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CONTROL AND MEASUREMENT ROBOT FOR DETERMINING THE GEOMETRIC
PARAMETERS OF LARGE SHELLS OF REVOLUTION: METROLOGICAL ANALYSIS

A. N. Shilin, D. G. Snitsaruk, and N. S. Kuznetsova UDC 67.05

An important problem for the domestic machine building industry involving the development and intro-
duction of modern means of monitoring the geometric parameters of shells of revolution as basic details
of aerospace technology, oil and gas, chemical, and power production equipment is examined. The main
methodological and instrumental errors in a design-control and measurement robot for determining the
geometric parameters of large-scale shells of revolution which depend on the parameters of the computer
vision system are analyzed. A scheme for measuring the geometric parameters of a shell is proposed, the
methodological and instrumental errors of the robot and their analytic dependences on the computer vision
system are obtained, and ways minimizing these errors are identified. The analytical dependences are used
for a metrological analysis of a real prototype computer vision system and the applicability of the chosen
robot structure is demonstrated. The relative measurement error is less than 0.3%, which meets the require-
ments of standards documents.

Keywords: computer vision system, control and measurement robot, monitoring of geometric parameters,
metrological analysis, shells of revolution.

Introduction. A hollow cylindrical component, a shell, is a basic part of aerospace technology, and of oil and gas,
chemical and power production equipment. A shell is produced by bending sheet material. The technological accuracy of shell
manufacture has a significant effect on the productivity of work involving the assembly and installation of equipment and
on the operational characteristics of completed production, i.e., it determines the quality of the output production. The basic
operation of the technical process that determines the technological precision of a part is the straightening of the shell, i.e.,
the adjustment of the shape in the transverse cross section of the shell. This operation is carried out with rotation of the shell
in the cylinders of the sheet bending machine owing to the local bending force which is created by movement by the moving
cylinders. The technology for assembling the housings affects the productivity in setting up internal parts, the quality and
operational characteristics of the output production. The level of working strains in the shells has the greatest influence on
the characteristics of the equipment. The main influence on the degree of stress concentration is from the relative shifts of the
edges of the adjoining shells of the housing of the equipment before they are welded. This shift is regulated by the standards
document GOST R 52630-2006, “Vessels and Apparatus for Steel Welding. General Technical Conditions,” and is measured
from the average surface in joints, and is determined by the shape of the intersection of the shells, their mutual position, and
should not exceed 10% (no more than 3 mm), the thickness of the shell sheets. Stricter specifications are given in GOST
R 52630-2006 for annular and longitudinal seams in bimetal vessels from the side of the corrosion resistant layer. Since the
tolerance is 1% of the nominal diameter of the finished shell during assembly, while the shift of the edges owing to the thick-
ness owing to the thickness of the sheet material, for large overall sizes of the housing the limit on the shift in the edges is not
always feasible. This conflict can be resolved by individual selection of the abutting shells and their relative angular position,
and this requires information on the sizes and shape of the transverse cross section of the shells.
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At present, a manual method for control of the sheet bending machine is mostly used in factories; here the shape
of the shell is controlled by contact methods, in particular with the aid of templates. Production techniques of this kind for
monitoring and control have become obsolescent and do not meet the ever increasing requirements. The sheet metal bending
equipment currently used in most enterprises is not equipped with modern systems for monitoring the shape of the transverse
cross section of shells. In addition, to reduce the effort, the shells are heated to 1000°C before technical processing for shap-
ing. The time for shaping parts on cooling to the permissible temperature of 600°C is limited, so that it is necessary to increase
the monitoring capability. It is difficult to analyze foreign means of monitoring since the technical equipment is strategic and
its supply to other countries is limited, and if this equipment is delivered, then it is without means for monitoring and control.
For this reason, information on the developments by foreign firms is limited. The Haeusler firm (Germany), which produces
sheet metal bending equipment, has developed an opto-electronic device for control of the technical process for straightening
shells, which monitors the radius of curvature in the zone of the shafts of the metal bending machine by a triangulation method
over three points [1]. The authors of this paper have found that the error in the triangulation method owing to the ripple in
sheet metal workpieces and deformation of shells during shaping in the shafts of the machine may be large, i.e., this method
is not suitable for monitoring the shape of shells.

Thus, for domestic machine building it is important to develop and introduce modern means of monitoring the
geometric parameters of shells as they are being shaped. Computer vision systems, which solve the problem of recognizing
objects, can be used as means of control. However, the recognized objects do not impose special requirements on the accuracy
of determining the dimensions. Here the main requirement for a measurement system in the form of a control-measurement
robot containing a computer vision system is to ensure the required accuracy for the measurement processes which are regu-
lated by the corresponding government and specialist standards.

The purpose of the present study is a metrological analysis of a projection control-measurement robot, i.e., to de-
termine and account for its basic methodological and instrumental errors, which depend on the parameters of the computer
vision system, to propose means for minimizing them, and, based on an analysis, to make a well justified choice of the com-
ponents and parameters of the main parts of the robot.

The control and measurement robot. The task of the control and measurement robot is to determine the coordi-
nates of the contour of the transverse cross section of the shell with respect to the center of the contour [2—4]. To solve this
problem, the authors of this article have used a digital camera which determined the coordinates of the contour with respect to
its center in digital form as a measurement converter for the computer vision system. As opposed to the analog optoelectronic
measurement converters for which analog-to-digital conversion takes place, the digital camera produces a spatially discrete
image sample which makes it possible to eliminate some components of error. It should be noted that at present there is a wide
choice of matrices for the camera which can provide the necessary error in discrete sampling of an image.

Figure 1 shows a structural diagram of the control and measurement robot, which consists of a digital camera / and
a two-coordinate mechanism (vertical 4 and horizontal 5 axes with carriages) to move it. The carriages move with a cable
system and stepping motors. The camera records an image of the profile of the transverse cross section of the part, and the
center of the shell 3 is found by searching for the geometric center of gravity. Then the camera is set at the found coordinate
of the center of the shell, an image of the profile of the transverse cross section is again recorded, and the center of the shell
is determined again. The search process continues until the deviation of the center of the camera image from the center of
the part is as small as possible. After positioning of the camera at the center of the last image, a profilogram is recorded with
respect to the coordinates of the points in the contour of the transverse cross section and then the geometric parameters of the
part are determined.

Analysis of the errors in the control and measurement robot. In the metrological analysis, specific features of the
object of measurement were taken into account. Since the shells of housings for different purposes have a large size (with a
diameter up to 10 m), the absolute technological error is 10 and 50 mm for diameters of 1 and 5 m, respectively. A specifica-
tion for the error on the robot equal to the 0.3 tolerance, i.e., 0.3%, was set. Since the absolute tolerance is relatively large, in
analyzing the errors the methods of geometrical optics were used. In this case, the distortion error has the largest influence on
the overall measurement error of the optical components. The measurement error consists of two components:

— the error in the optical measurement converter (digital camera) which contains sampling and distortion errors;
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Fig. 1. Structural diagram of the control and measurement robot: /) primary projection measurement transducer;
2) laser rangefinder; 3) shell; 4, 5) vertical and horizontal guides, respectively.
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Fig. 2. Optical scheme for shooting with a camera.

— the error in basing the optical measurement converter which includes the instrumental error of the apparatus for
monitoring the distance to the object (the error in the laser phase range finder).

Sampling error (resolving power) is expressed as the ratio of the dimensions of an elementary area of the real ob-
ject and that of a single pixel of the image corresponding to it, obtained with the aid of the camera. We consider a simplified
optical layout for recording the image using a camera with a transverse cross section in the end plane (Fig. 2). To obtain the
length and width of an elementary area /, of the real object corresponding to a single pixel of the image, it is necessary to find
the angle a and the visible area A along the horizontal and vertical. On converting the dependences described in Ref. 5 into a
single expression, we obtain the desired value,

.= Lh/(Nf), (1)
where L is the distance to the object, £ is the size of the camera matrix, N is the size of the image, and fis the focal distance.

The parameters L, i, and f are measured in millimeters and N, in pixels. The elementary object of the real object is
directly proportional to the distance to the object and decreases nonlinearly (with a hyperbolic dependence) for a increasing
focal distance.

The relative sampling error 8, when measuring an element of the profilogram is defined as

o, =[(R+1)-R]/R100, )
where R is the radius of the part.
For minimizing this error, it is possible to increase the resolution or the focal distance of the camera.
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Fig. 3. The deviation from coaxiality of the optical center of the camera and the center of the transverse cross
section: R is the radius vector; Ax and Ay are the offsets relative to the center (0; 0) of the measured part.
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Fig. 4. Visualization of the distortions for a circle of radius R (a) and a square with side B (b).

yx

Distortion error. The radial distortions are the aberrations in optical systems for which the linear magnification co-
efficient varies with distance of the imaged objects from the optic axis (the displacements Ax and Ay in Fig. 3). Here the geo-
metric similarity between the object and its image [6] is violated. As a result of the distortion, the straight lines of the recorded
objects that do not intersect the optic axis are reflected in the form of bent arcs. The angles in the image of a square the center
of which coincides with the optic axis may fall outside or, oppositely, be “drawn” inward so that the square becomes similar
to a pillow or a barrel. A “pillow” distortion is regarded as positive, so the distance from the optical center along it increases.
A “barrel” distortion [7] is regarded as negative, since it shrinks the distance from the optical center (Fig. 4).

We now determine the error introduced by a third order distortion. We assume that the real magnification coefficient
equals unity (no magnification) and take the point contour of a circle of known radius R with its center at the coordinate origin
and no distortion and apply a third order distortion £} to it with different values. The coordinates of the circle with distortion

will be equal to [7]

xd:x+F3x(x2 +y2)1/2; yd=y+F3y(x2 +y2)1/2;

Thus, the absolute AR and relative . errors for each measurement of the radius in the profilogram are given by
AR = {[x + Fyx(® + )"+ [y + Fay(x? + y) P31
OF = [(R + AR) — 2R]/R-100. 3)
This error is statistical, so it is possible introduce a correction after determining a third order distortion of the cam-

era. The contours constructed from the obtained points on a plane are shown in Fig. 4a, when it follows that the third order
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distortion does not distort the shape of the circle, but only changes the diameter of the proportional distortion. For a more
complicated shape, however (e.g., a square with side B), significant distortions will be observed in the shape (see Fig. 4b).

There are two approaches to eliminating the influence of distortion on the measurement result: using high quality
orthoscopic optics; programmed calibration of each specimen of the camera. The second approach offers more promise, since
the calibration process is automated and built into the modern program library for operating with the image.

Errors in basing. Errors in basing arise in connection with deviations in the optical axis of the converter from the axis
of the part owing to deviations from coaxiality of the optical center of the camera and the center of the transverse cross section
of the part, instability in the distance between the part and the camera, as well as with deviation from parallelism between the
transverse cross section of the part and the image plane of the camera.

Deviation from coaxiality of the optical center of the camera and the center of the transverse cross section of the part
arises from gaps in the two-coordinate mechanism (see Fig. 3), which leads to displacements Ax, Ay relative to the center of
the measured part. These displacements cause an error in the eccentricity which affects the accuracy of the profilogram mea-
surement of the transverse cross section. The measured radius vector R’ of the profilogram taking the eccentricity into account
will appear as the sum of the vectors R and e, with

IR| = [(x + Ax)* + (v + Ay)*]"2.
The relative error in measuring the radius is defined by
d, = (R| - R)/R100. 4)

The deviation in the distance between the part and the camera from a specified distance mainly depends on the in-
strumental error of the apparatus that is monitoring this distance. Given the error in the distance between the camera and the
object, AL owing to instrumental error of the rangefinder, and Eqgs. (1) and (2), we write the sampling error in the form

8, = {[R + h(L + AL)/(NH)] — R}/R-100.

This error, as described above, is minimized by an interactive method of searching for the center of the transverse
cross section of the part, with which the agreement between the centers of the image plane and the measured part is checked
in each step.

The deviation from parallelism between the transverse cross section of the part and the camera image plane is related
to mechanical free play of the two-coordinate mechanism, so that the camera is inclined along one of the axes by a certain
angle (Fig. 5). For a deviation from parallelism, the distance between the camera and the part changes by an amount AL,
(negative for the upper boundary of the images and positive for the lower), which also influences the relative sampling error.
The value of AL, depends on the region of visibility A of the camera and its angles of inclination y and survey o

AL, = (Asiny)/[2sin(0/2 —y + /2)]; A =2Ltan(a/2); o = 2arctan[A/(2f)].
Therefore, with all the deviations taken into account, the relative sampling error is given by
O, =A{[R+ h(L + AL + AL )/(Nf)] — R}/R-100. 5)

The resulting relative measurement error for this computer vision system of the robot will be determined from
Fas- (reyas 5= (82 +02+v28)".

To verify the theoretical analysis, we have used a prototype of a system [8] containing a digital IP-camera IP-33-
OH40BP (ORIENT, China) with a horizontal matrix size 4 = 4.8 mm, horizontal resolution N = 1920 pixels, objective focal
distance f = 3.6 mm, and distance to object of 1000 mm. The apparatus for monitoring the distance to the object was a laser
phase rangefinder with an instrumental absolute error AL = £2 mm; displacements Ax = +0.004 mm, Ay = £0.004 mm were
taken in accordance with a fitting tolerance class of 3. For the initial value of the radius, we take the point from a manual
profilograph with parameters R = 384 mm, x = 384 mm, y = 0. We specify a distortion of third order F; = 2- 107 and an angle
of inclination for the camera of y = 15° (including the turning of the part itself). We get errors 8, = 0.001%, 8, =0.077%, and
0, =0.108% with a resulting relative error 8 = 0.15%.
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Fig. 5. The deviation from parallelism between the transverse cross section of the part and the plane of
the camera image: I) stand with camera mount; 2) camera; 3) part; A — field of view; AL, — deviation of
the distance between the camera and the part.

Thus, the largest contribution to the measurement error of the geometric parameters of parts in the form of large-

scale shells of rotation originates in the deviation from parallelism between the transverse cross section of the part and the

image plane of the camera.

Conclusion. The analytic dependences for the errors of the robot on the parameters of the computer vision system

given in this article can be used carry out a metrological analysis of the robot, to minimize these errors, and thereby chose a
justified component composition and parameters for the main parts of the robot. Introducing a robot in various branches of
industry, e.g., aerospace, power production, oil and gas, etc., will make it possible to enhance the quality and reduce the cost

of the output production.
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