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Abstract. The issue of designing a vision system based on algorithmic and mathematical support is considered.
A flexible production system for the manufacture of evaporators of refrigeration units was chosen as the object of re-
search. The analysis of existing projects of technical vision systems (TVS) for quality control of products — evapora-
tors installed on an industrial robot. The purpose and main issues of the implementation of algorithmic and software
for the functioning of the TVS and its architecture in accordance with the specifics of the object under study are set.
The general scheme of functioning of subsystems of automated design of TVS for quality control of evaporators on a
production stream of the flexible production system is offered. A mathematical model has been developed for identi-
fying the evaporator blank, taking into account the corresponding coordinate system, the origin of which is the geo-
metric center of this object, and the X-axis is formed by the largest radius of the image under consideration. The de-
scription of the TVS is given taking into account the interaction of the TVS correlator with the graphical terminal.
When working with the TVS correlator, the evaporator surface that needs to be recognized is placed in one of the sta-
ble states on the working surface of the system, where the orientation coordinates of the evaporator positions are de-
termined. The calculation of the memory volume of the storage system of the correlator TVS is carried out. The issue
of forming a working scene for the TVS correlator of an industrial robot by sequentially performing operations to set
graphic images of objects in a given array is considered. At the same time, its reflection coefficient (0-100%) is set for
each evaporator model.
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TEXHHUYECKOr0 3peHHus THOKOH NMPOU3BOACTBEHHOM CHCTEMBI
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AHHOTanus. PaccMoTpeH BoIpoc NPOEKTUPOBAHHSA CUCTEMBI TEXHHYECKOIO 3PEHMs HA OCHOBE aITOPHUTMHYECKOIO
U MaTeMaTuueckoro obecneueHus. B xadecTBe 00bekTa HCCie0BaHuUs BbIOpaHa ruOKast IPOM3BOJICTBEHHAsI CUCTEMA
JJIA U3TOTOBJICHUA ncnapMTeneﬁ XOJIOAUJIBHBIX YCTaHOBOK. HpOBeﬂeH aHaJIn3 CYUIECCTBYIOUIUX IPOCKTOB CUCTEM
texHndeckoro 3peHus (CT3) mms KOHTpos KadecTBa MPOLYKIMN — UCTIAPUTENSH, YCTAaHOBIEHHBIX Ha MPOMBIILICH-
HOM pobore. [TocTaBieHs! LieJb 1 OCHOBHBIE BOIPOCH! pealn3aliy alTOPUTMUYECKOTO U IIPOTrPaMMHOT0 00eCTieueHus
¢yukunonuposanus CT3 U ee apXUTEKTypsl B COOTBETCTBHHU CO CrielU(UKON HcciaeayeMoro oobekra. [Ipenoxkena
obmas cxeMa (pyHKIIHOHUPOBAHHMS ITOJCHCTEM aBTOMAaTH3MPOBAaHHOTO IpoektupoBanns CT3 a1 KOHTPOIS Haj Kade-
CTBOM HcIlapuTeel Ha MPOM3BOACTBEHHOM IOTOKE T'MOKOM MPOU3BOACTBEHHON cucteMbl. PazpaboTana maremaruye-
CKasl MOJIeJIb JJIsl OIIO3HABAHUS 3arOTOBKHM UCIAPUTEJNS C YY€TOM COOTBETCTBYIOIIEH CHCTEMbl KOOPAMHAT, HAYalIOM
KOTOPOH SIBIIAETCS TEOMETPUIECKHI IEHTP AAHHOTO 00BEKTa, a 0Ch X 00pa3yeTcst caMbIM OOJBIINM PaJHMyCOM pac-
cMaTpuBaeMoro n3obpaxenus. Jlaercs onucanne CT3 ¢ yuerom B3aumopaeiicteust koppensitopa CT3 ¢ rpaduueckum
tepmuHaioM. IIpu pabore ¢ koppensropom CT3 moBepXHOCTb HCHIAPUTEINS, KOTOPYIO HEOOXOAMMO pacIo3HaBaTb,
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MMOMEILIAIOT B OJIHO U3 YCTOMUYMBBIX COCTOSHUN HA paboueil MOBEPXHOCTH CUCTEMBI, TJIe ONMPEISNIAIOTCS KOOPAMHATHI
OpHUEHTAIIMH MO3UIKKI ucnapurens. [IpoBoauTcs pacdeT oObeMa maMsaTH 3allOMHUHAIOIIEel cucteMsl kKoppeistopa CT3.
PaccmarpuBaetcs Bonpoc hopmupoBaHus padoueid cueHsl s koppensitopa CT3 mpoMbIIUIEHHOTO poOoTa MmyTeM
MOCJIEI0OBATEIILHOTO BBITIOJHECHUS ONepaluid 3aganus rpadguyeckux o0pa3oB 0O0BEKTOB B 3alaHHOM Maccuse. Ilpu
9TOM JUTs KQXKIOH MOJIENTN HCapuTes 3anaetcs kodddumuent ero orpaxkenns (0—100 %).

KaroueBble ¢jI0Ba: cHCcTeMa TEXHHYECKOTO 3peHus, HpOMBIIHHeHHBIﬁ pO6OT, rubKas NpONU3BOACTBCHHASA CHUCTEMA,
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MBI TEXHHYECKOTO 3pEHHs TMOKOH NMPOM3BOJICTBEHHON cHcTeMBbl / BecTHHK AcCTpaxaHCKOTO TOCYIapCTBEHHOTO TeX-
HHUYecKoro yHuBepcutera. Cepust: YmpapieHHe, BEIUHCIUTENbHAS TEXHUKAa U MHpopMaruka. 2023. Ne 4. C. 26-32.
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Introduction

The process of designing standard elements of con-
trol and monitoring of the FPS, the object of study
of which is a technical vision system (TVS), due to the
flexibility of the controlled program, as well as the
machine representation of three-dimensional models
of objects, is a complex multi-stage process [1, 2]. At
the same time, at the initial stages of design, in order

to obtain TVS data in the process of recognizing
a defect in a manipulated object (MO) moving on a pro-
duction line, it is required to create information, mathe-
matical and algorithmic support. The general scheme
of functioning of subsystems of computer-aided design
of the TVS on the production flow of the flexible pro-
duction system (FPS) [3] is shown in Fig. 1.
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Fig. 1. The general scheme of functioning of subsystems of computer-aided design
of the TVS on the production flow of the FPS

Functional analysis of TVS on the production
flow of the FPS

The subsystem for simulating the movement of an
industrial robot’s hand and modeling its working area
in the general scheme of computer-aided design of the
TVS is designed to determine the kinematic parame-
ters of the workpiece in the process of moving its hand
from the positioning manipulator of the automated
transport system, where it is captured, before it is
loaded into the equipment [4].

Structural dimensions (4; x B;) of the workpiece
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moving in the space of the working zone of the indus-
trial robot (IR), depending on the type of manufactured
product. Based on the assessment of the possibility
of achieving PR of individual sections of the working
area, spatial coordinates are formed, which are used in
a flexible control program for an IR [5].

The study of the production modules of the FPS
found that the PR, after capturing the workpiece from
the positioning manipulator, moves it along a given
ellipsoidal trajectory [6]. In accordance with the trajec-
tory of the movement of the arm of an IR together with
the workpiece, its length is determined as follows [6]:
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where /, — distance of trajectory; Y;,; — initial coordi-
nate at Y axe; A4;, B;, C; — respectively, the geometric
dimensions of the manipulation object; Z,,;, — initial
coordinate at Z axe; B — the angle of rotation of the IR
arm when installing the manipulation object on the
technical equipment (TE); X, — position coordinate

T

2 TR
S.,.=2[sinBdp(¥,,+ B)Z,,+ C)+ X, ,+B)Z,+C)+ T(Z
0

where S, — working area zone; Z, — transmission at Z
coordinate is the movement of the IR hand up and down
along the Z axis.

The vision programming module provides simula-
tion of the camera view area, including the generation
of characteristics of the actuators, technological
equipment are located in the view area and the simula-
tion of various relationships between them.

The subsystem of the database of design automa-
tion, which is used by the TVS of IR in the process
of work, includes geometric descriptions of objects
and profiles of FPS sample objects, previously placed
in front of the TVS camera. Based on the information
stored in the database, a control program is prepared
offline and presented to the controller that controls the
movement of the IR. The formation of computing de-
sign data of the IR vision system is initiated by issuing
queries to the database.

Information (technical characteristics and graphic
images) about other active elements can be obtained in
a similar way, as a result of a query in the database.
The database of the TVS computing design of the IR
also contains information about the location and orien-

AZ z
2 2
B B
K= Yinir +t— T:vl }Iinit - T:VZ
2 2
Zpw—h —>Ta Z,,—h —>T
1 1

where K, — general coordinates suiting the working
zone of IR; A, — the length of the gripping device
(memory) IR; z — the width of the memory IR; Tx,
Tx,, Tx;, Tx4 — coordinate points of the memory of the
IR along its perimeter, along the X axis (point 7);
B, — the width of the gripping device (memory) IR;
Ty, Ty, Tys, Ty, — coordinate points of the memory
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of TE at X axis; Z, — position coordinate of TE
at Z axis; R — the radius of the rotational movement
of the arm IR, performed when it passes from the co-
ordinate system 0YZ to the coordinate system X0Z.

Accordingly, the area of the working zone of the
IR is determined as:

init + Ci + Ztr)
tation of the camera in relation to the plane of the work-
ing plane and the names of the objects of manipulation.

The TVS correlator identifies FPS objects taking in-
to account the corresponding coordinate system, the
beginning of which is the geometric center of the object,
and the X axis is formed by the largest radius of the im-
age under consideration. The Y-axis is perpendicular
to the X-axis and lies in the image plane, and the Z-axis
is directed perpendicular to the work surface. In the
process of operation, the visual system determines the
location of the recognized object by converting the
X, Y coordinates of the geometric center of the observed
object into the corresponding coordinates on the work-
ing surface. This transformation is set as a result of the
calibration of the “camera - working surface” system
(Z — coordinate of the object — coincides with Z — coor-
dinate of the working surface). The TVS correlator also
performs the necessary transformations to obtain the IR
capture points in three-dimensional space, which, in
accordance with the coordinates of the IR trajectory,
are determined as follows:

— for point 7, the coordinates of the gripping device IR;

—é — T3 ﬁ —> Txa
2 2
B B
Xm't - - 7}3 Yinit - - TV4
2 2
Zz'm't - hz —> Tz3 Zinit - h: —> Tz4
1 1

of the IR along its perimeter, along the Y axis (point 7);
h, — the height of the gripping device (memory) IR; 7z,
1z, Tz3, Tz, are the coordinate points of the ID memory
along its perimeter, along the Z axis (point 7);

— for point C coordinates of gripping device IR:



Vestnik of Astrakhan State Technical University.

Series: Management, computer science and informatics. 2023. N. 4

ISSN 2072-9502 (Print), ISSN 2224-9761 (Online)

Control, modeling, automation

Az —->C, _4s ->C,
2 ’ 2 ’
B:
KzZ = Y/in +7 - Cyl Yﬁn+ %—)CV‘,Z
Zﬁn —h:— Czl Zﬁn —h:— sz
1 1

where K., — general coordinates suiting the working
zone of IR; Cq, Cy, Cy3, Cyq — coordinate points of the
memory of the IR along its perimeter, along the X axis
(point C); Yy, — final coordinate at Y axe; C,;, Cys, Cy3,

|
_é_)Cﬂ é_)cxéi
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B: B:
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its perimeter, along the Y axis (point C); Z;, — final
coordinate at Y axe; C,;, C.,, C.;, C.4are the coordinate
points of the IR memory along its perimeter, along the
Z axis (point C);

— for point D gripping device coordinates IR:

C,4— coordinate points of the memory of the IR along
Xﬁn+&—>DXl Xﬁ”+&—>l)x2
2 2
AZ AZ
Kz3= 2 _>Dy1 2 _)Dyz
Zﬁn _hz_)Dz] Zﬁn_hy_)DZZ
1 1

where K,; — general coordinates suiting the working
zone of IR gripper along coordinates of D,; Dy, Dy,
D3, D,y — coordinate points of the memory of the IR
along its perimeter, along the X axis (point D); D,;, Dy,
D3, D,y — coordinate points of the memory of the IR

B, B
Xﬁn _7 - Dx} Xﬁ,, _7 d Dx4
Az Az
- Dy - =D,
2 »3 7 4
Zﬁn _hl_)Dﬁ Zﬁn _hz_>Dz4
1 1

along its perimeter, along the Y axis (point D ); D, D.,,
D.;, D4 are the coordinate points of the IR memory
along its perimeter, along the Z axis (point D);

— for point N, the coordinates of the gripping de-
vice IR:

B: B:
Xinir_7—>Nx3 Xinit_7_>Nx4
AZ AZ
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where K., — general coordinates suiting the working
zone of IR gripper along coordinates of N,; N, Ny,
N3, Ny — coordinate points of the memory of the IR
along its perimeter, along the X axis (point N); N,i,
Ny, N3, N, are the coordinate points of the IR
memory along its perimeter, along the Y axis (point N);
N.1, N, N, N,y are the coordinate points of the IR
memory along its perimeter, along the Z axis (point ).

The interaction of the TVS correlator with the
computing design is carried out by selecting from the
set (“menu”) specified on the screen of the graphic
terminal. When working with the TVS correlator, the
objects that need to be recognized are placed in one
of the stable states on the working surface of the sys-
tem. Then he determines the coordinates of the orien-
tation of the MO positions necessary to capture the IR.

When creating TVS correlator, it becomes neces-
sary to develop the hardware and software of the sys-
tem. In this regard, the radiation source, the receiving
optical system, the parameters of the optical radiation
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receiver and the electronic path for processing the op-
tical information signal (video signal) are selected, the
efficiency of the methods for obtaining the transfor-
mation and image analysis is evaluated, the methodo-
logical and instrumental errors in measuring the pa-
rameters of the FPS objects are determined.

One of the main parameters in calculating the TVS
correlator is the amount of memory of its storage sys-
tem, i. e. the amount of information that needs to be
remembered. This parameter is defined as [6]:

I, = NiN.(log,m,+1og,m>)

where N; — number of memorized image frames;
N, — number of image decomposition elements;
m; — number of gradations of brightness; m, — the
number of colors in the image.

In the complex, optical information is obtained us-
ing real optical information sensors, which are selected
according to the permissible parameters: error, which
determines the accuracy class of the sensor; measure-
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ment limits with guaranteed accuracy; the influence
of the physical parameters of the controlled and the en-
vironment on the normal operation of the sensor; pres-
ence at the installation site of sensors for its normal
functioning of vibrations, magnetic and electric fields;
the distance over which the information emitted by the
sensor can be transmitted; limit values of the measured
value and other parameters of the environment.

The formation of a working scene for the correlator
of the TVS of IR is performed by sequentially per-
forming operations for setting graphic images of ob-
jects in a given array. In this case, for each object
model, its reflection coefficient (0-100%) is set [7].

The model of a rectangle, which forms the basis
of each working area of the active elements of the flex-
ible production manufacture (FPM) for manufacturing,
is written as [8]:

U, if x—A<(@—-x)cos@+(j—y)cos@+x<x+4;

Aout,, (i, j) =
Ainy, (i, j),

where Aout,, (i, j) — output parameters of the working

zone of IR gripper drawing rectangle figure with vec-
tors i and j; U, — reflection coefficient of the work-
piece; x, y are the coordinates of the position of the
centers of the rectangle in rows and columns;
A — a side of rectangle along X coordinate at drawing
trajectory; B — a side of rectangle along X coordinate at
drawing trajectory; @ — angle of rotation of the rectan-
gle around the center; Ain,, (i, j) — initial parameters

of rectangle figure getting at vectors i and j (along
coordinates X and Y).

The transformation and analysis of the image is
carried out by the software of the complex, designed to
develop and analyze the effectiveness of the algorith-
mic and software of the TVS correlator. The hardware
includes a computer system with a video control de-
vice and a simulator of the working area of the ele-
ments, blanks with lighting devices. The developed set
of technical means is used to receive and input video
signals from normalized images into the computer
system, which are determined depending on the optical
properties of the object and background, the magnitude
and direction of their illumination, as well as the pa-
rameters of optical radiation and the video signal input
unit to the computer [9].

The TVS control unit circuit begins to function
when there is a workpiece in the IR fixation zone. Af-
ter fixing the workpiece, the image sensor transmits
video signals to the control computer by means of the
video signal input unit, where, after processing infor-
mation about the state of the objects, the executive
commands are transmitted to the IR actuator. To in-
crease the level of illumination of the smooth and oval
surface of the workpiece, the image sensor of the TVS
is supported by lighting means.
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y=B<(j—y)cosp+(i—x)cos@+x < x+B;

at other cases

The camera is installed above the IR of the automat-
ic conveyor at the input of the production module of the
FPS. When the workpiece appears in the field of view
of the camera (when the workpiece is fixed on the ac-
tuators), it detects defects by observing its surface.
If there are defects on the surface of the workpiece, the
video information is sent for recognition to the infor-
mation processing preprocessor system, and then to the
video processor, where the latter acts on the IR control
system, which captures and moves this product. Upon
receipt of video information about the presence
of a defect on the workpiece, the gripper IR after its
capture, sequentially moves straight up along the Z axis
(Az), rotates around the coordinate Z axis by an angle
of @; and moving down along the Z axis (2 Az), sets the
workpiece on the table for defective products. Further
along the same trajectory, the PR arm returns to its orig-
inal position. In the absence of a defect in the work-
piece, after its capture, the IR hand will move the fin-
ished MO to the position of the nearby IR.

The process of obtaining information from video
sensors is associated with the coordinate systems
of the product and the camera. The kinematical con-
nection of the workpiece and camera coordinate sys-
tems is represented as:

(1

where M,' — the inverse transformation matrix,
M, — which describes the position of the camera coor-
dinate system relative to the IR gripper; M, — matrix
of the relative position of the IR gripper during its rec-
tilinear downward movement. On Fig. 2 shows a block
diagram of the developed TVS of IR, which operates
in the production module of the FPS sections.

M’A :Mk71M1129
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Fig. 2. Block diagram of TVS of IR for visual control of a tool in the production line

As seen from Fig. 2, the block diagram consists MO, in the presence of a product on the IR, to recog-
of an information processing processor, a video pro- nize defects along the perimeter of a flat product, se-
cessor, a buffer memory that is part of the computer, quentially rotates around the ¥ and X coordinate axes.

IR control system and a television camera installed on Transformation matrices M;, describing the posi-
the production line. The computer output is connected  tion of the camera coordinate system relative to the IR
to the IR control system. memory are written as follows:

The camera that monitors the movement of the

cos(B, +B,)  [sin(B, +B,)sin(d, +5,)] [sin(B, +B,)cos(3, +3,)] 0

3 li[ 3 0 cos(d, +9,) —sin(9, +9,) 0 @)
M= MU= Gin, +B,) [cos(B, +B,)sin3, +3,)] [cos(B, +B,)cos(3, +5,)] 0
0 0 0 1

where M), — inverse matrices getting on i positions of the relative position of the IR memory, where can

trajectory of IR; B, and B,, §, and &, — respectively, the  obtain the matrix of the kinematic connection of the co-

angles of rotation around the coordinate axis ¥, X . ordinate systems of the MO and the camera in the view:
Taking into account (1), (2) and the coordinates

cos(B, +B,) 0 —sin(B, +B,) 0
[sin(B1 +B,)sin(d, + 82)] cos(d, +96,) [cos(B1 +pB,)sin(8, +9, )] 0
[sin(B, +PB,)cos(8, +8,)] —sin(3, +8,) [cos(B, +P,)cos(8, +8,)] Az

0 0 0 1

Conclusion it possible to increase the efficiency and reliability
The developed kinematic model of the TVS device  of the operation of the PR control system and the pro-
functioning, which forms the basis of the mathematical  duction module of the FPS.
software for the automated design of the TVS, makes
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