan [LJ
t

Cz(Clpx+S1py)—S2pz+a2 Vi +d;

L= \/(—S(C1px +S1py)_czpz )2 +(C2 (Clpx +S1p)’)_S2pz ta, )2

(17)

Based on the above method, we can find 6, &, 6. The solutions are as follows:

a,sin@ —a, coso,

6, = arctan (18)

cos (6, ""93)(% cos 6, +a,sin 491)+ a,sin(6,+6,)

a, (C1C4C23 +5,8, ) +a, (S1C4S23 +C,S, ) +a.C,S,,
a,CSy+ aySlst —a.Cy

0, = arctan (19)

-7, (C1S4Sz3 +5,C, ) -7, (SIS4S23 + C1C4) +7.5,5,,
r (S5C23 +C,GS, ) - (C1S5S23 -CC,GC,; - S1S4C5) (20)
-, (S155S23 -5,C,CC,; + C1S4C5)

0, = arctan

where Gy =C,C =5,S;, 5, =05, +5,C,.
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2.2.2. Camera calibration. Point P is the specific location of the target in the world coordinate
system, and point 7 is the projection of point P on the image, which corresponds to coordinate
(x,») in the image coordinate system and coordinate (#,v) in the pixel coordinate system.

In imaging, the camera involves four different coordinate systems, the world coordinate system
(0,-X,Y Z ), the camera coordinate system (O.—X Y Z ), the image coordinate system (© — X)),
and the pixel coordinate system (0,, —uv).

Transformation from O,—X Y, Z to O ,—X Y Z . The world coordinate system P, (right side)
is transformed to the camera coordinate system £ (left side) by rigid body motion:

v v X, X, X
Y C R| Y ) +T L R M ! 21
= ’ —> = _ =
c w ZC 0 1 ZW 1 Z ( )
ZC Zw
1 1 1

where R is the third-order rotation matrix, 7 is the 3D translation vector, and 0 = (0,0,0), M,
are the simplified fourth-order outer parameter matrices.

Conversion from O,—X.Y.Z. to ©—xV: Based on the camera coordinates (X..Y..Z.) and the
focal length f, the image coordinates can be obtained. The simplification is based on the triangle
similarity:

A_B_AOE_E_XE_E_ZC_)x_fXC _fYc
oC 00, pC x 'y =z Zc’y Z, (22)
Convert the above equation to:
X,
X f 0 00 Y‘
ch=0fOOZC (23)
1 0 010 1“

Conversion from °-* to o0, —uv: In the image coordinate system, the X and » axes are
parallel to the # and Vv axes of the pixel coordinate system, respectively. Therefore, these two sets
of coordinate systems mainly rely on the translation action to realize the coordinate transformation
between each other, the conversion relationship:

x
u =d—+u0
x
(24)
N
dy

where dx, dv represent the size of the physical dimensions of each pixel in units of mm/pixel, and
X y . . .
— and —— are calculated in units of pixel.
dx dy
The coordinates of a point on the image coo d}'(nat)g stem are p(x,y) and the image coordinates
with respect to its origin (u,.v,) are (E,d— . The matrix operator obtained by the
Ly

transformation solution is:
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L 0 u,
u dx
vi|i=| 0 Lv 25
dy o ||V (25)
1 1
0O 0 1

By combining the above equations, the relevant formulae for the interconversion between the
world coordinate system and the pixel coordinate system can be deduced as shown below:

— 0 u
dx 0 Xw
0 0 O
Z , 0 ! {)( f 00 RTHT,
V= — v - 26
dy " 0 1]z, (26)
1 0 0 10
0O 0 1 1
The simplification yields:
0 0 XW XW‘
u f. u, R T y. y.
ZAv|={0 f, v O i1z =M,M, zZ (27)
1 0O 0 1 0
1
where Z, is the coordinate of a point in the world coordinate system in the Z -axis direction in the
camera coordinate system, and the camera internal reference matrix is M,, where f, :dL'
b
fy=d—y,and M, are the external reference matrices.

Optical aberrations may occur due to the camera lens.

Radial aberrations: At the edges, the camera lens is often unable to avoid significant distortion of
the image, which is caused by the “barrel” or “fisheye” effect. It can be expressed by Taylor's formula
as follows:

o.(x,y)= x(klr2 +h,rt + k3r6)

(28)
8,(x.y) =y (ki +hyr* + k)

Where (x,) is the original coordinate of the radial undistorted place, J,(x,») and 9,(x,»)

are the position after radial distortion correction. &, k, k& indicate the radial distortion
coefficient.

Tangential aberration: This is formed when the lens is not strictly parallel to the imaging plane due
to defects in the lens manufacturing process. The tangential aberration can be expressed by Taylor's
formula with two additional parameters p, and p, as follows:

o0.(x,y)=2pxy+p, (r2 +2x2)+x
(29)
8,(x,3)=2p, (r* +2y* )+ 2p,xy+y
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Where (x,y) is the original coordinates of the tangential undistorted place, J,.(x,») and

0,(x,y) are the positions after correction for tangential distortion. 7° = x” + y°. The equation for
the corrected coordinates is shown below:

{xl - (1 +hr? + kot + kg ){x} +
Yy

y

2pxy+p, (r2 +2x2)
(30)
2p, (r2 +2y2)+2p2xy

By calibrating the five parameters k, k, k, p,, p,, the lens aberration correction of the
camera can be completed, and then the new coordinates of the corrected camera can be obtained X/,

!

Y.

2.2.3. Hand-eye calibration. In a real manipulation scenario, once the camera successfully captures
the pixel position of the target in the image, a predefined coordinate transformation matrix is applied
to accurately convert this position information from the pixel coordinate system of the camera to the
spatial coordinate system of the robot end-effector.

The base coordinate system of the robot arm is base, the coordinate system of the robot
end-effector is tool, the coordinate system of the camera is camera, and the coordinate system of the
calibration board is board, and the transformation relationship between the coordinate systems can
be expressed as follows:

cam % cam—1 ¥ cam _ cam base-1 base
2 Mbaard 1 Mbaard Mtool - Mta()l 2 Mtaat 1 Mtaol (3 1)
cam cam -1 __
2 M board 1 M board T A
base—1 % base __
2 Mtool 1 Mto()l =B (3 2)
M =X

tool
AX = XB (33)

The transformation relationship between the end of the robot arm and its base coordinate system
is M!“ the transformation relationship between the coordinate system of the actuator at the end
of the robot arm and the spatial position determined by the camera is M, , the mapping
relationship between the spatial position where the calibration plate is located to the camera's
coordinate system is M,,.,, and the coordinate transformation relationship between the base
coordinate system of the robot arm and the calibration plate is M,*“ . Relying on the internal and
external camera parameters derived from the camera calibration to derive X , the coordinate
transformation matrix between the end of the robotic arm and the camera.

The pixel coordinate system is transformed to the world coordinate system:

X, u
Y, =R\ ZM,)'|v|-T (34)
Z 1

w

X,Y,Z, isthe world coordinate system coordinates, R is the external parameter rotation matrix,

Z, is the depth value in the camera coordinate system, M, is the internal parameter matrix, u
and Vv are the pixel coordinate system coordinates.

3. Fuzzy math-based robot unloading control

PID control algorithm in the use of the process requires a cumbersome parameter adjustment link,
so the fuzzy PID control algorithm is used to control the unloading operation of the robot, on the
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basis of which the control decision-making optimization is carried out, and the particle swarm
algorithm is used to optimize the initial parameters of the fuzzy PID control algorithm offline, and
then add them to the fuzzy PID controller, to avoid the disadvantages of setting the initial parameters
of the fuzzy PID control algorithm according to experience, and to be able to effectively reduce the
overshoot of the control system and reduce the steady-state response time. The following is the
gripping control and optimization method of the robot unloading system.

3.1. Fuzzy control

Fuzzy control is a nonlinear control method based on the theory of fuzzy mathematics and fuzzy
logic, which has the advantages of no mathematical model and strong robustness compared with
traditional control methods. Compared with the traditional exact mathematical model, fuzzy control
stands out in its adaptability and fault tolerance to nonlinear and fuzzy systems, and becomes an
effective tool for solving complex dynamic systems in real problems.

A fuzzy control system usually consists of three main components: fuzzification, fuzzy inference
and defuzzification. In the fuzzification stage, the raw input signals are converted into fuzzy sets to
accommodate fuzzy logic processing. This is to deal with the ambiguity and uncertainty in the system
inputs. Fuzzy inference is the core part of a fuzzy control system. It uses a set of fuzzy rules, which
are based on known experience and knowledge, to generate fuzzy outputs by reasoning through
fuzzy logic. After obtaining the fuzzy output, it needs to be mapped back to the actual output, a
process called defuzzification. The core idea of fuzzy control is to convert exact control signals and
measurements into a fuzzy set of affiliation functions and then apply fuzzy inference rules to
generate a fuzzy control output. This output is subsequently defuzzified (i.e., converted to an exact
control signal) to drive the controlled system.

The performance and accuracy of a fuzzy logic system can be greatly improved by the correct
selection and application of the affiliation function. In practice, determining the affiliation function
for the fuzzy characteristics of a research object is a complex and critical process. Choosing the
appropriate type of affiliation function is crucial for accurately describing the fuzzy characteristics of
the research object. In this section, the algorithm selects the trigonometric function as the affiliation
function, which is simpler and more intuitive than other functions, and has a high degree of flexibility
that can be adjusted and adapted to the needs. By adjusting the parameters of the trigonometric
function, different shapes and widths of the affiliation function can be obtained, so as to better match
the data distribution in practical applications.

Trigonometric affiliation function:

0 x<a
x4 as<x<bh
f(x,a,b,c)= i:z (35)
b<x<c
c—b
0 x=>c

3.2.  Particle Swarm Fuzzy PID Control Algorithm

3.2.1. Transfer function identification. To realize the control of the system, the first need to obtain
the system model, the transfer function is a common system representation, because the system in
this paper belongs to the black box state, so need to use the transfer function to describe the system.
The object grasping process is analyzed, the object should be kept stable in the grasping process, that
is, the gravity is balanced with the friction force of the manipulator on the target object.

The force state of the target object during the grasping process is shown in Equation (36):
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Mg = f+ f, (36)

In the above equation, M is the mass of the object, £ is the acceleration of gravity, f, and f,
are the friction forces on both sides of the manipulator, which can be obtained according to the
friction force formula (37):

h=5=/.f=uk (37)

Where, [, setthe desired gripping force, # for the friction coefficient between the manipulator
and the object, determined by the manipulator and the object contact surface material, to prevent the
object from slipping calculated to take the friction coefficient of 0.20, will be formula (37) into the
formula (36) to obtain the object's force is:

Mg =2ukF; (38)
Finding the grip F, for:
M;
F=2F (39)
2u

3.2.2.  Fuzzy PID control. Using the fuzzy control technique, it is possible to transform the inputs
received by the controller into reasonable fuzzy quantities and obtain predictable fuzzy control
quantities through reasoning. In addition, through inverse fuzzy control, the parameters of the PID
controller can be obtained and can be adjusted in real time as needed, thereby improving the static
and dynamic performance of the control system.

7 is the given signal of the system input, ¥ is substituted for the system output, ¢ is the error
between the system output and the input, ec¢ is the rate of change of the error, K, and K,
represent the error gain and the rate of change of the error gain, respectively, while the output of the
fuzzy control is the amount of change of the fuzzy control parameters. The fuzzy controller can
calculate the increment of the next adjustment according to the result of each adjustment and add it
with the result of this adjustment as a way to quickly adjust the PID parameters, and its adjustment
principle is shown in Equation (40):

K,=K,+AK,.K, =K, +AK,, K, =K +AK (40)

For the realization of fuzzy PID controller, it is mainly to realize the fuzzy controller, and the steps
of fuzzy controller realization are as follows:
1) Determine the input and output variables and the domain: firstly, determine the input and output
variables of the system, which can be the actual physical quantities or the state variables of the
system. In this paper, the inputs of the system are system error ¢ and system error rate of change
ec, and after several simulation experiments, we set the system error and error rate of change
quantization thesis as [~L1], and the output variables as AK,, AK,, AK, represent the
increment of the PID controller parameters, respectively, and the quantization thesis is [-3, -3], [-90,
-90], [-3,-3].
2) Design of fuzzy process: the input variables are fuzzified into fuzzy sets, and the purpose of
fuzzification is to transform the actual variables into fuzzy variables to make them easier to handle.
The fuzzification process is usually expressed in the form of fuzzy sets, which is usually
accomplished by means of the affiliation function, and common affiliation functions include the
triangular affiliation function, the trapezoidal affiliation function and the Gaussian function. In this
paper, the more sensitive triangular affiliation function is used.
3) Design fuzzy rule base: general rule base consists of several fuzzy rules within, it is a collection of
relationships between input variables and output variables, the establishment of the rule base
requires expert knowledge or empirical data, in this paper, a fuzzy rule base is constructed with
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reference to a number of literatures. It contains 7 fuzzy subsets, i.e., negative large (PB), negative
medium (PM ), negative small (PS), zero (ZO), positive small (NS), positive medium (NM ),
positive large (NB).,

4) Perform fuzzy inference operation: fuzzy inference operation is based on matching the input
variables with the rule base to derive the output variables of the system. In this paper, fuzzy
inference is performed using Mamdan method.

5) Designing the defuzzification process: defuzzification is the process of transforming the
defuzzified output into the actual output, and the commonly used methods are the maximum
affiliation method, the center of gravity method, and the set average method, this paper uses the
center of gravity method to carry out defuzzification, which can effectively avoid the controller
jumping phenomenon generated in the defuzzification process, and enhance the control
performance of the system, and its basic principle is shown in Eq. (41):

~ IV v, (v)dv
[ v’

Vo

V =[-n,n] (41)

where V, is the center of the region covered by the fuzzy affiliation function £, (V).
6) By combining the above steps together, a complete fuzzy controller is obtained.

3.2.3. Particle Swarm Optimization Decision Making. The input parameters of the fuzzy PID
controller can be effectively improved by the particle swarm algorithm, in which the core principles
of the particle swarm algorithm include: the size of the particle swarm, the learning factor, the
dimensionality, the number of iterations, the inertia weights, and the objective function, which can be
effectively adjusted according to different environments, so as to achieve the best control effect.
According to the characteristics of the particle swarm algorithm, effective search information can be
obtained from the current problem as the beginning of the next round of search, and the selection of
the objective function can be made according to the adaptability of the individual in order to achieve
the best search effect. Commonly used objective functions include ISE and ISTSE, which are
important tools for evaluating whether the objective is optimal or not. Different objective functions
have different characteristics, among which ITAE has the optimal response speed in the control
system and is suitable for the analysis in the simulation environment, so it is used as the objective
function evaluation criterion in this paper, and the ITAE criterion is shown in Equation (42):

J= [:z-\e(z)\dt (42)

In the process of unloading the object of the robot, the particle swarm algorithm will optimize the
initial parameters of the fuzzy controller, so that the fuzzy controller is more in line with the current
system, the fuzzy controller at the same time for the dynamic adjustment of the parameters of the
PID controller, to obtain superior dynamic performance.

3.3.  Simulation Analysis

In order to verify the control performance of the proposed particle swarm fuzzy PID control
algorithm, the particle swarm fuzzy PID control robot unloading process is modeled in Simulink, and
the traditional fuzzy PID control method is applied to the double-jointed robotic arm on the platform
for simulation and comparison observation respectively with this method.

3.3.1. Joint trajectory tracking. Fig. 2 shows the comparison of trajectory tracking curves between
traditional fuzzy PID control and particle swarm fuzzy PID control methods, Fig. (a) and (b) show the
two-joint trajectory tracking curves under the traditional fuzzy PID control method, and Fig. (c) and
(d) show the two-joint trajectory tracking under the particle swarm fuzzy PID control method. The
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yellow line indicates the desired trajectory, and the blue line indicates the actual trajectory, which
shows that both methods can accurately track the desired trajectory after a period of time in the
presence of perturbation. The particle swarm fuzzy PID control method in this paper can accurately
track the robot joint trajectory in less than 0.5s, while the traditional fuzzy PID control method needs
more than 0.5s, and the motion trajectory tracking control effect of this paper's method is more

efficient.
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Fig. 2. Joint trajectory tracking

3.3.2. Joint position error. Fig. 3 shows the comparison of the joint position errors between the
traditional fuzzy PID control and the proposed method, Fig. (a) shows the two joint position errors
under the traditional fuzzy PID control method and Fig. (b) shows the two joint position errors
under the proposed method. The offline calculation of the fuzzy system parameters makes the online
calculation of the system reduced, so it can be seen from the comparison in the figure that the
proposed method has a faster convergence time compared with the traditional fuzzy PID control,
which completes the convergence in 0.5s, and the error range is not much different, and the
fluctuation of the error is small, which is within the acceptance range.
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Fig. 3. Joint position error

3.3.3. Joint control inputs. Fig. 4 shows the comparison of the control input curves between the
traditional fuzzy PID control and the proposed method, Fig. (a) shows the two-joint control input
under the traditional fuzzy PID control method, and Fig. (b) shows the two-joint control input under
the proposed method. It can be seen that the traditional fuzzy PID control method has a strong jitter
phenomenon and the control input is unstable, while the proposed method optimizes the fuzzy PID
controller through the particle swarm algorithm, which greatly reduces the control input jitter and
achieves the design goal.
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Fig. 4. Joint control input
4. Robot vision-guided unloading experiment

This chapter builds a hand robot visual guidance unloading experimental platform, according to the
designed fuzzy mathematics-based robot grasping control strategy, the particle swarm fuzzy PID
controller is applied to the real item grasping process, and the robot visual guidance unloading
experiments are carried out.

4.1. Experimental platforms

For the grasping task in unstructured scenes, this paper builds a robot grasping platform, which uses
URS5 robotic arm and Robotiq2F parallel two-finger gripper as actuators, Intel RealSense D435 depth
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camera as the robot's “eyes”, XELA The XR2144 3D haptic array sensor is used as the robot's “finger
skin” to visually guide the perception of the grasping state.

4.2. Experimental design

The grasping objects come from the YCB dataset, which contains 15 different daily life objects with
different shapes, sizes, and weights, and are denoted as G1~G15. In the single-target grasping
experiments, one type of object from the set of grasping objects is selected in turn to form a scene,
and the program is set to create 50 grasping scenes. The objects were randomly placed on the table,
and their positional and orientation parameters were generated by random numbers, the placement
position was within £50 cm of the projected position of the camera, and the placement direction was
rotated by rotating around the Z-axis. In the multi-target grasping experiment, five objects were
randomly selected from the set of grasping objects to form a scene, and the program was set to create
50 grasping scenes.

After creating the scene, the visual perception system reasoned a set of grasping parameters, and
the robot performed grasping the grasping point with the highest quality score, and only when the
object was placed into the target tray, the robot would perform the next grasping, and the grasped
objects would no longer appear on the desktop. In order to prevent the unsuccessful grasping in a
certain scene leads to fall into a cycle of executing the grasping task, it is stipulated that when 3
consecutive unsuccessful grasps are made in the scene, the unloading task in this scene is terminated
early.

4.3. Experimental results

Figure 5 shows the single target grab success rate and placement success rate. The overall grasping
success rate is 92.51% and the placement success rate is 91.40%. The grasping success rate and
placement success rate are shown in Table 1. The success rate of multi-target grasping is 87.54%, the
placement success rate is 85.46%, and 288 out of 337 attempts of grasping objects are successfully
placed in the target tray. The experimental results show that the robot is able to achieve a good

average grasping success rate by performing the grasping task according to the particle swarm fuzzy
PID control model.
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Fig. 5. Single goal capture success rate and placement success rate

Table 1. Grasping success rate and placement success rate

Grab scene Robot grab Result Robot place Result
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Grasping number 814 Place number 814

Single target Grasping success 753 Place success 744
Success rate/% 92.51% Success rate/% 91.40%

Grasping number 337 Place number 337

Multi target Grasping success 295 Place success 288
Success rate/% 87.54% Success rate/% 85.46%

5. Conclusion

With the continuous development of robotics technology, relevant research is of great significance
for the intelligent grasping and operating ability of robots in complex environments. In this paper, for
the robot vision-guided unloading system, a robot unloading control model based on the fuzzy
mathematical method is proposed, and the particle swarm algorithm is used to optimize the
decision-making of the fuzzy PID control. The operational effect of the designed method is examined
through simulation analysis of the model and robot unloading experiments. Compared with the
traditional fuzzy PID control method, the method in this paper achieves better trajectory tracking
effect, which can keep up with the desired trajectory within 0.5s, and the joint position error is
almost 0, with faster convergence time, and at the same time, the system vibration phenomenon is
greatly reduced. Using the method of this paper for robot unloading experiments, the success rate of
single-target grasping and placing is 92.51% and 91.40%, respectively, and the success rate of
multi-target grasping and placing is 87.54% and 85.46%, respectively. It shows that the particle
swarm fuzzy PID control method has a good control effect on the robot unloading operation and can
realize the accurate grasping and placing of items. In this paper, the stabilized grasping task of the
robot is studied based on visual guidance, and although some research results have been achieved,
the current strategy is relatively simple, and the grasping of complex stacked or highly intermixed
objects has not yet been effectively solved. The future development of robot grasping technology
requires interdisciplinary cooperation and innovation to better adapt to a variety of complex
scenarios and to provide technical support for a wide range of robot applications in daily life,
manufacturing and other fields.
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