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At present, the pouring riser of valve castings is mainly removed by manual cutting, polluting the environment and causing harm
to the human body with a low efficiency. Therefore, an automatic cutting pouring riser method using the stereo vision system and
manipulator is proposed. The relative position of the valve casting and the end of the manipulator is obtained through the position
transformation of the valve casting coordinate system, the manipulator end of the coordinate system, and the camera coordinate
system. The spatial motion trajectory of the manipulator is planned, implementing automatic pouring riser cutting of the same
valve casting with the same pose. The experimental results show that the position deviation and the angle deviation of the
repetitive positioning accuracy and the random positioning accuracy of the visual system are within +1 mm and +1° in the
pouring riser cutting test, the maximum deviation between the actual cutting trajectory and the theoretical cutting trajectory is

3mm. In summary, the method shows a good reliability and could meet the requirements of cutting accuracy.

1. Introduction

As a control unit to control medium flow in the pipeline
conveying system, the valve which is widely used in pe-
troleum industry, chemical industry, metallurgy, electric
power industry, etc., can change the channel section and
medium direction to realize the diversion, globe, throttle,
check, or the overflow pressure relief, and other functions.
Because of the complexity of its internal structure, the major
part of valve blank is manufactured by casting [1-4]. The
pouring riser which is inevitable in the cast process should be
cut out as “excess” for subsequent machining. At present, the
pouring riser is cut with a hand-held abrasive cutting ma-
chine basically which has high labor intensity and low ef-
ficiency [5-7]. Large amounts of metal dust and smoke from
cutting process float in the air and cause environmental
pollution. In addition, the cutting staff who breathe these
kinds of dust is likely to suffer from occupational diseases,
such as pneumoconiosis, and this has a negative influence on
the social image of enterprises [8-12]. Therefore, it has

become an urgent problem for the valve manufacturers to
develop an automatic cutting method and equipment for
cutting pouring riser.

With the development and advancement of the industrial
robot technology, the robot is gradually used to cut the
pouring riser of the valve and other castings. At present, the
common way is to clamp the casting onto the mechanism.
Cutting tools, such as cutting disc and flame cutter, are
installed at the end of the robot. The cutting trajectory is
determined by teaching; then, the robot is controlled to move
to finish the cutting according to the teaching trajectory. The
advantage of this method is that one teaching track could be
called for cutting the same casting theoretically. However, in
practice, due to the complex shape of blank parts, it is difficult
to determine a coarse datum to improve positional accuracy,
resulting in overcutting or undercutting. In addition, en-
terprises would bear a huge manufacturing cost of posi-
tioning and clamping devices for different castings. Thus,
large time cost for track teaching causes a lower efficiency and
cannot meet the production requirements of enterprises.
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In summary, developing a universal positioning method
and fixture for valve casting is of great significance. Fur-
thermore, the positioning device of valve casting should
meet the following two requirements: (1) for different types
of valve castings, the same positioning method and device
can be fixed on the same positioning clamping device, and
(2) for the same valve castings fixed on the clamping device
in the same position and attitude, the pouring riser cutting
will be completed using the same teaching program after
track teaching.

This paper discusses the positioning method and system
for automatic cutting pouring riser of valve castings by an
integration of machine vision, robot, network communi-
cations, artificial intelligence, and information processing
technology [13-16], to achieve the same body in the same
position, and the posture is clamped on the automatic
cutting equipment, with the same program to complete the
same valve pouring riser cutting, which laid a foundation for
automatic cutting of the pouring riser and solved the urgent
problems faced by enterprises. The research and develop-
ment work has broad application prospects, which can
significantly improve the economic benefits of foundry
enterprises and achieve good social benefits.

2. Positioning System Composition

The positioning system mainly includes the following: 6-
dOF industrial robot, 4 high-precision industrial infrared
cameras, computer, positioning disc, and flange. Robots,
industrial cameras, and computers are connected to switches
to form industrial Ethernet, which uses the TCP/IP protocol
for communication.

The positioning disc is positioned and mounted to the
end of the robot with the flange. The end of the robot is a
flange structure, the end face has a pin hole and a stopper,
users can achieve their own process equipment or precise
positioning between the actuator and the robot by the pin
hole and fixing structure; in addition, there are 8 bolt holes
on the end face to facilitate the user to install and fasten the
positioning fixture to the robot. The corresponding pin hole
and convex platform are designed on the flange plate, the
convex platform is loaded into the stopper, and then the pin
is installed into the pin hole of the flange and at the end face
of the robot to position the flange precisely on the robot.
Another pin hole is processed in the center of the flange, and
then there are two pin holes on the flange. The positioning
plate is processed with two pin holes which are corre-
sponding to the flange plate, and four bolt holes are pro-
cessed in the circumferential direction and installed on the
flange plate after positioning.

When the system is working, we place the body casting
into the work space at first and then place three marker balls
on the circular convex platform; an infrared camera would
measure the coordinates of the marker ball in the camera
coordinate system, and a computer would calculate the
motion parameters of the robot according to the coordi-
nates of the three marked balls; the robot takes the posi-
tioning plate and moves to the top of the body casting
according to the parameters (for the same valve castings,
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the position and attitude relationship between the posi-
tioning plate and valve body should be fixed. In this way,
the positioning clamping device on automatic cutting
equipment can be ensured with the same position and
attitude). After positioning, the operator connects the body
casting to the positioning plate by the welding steel for its
subsequent installation and positioning on the cutting
equipment.

The crucial problem is to solve the motion parameters of
the robot according to the position and attitude of the valve
casting, to ensure that the position and attitude between the
positioning plate and the valve are within the specified
deviation range after the same valve robot moves. In this
paper, coordinate transformation is used to solve this
problem. More detail about the principle of positioning and
the method of solving robot motion parameters will be
presented in subsequent paragraphs.

3. Positioning Principle and Algorithm

Four coordinate systems ((C), (R), (V), and (P)) are, re-
spectively, fixated on the camera, robot, valve casting, and
positioning plate. The main function of the system is to drive
the positioning plate from the initial position to move to the
upper part of the body and keep it in a fixed attitude re-
lationship with the valve. For the coordinate system, we
make the xoy plane of the positioning plate coordinate (P)
parallel to the xoy plane of the valve coordinate system (V),
the z-axis must coincide, and the origins differ by an ad-
justable height H. In order to calculate the robot motion
parameters to achieve the position and attitude relationship,
the transformation relationship between the body coordi-
nate system and the robot coordinate system needs to be
established. The following describes how to achieve this
principle and model by establishing the transformation
relationship between coordinate systems to calculate the
motion parameters of the robot.

3.1. Establishment of the Camera Coordinate System (C).
The camera system is a multicamera stereo vision system
[17-29] composed of 4 infrared cameras, which can measure
the object’s coordinates in 3D space. Calibration software
and calibration devices are provided by the manufacturer.
After the camera is installed and the working space is de-
termined, the establishment of camera coordinate system
(C) can be quickly completed according to the manufac-
turer’s instructions and software. The establishment process
will not be described in detail in this paper. The camera
coordinate system (C) is the bridge to link other coordinate
systems, the establishment and the transformation rela-
tionship of the other coordinate systems are realized by
establishing the transformation relationship between the
body casting coordinate systems (V) and (C), the trans-
formation relationship between the robot coordinates (R)
and (C), and the transformation relationship between the
location plate coordinates (P) and (C). The motion pa-
rameters of the robot are calculated according to these
transformation relations.
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3.2. Transformation Relationship between the Body Casting
Coordinate System (V) and the Camera Coordinate System
(C). Three circular convex platforms are casted according to
design reference, on which are placed the reflective marking
balls A, B, and C; the midpoint of the connection between A
and B is Oy, and we make sure that CO, LAB when casting.
The coordinates of the three reflective marker balls in camera
coordinates were obtained by camera shooting, which were,
respectively, denoted as

x4 X5 X¢

_ C _ C _ C
A=lys|B=|y5 |C=|c| (1)

o I P

When the valve casting coordinate system (V) is
established, Oy, is the origin of coordinates, vector AB is the
x-axis, the normal vector of the plane formed by A, B, and C
is z-axis, and the y-axis is determined according to the right-
hand rule.

The body casting coordinate system (V) can be regarded
as the coordinate system which coincides with the camera
coordinate system (C) after rotation and translation. Ro-
tation is the change of attitude, which can be represented by
a 3x3 rotation matrix, denoted by gR; translation is the
change of the origin, which is represented by a vector of
3 x1, and the origin of the valve casting coordinate system
(V) is Oy, which is denoted as O, in the camera coordinate
system (C); then,

-/ C C\ A
(x5 +x5)

2
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The unit vector on the x-axis of the body casting co-
ordinate system (V) is denoted by e‘c,x in (C); then,
AB
egx =— (3 )
AB

We connect CA and CB in the camera coordinate system
(C) to construct vectors CA and CB; then, the vector
corresponding to z-axis of the body casting coordinate
system (V) in the camera coordinate system (C) is the cross-
product of these two vectors, and the unit vector of the z-axis
of the body casting coordinate system (V)is denoted by e,
in the camera coordinate system (C); then,

CA xCB
egz == = (4)
CA xCB

The unit vector of the y-axis of the body casting coor-
dinate system (V) is denoted by e, , in the camera coordinate
system (C); then, egy is the cross product between the two

unit vectors, which are the x-axis and the z-axis of the body
casting coordinate system (V) in the camera coordinate
system (C) vector; then,

c c . C
ey, = ey, Xey,. (5)

In the camera coordinate system, the unit vector of x, y,
and z-axis can be expressed as

1 0 0
ecx =| 0 lec, =|1ec.=| 0| (6)
0 0 1

Then, the elements in the rotation matrix 8R can be

represented by the dot product between unit vectors ey,

c c : C
ey and €v: and unit vectors ecy. €c,, and o when ey,
ey and ey, are the unit vectors of x, y, and z-axis of the body
casting coordinate system (V) in the camera coordinate
system (C) and e, ecy, and e, are unit vectors of the x, y,
and z-axis of the camera coordinate system; then,
c c 9
€cx " Cyx €cxCyy €cxCyz
Cp _ c c c
vR=lecy, ey, ecy-ey, ecy-ey, | (7)

C C C
€cz Cyx €cz vy €czCy;

3.3. Transformation Relationship between Robot Tool Coor-
dinate System (R) and Camera Coordinate System (C).
The tool coordinate system (R) is at the end of the robot
which is formulated by the robot manufacturer. A posi-
tioning pin hole and a positioning stopper are at the end of
robot, origin of coordinates is the center of the stopper, x-
axis is the line between the center of the pin hole and the
center of the stopper whose direction is from the center of
the pin hole to the center of the stopper, z-axis is the axis
direction, and y-axis is determined by the right-hand rule as
aforementioned. The robot can be accurately positioned
through the convex platform and the positioning pin hole of
the flange.

In the stereo vision system, the traditional method to
determine the coordinate transformation relationship be-
tween the robot and the camera is complicated and difficult
to implement; therefore, this paper will adopt the following
methods to establish this relationship. A T-type calibration
rod is processed and manufactured, the corresponding
T-groove, the positioning pin hole, and the thread hole are
processed along the x and y-axis of the tool coordinates on
the positioning flange. Two marking balls D and E are placed
on the T-type calibration rod along the x-axis direction, to
ensure that D and E are symmetrically arranged on both
sides of the origin of the robot coordinates, and two marking
balls are placed along the y-axis. The coordinates of marking
balls D, E, F, and G in the camera coordinate system can be
obtained with the camera; the transformation relationship
between the tool coordinate system (R) and the camera
coordinate system (C) is established according to the similar
method in Section 3.2.



The robot coordinate system (R) is obtained from the
camera coordinate system (C) after rotation and translation.
It represents the change of attitude, which can be repre-
sented by a 3 x 3 rotation matrix, denoted by {R. Translation
is the change of origin, denoted by a 3 x 1 vector, and the
coordinates of the origin Oy of the robot tool coordinate
system (R) are €Oy in the camera coordinate system (C).

The midpoints of D and E are taken as the coordinate
origin Oy of the robot tool coordinate system (R), and the
coordinate of Oy in the camera coordinate system (C) is
Ocp; then,

( g+xg)'
2

(J’g ; }’g) ) (8)

C C
(25 +25)

L 2 i}

The unit vector on the x-axis of the robot coordinate
system (R) is indicated in the camera coordinate system (C)
as

DE
egx =—. 9)

DE

The unit vector on the y-axis of the robot coordinate
system (R) is indicated in the camera coordinate system (C)
as

FG
egy =— (10)

FG
The unit vector on the z-axis of the robot coordinate
system (R) is €%, in the camera coordinate system (C); it can
be obtained from the cross product of €%, and egy; then,

@ c @
€Re = €gy X €pye (11)

Elements in the rotation matrix {R is the dot product
between two unit vectors, in which one is the unit vector of
each coordinate axis of the robot tool coordinate system (R)
in the camera coordinate system (C) denoted by €5,., egy, and
€%, and another is the unit vector of the x, y, and z axes of the

camera coordinate denoted by ec,,ec,, andec,; then,
c C C
€cx " €rx €cx Ry €cxCprg
Cp _ c c c
rR=|ec, epc ec,-eg, ec,-eg; | (12)

C C
€cz " €rx €cz Ry €cz Cr:

3.4. Transformation Relationship between the Positioning
Plate Coordinate System (P) and Robot Tool Coordinate
System (R). The positioning plate is positioned on the flange
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through two pin holes; in this way, the position and attitude
between the positioning plate and the robot are fixed. We
establish the coordinate system (P) of the positioning disk
and take the line between the center of the two pin holes of
the positioning disk as the x-axis, the vertical orientation of
the positioning plate is the z-axis, the y-axis is determined
according to the right-hand rule, and the center of the
positioning plate is taken as the origin of the coordinates Op.
When the coordinate system of the positioning plate is
established in this way, its x and y axes are parallel to the x
and y axes of the robot tool coordinate system and their z-
axis overlaps. There is only translation between the posi-
tioning plate coordinate system (P) and the robot tool co-
ordinate system (R), and there is no rotation of the
coordinate axis. The rotation transformation matrix is an
identity matrix, denoted by

100
010]| (13)
001

R
pR =

When the thickness of the position plate is &, and the
thickness of the flange plate is hy, the coordinates of the
origin of the positioning plate coordinate system (P) in the
robot tool coordinate system (R) can be denoted by

0
O} = 0 . (14)

«(hy+hy)

3.5. Transformation Relationship between the Robot Tool
Coordinate System (R) and the Valve Coordinate System (V).
The function of the positioning system is to make the robot
drive the positioning plate to move from the initial position
to the upper side of the valve. At this time, the xoy plane of
the positioning plate coordinate (P) is parallel to the xoy
plane of the valve coordinate (V), and the Z axis coincides.
The distance of the origins of the coordinates is H, in which
H=h+{. Then, the translational motion of the robot can be
regarded as moving from its initial position to H + h, + h
on the z-axis of the body frame (V). Then, only the trans-
formation relationship between the camera coordinate
system (C), valve coordinate system (V), and the robot
coordinate system (R) needs to be considered.

The robot coordinate (R) overlaps with the camera
coordinate system after rotation and translation and then
moves again to the origin of the robot coordinate (R) to the
point P; its Z axis coincides with the z-axis of the body
coordinate system; its x-axis and y-axis are, respectively,
parallel to the x-axis and y-axis of the body coordinate
system (V), and the x-axis and y-axis are parallel to the x-axis
and y-axis of the valve coordinate system (V).Then, the
transformation relation between the robot coordinate sys-
tem (R) and the valve coordinate system (V) can be
established.
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TaBLE 1: The repeat positioning accuracy test.

Times 1 2 3 4 6 7 8 9 10

00’ (mm) 0.5 -0.6 1.9 0.4 1.6 -11 -12 -0.9 0.2

0 (°C) 0.1 -0.12 0.4 0.08 0.26 0.32 -0.23 -0.25 -0.18 0.04

The rotation transformation matrix between the valve
coordinate system (V) and the robot coordinate system (R)
is denoted by X R; then,

SR=FRxSR=SR" x$R. (15)

The coordinate of P in the valve coordinate system {V} is
VP; then,

0
Vp = 0 . (16)
H+h, +hg

The coordinate of P in the camera coordinate system {C}
is RP; then,

Cp ={R'P+“Oy. (17)

The coordinate of P in the robot coordinate system {R} is
Rp: then,

*p ={R'(°P - “0y). (18)
By substituting equation (17) into equation (18), we get
*p = R'(FRVP+ €0y - “0Oy). (19)

4. Calculation of the Robot Motion Parameters

According to the transformation relationship between the
robot tool coordinate system (R) and the valve coordinate
system (V), the motion parameters of the robot from the
initial position and attitude adjusting to the same position
and attitude with the valve can be calculated.

The adjustment of robot attitude is achieved by rotation
angles y, B, and « around xg, ¥, and zy of the robot tool
coordinate system; then, positioning between the posi-
tioning disc and the valve can be calculated as

y = Atan2[fR(3,2),5R (3,3)],

B= Atan2{—5R(3, 1), [ER(1L, D +[RR(2, 1)) } (20)

a=Atan2[RR(2,1),RR(1,1)].

The robot’s translation of xy, ¥y, and zy along the tool
coordinate system (R) is , Ax, Ay, Az.

Ax="P (1), Ay=FP(2), Az="P(3). (21)

After calculation, the motion parameters of the robot are
sent to the robot controller through industrial Ethernet and
the positioning between the positioning disc and the valve
can be realized according to the motion parameters.

5. Practical Application of the
Positioning System

The positioning system is established, including 4 infrared
cameras, Kawasaki robot, and computer. As a lot of matrix
calculations are involved in the positioning algorithm,
MATLAB 2017 software is installed on the computer to
realize the positioning algorithm and provide a human-
computer interaction environment.

The operation process is as follows: Click “static cali-
bration” button to realize automatic calculation of the ro-
tation matrix {R and the translation vector Py between the
robot tool coordinate system (R) and the camera coordinate
system (C). During the positioning operation, enter the valve
code and the height difference H between the locating disc
and the corresponding valve; thickness h, and flange
thickness h ; are automatically retrieved from the Excel table
by the system. The “Start” button is used to start the po-
sitioning system to read coordinates from the camera,
calculate the movement parameters of the robot, and control
the robot move to the upper side of the valve to achieve
positioning. The “Reset” button is used to reset the robot to
its initial position and attitude. Parameters of the new valve
or modified parameters of the old valve can be saved into the
Excel sheet by clicking “Save” button, and click the “Save”
button.

In order to verify the accuracy of the positioning
method, a cross laser is installed on the positioning disk and
the experiments are as follows: (1) the repeat positioning
accuracy test: fix the valve in a certain position, repeat the
positioning process for 10 times, and observe the center
position of the cross cursor and the deflection angle of the
cross line; (2) the random positioning accuracy test: move
the valve randomly, change its position and attitude, change
the position and attitude of the valve, and observe the center
position of the cross cursor and the deflection of the cross
line in every motion.

6. The Error Evaluation Method

In order to evaluate the precision of repeat, after the first
position, mark the center and the projection line of cross
laser on the valve castings (solid lines x and y and point O).
The deviation, of the projection line and the center (dotted
linesx and y and point O') from the first projection line
and center was compared in the subsequent positioning.

In the deviation between the cross laser, the translation
error is evaluated by the distance OO’ and the angle posi-
tioning error is evaluated by 0. According to the geometric
relationship, it can be calculated as
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TaBLE 2: The random positioning accuracy test.
Times 1 2 3 4 5 6 7 8 9 10
00’ (mm) -24 -0.06 -1.84 2.37 -2.41 -2.7 0.341 1.6 -1.12 -1.92
0 (°C) -0.49 -0.01 -0.38 0.48 -0.49 -0.51 0.07 0.33 -0.23 -0.39
Y ele) Acknowledgments
O=tan | — |, (22)
OOy

where OO = H + h, + hy.

In the test, the thicﬁness of the positioning plate is
h,, = 40mm, the thickness of the flange is h; = 40mm, and
the positioning height is H = 200mm, and then OOy =
H +hy, + hy =280mm.

The data of the repeat positioning accuracy test are
shown in Table 1, and the experimental data of the random
positioning accuracy test are shown in Table 2.

The test results show the following: (1) in the repeat
positioning accuracy test, the position error is within +2 mm
and the angle positioning error is within £0.5°C; (2) in the
random positioning accuracy test, the position error is also
controlled within +3 mm and the angle positioning error is
controlled within +1°C. The results show that the positioning
method is effective.

7. Conclusion

To solve the problem of locating the valve on cutting
equipment in automatic cutting of pouring riser after valve
casting, a positioning system integrating stereo vision, robot,
and information processing technology for automatic
pouring riser cutting of valve casting was designed, using the
principle and method of coordinate transformation. We
establish a coordinate relationship between the rotation and
translation by fixing the coordinate system of the valve
castings, positioning plate, robot, and camera. We calculated
the motion parameters of robot in the working space and
realized that the positioning plate can be positioned to the
upper side of the same type valve casting with the same
position and attitude. The experimental results and the
actual cutting show that the proposed positioning method
has high positioning accuracy, satisfies the cutting accuracy
requirements of valve castings, and has a wide application
prospect.

Data Availability
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