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Abstract

This paper studies a robotic cell for automatic inspection of precise cylindrical parts.
The cell is considered as a complex object. The analysis and modeling of functions of
the cell are performed from a system point of view. Conceptual functional-purposeful
information, including general-system and subsystem functions and goals are defined.
A system graph-model and a formal mathematical model of the cell are proposed.
Keywords: robotics, manufacturing systems, system models.

1 Introduction

An ever increasing usage of robotic systems to solve problems of production
automation is noticed in the contemporary industry. The necessity of precise parts in
machinery and scientific instruments makes it necessary to solve the problems of their
quality inspection within the manufacturing stage. It is expedient the inspection
processes to be realized by specialized robotic complexes which could provide the
highest degree of automation, to exclude subjective factors and to maximize the
authenticity of the inspection results. 3

Successful design of complex systems such as flexible manufacturing systems and
unmanned manufacture is possible only with the help of a computer-aided modeling
and simulation of their operations. In the last years many researchers have directed
their studies to this field. Different methods and tools of modeling and analysis of the
manufacture are examined in (Naylor, 1987). Software tools for simulation and
comprehensive design of such systems can be found in (Drake, 1995).

In this paper a robotic cell for inspection and classification of cylindrical parts is
examined. The aim of the study is a formal mathematical model of the cell
functioning to be developed. As a result of a system modeling general-system and sub-
system functions and goals are formally described. The proposed functional model
takes into account interactions between subsystems and their connections with the
environment. It can be used for the evaluation of the system design working capacity
and of the adopted performance criteria before the physical creation of the cell itself.

2 A robotic cell

A robotic cell for automatic inspection of the inner cylindrical surface of precise
machine parts and a classification in accordance to their size is depicted in Fig.1. The
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cell consists a measuring unit P, a transport robot R, an incoming conveyor Py, and
outgoing conveyors P,, ¢ =1,2,...Q.
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Fig.1: robotic cell for inspection of cylindrical parts

The cell operates as follows:

a) A flow of mixed cylindrical parts arrives at the input P of the cell;

b)-The robot moves each individual part to the measuring unit P;

¢) The inner surface of every part is measured in discrete points;

d) The obtained measurement information is processed and the classification group q
of the part is determined;

e) The robot moves the part to an outgoing conveyor P,, corresponding to the

classification group, q =1,2,...Q.

3 System Model Information Concept

The concept of the functional-purposeful information for the cell contains the general-
system and subsystem functions and goals of control. The information is defined as:
General system function : post-operational quality control;

General system purpose: classification of cylindrical parts. _

Subsystem functions: transportation of the cylindrical parts, acquisition and
processing of the measurement information;

Subsystem purpose: classification of the parts in size groups.

The cell is considered as composed of functional subsystems. The relevant
information needed for the three subsystems “Transportation”, “Measurement” and
“Classification” is determined as:

a/ subsystem function - moving of details into defined points of operation space ,
b/ subsystem purpose - ensuring motion of physical flow.
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3.2 For Subsystem '"Measurement"
a/ subsystem function - realization of measuring path ,
b/ subsystem purpose - obtaining measurement information.

3.3 For Subsystem "Classification" :
a/ subsystem function - processing of measurement information ,
b/ subsystem purpose - determination of the classification group of every part.

4 A Model of the First Level of Integration
4.1 System Variables

Conditional variables of a subsystem S™ to reflect its performance and the
interaction with the environment are shown in Fig. 2.
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Fig.2: scheme of connections of model variables of a subsystem $™ and its
environment

Vectors of independent variables at the input of the subsystem S” :

Ky = {FJ}; r=12,...nf%} (1)
X™ = (X% 4=12,...,n74} )
= {8 0 @ 212,00} 3)

Vectors of dependent variables at the output of the subsystem S™:

30 = 30ys 7 =121} : )
Y™ = {YE; B=12,...,n%} 5)
=UBp: A =12...nfg) ‘ (6)
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Vector of internal variables of the subsystem S™:
V7= M =12, . )

where ng,' ,p=F, A4, Aa, 3, B, Bf, v are the cardinalities of the corresponding
sets, m=12,..., Ny, Ny, is the number of the subsystems in a complex system.

4.2 System Graph

The system graph GE‘zl of the first level (L=1) of integration is shown in Fig.3.
(Vavilov, 1983). The first level of a functional-purposeful integration realizes an
incorporation of subsystem variables {v,m } in subsystems S™. These subsystems take
into account the influence of the environment {F(;;.'}, {X'Z} as they perform their

own functions, {Yg }, and purposes of control, {3'0"}, }.

Fig.3: system graph of first level of integration built on three subsystems

The system graph Gf=1 is defined as:
GEoy=({H™ m=T,Np}; {UTE; mk=T,Nppt }; m=k ) ®)

where {H™} is a set of system vertices, {UKIBS} is a set of system edges, Ny, Nk
are the cardinalities of the corresponding sets.

The vertices rH™ represent the functional subsystems S™ for which (Y™ and

{X™}are sets of output and input vector variables, {V™} is the vector set of the
internal variables:

H® = (Y P (X1 )
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A system edge of the system graph (1) is defined as:
UTth =5y s @ el nlfg 1 Uhgs B €ll, nfp Ty WK (10)

The system edge connects the system vertices H™ and H k and represents a new graph

of a connection with output vertices {X'z } and input vertices {Yllg} and an operator
relation: :

%
X" = Wik Y5 (11)

where Wzllkg is a transfer operator.

4.3 System Formalism

The input-output connections for the system S™ is given by:

Ay V" =B X" + B FY (12)
cHyvh=y" (13)
cy v =37 (14)

where A%/ is {nll' x ') square matrix over the internal variables V' for the
subsystem S™ ;

By . B are (nf xn}), ()} xnf’") rectangular transfer matrixes of the
connection of the environment with the input of the subsystem S™ ;

CYy . C¥y are (ng xnj) and (n& xnj}) rectangular transfer matrixes of the

connection of the output of the subsystem S™ with the environment.
The relations (12), (13), (14) with respect to the output system variables are:

m m m m m
Y" = o X" + oK' (16)
3§ = o5y X" + L FY (17)

The matrix form of is:
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Y™ = ofy  ofF '[F’"J (18)
138 oty ‘I’gFJ

where CDZ-’ , i=V,Y,3 ; j=X,F are transfer matrix operators:

m m,am \¥*opm m m,.m \*om
oy =D (Apy) Bpy . Ppp=DT(Apy) Bpp
* *
oy =CHP™AY) By . O =CH D™ (ATy) B
* k%
oy = C4 D™ (ALY By . 5 =CERD™(AJy) Byr

with detA%/ = (Dm)—l, D™ is a weight of the subsystem S™, m=12,...,Np,.

5 System Analysis of the Robotic Cell

The robotic cell (Fig. 1) is considered as a complex object. The system analysis is
carried out on the basis of the system concept, as described above. The aim of the
analysis is to transform the concept model information, given in section 3 to a relevant
system model architecture (Tzvetkova, 1984). It leads to construction of a system
model of the first level of functional-purposeful integration, as described in section 4.

5.1 Subsystem “Transportation”, (SI)

1 1
Y1 ¢ vy

Fl O3} g )
1
VA .

Fig. 4: system graph-model of subsystem “Transportation”
5.1.1 Input Variables

Vector of the environment F,:
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F) = )
where Foll is considered as an environment of the subsystem s! and indicate a part at
the input of the cell.

Vector variables from other subsystems x!.
x = xb; a=1= (xB =[xy 1,1
where xlll is a task to transport the part to the measuring unit P,

x}z is a task to transport the part to the corresponding outgoing conveyor
Pq, q=12..9.

5.1.2 Internal Variables

" Vector of the internal variables (7) is:
V1 = {vll,v%,v%,v};,v%,vé,v%}

where vll - robot is in its initial position, V% - robot moves to the input conveyor, vé -
robot grasps the part, v‘% - robot moves the part to the measurement unit, v51 -
classification task, vé - robot moves the part to the corresponding outgoing conveyor,

v~1, - robot moves to its initial position.

5.1.3 Output Variables
Output vector variables v! for other subsystems:

yl= {Y}g; B=1}= {Y11} = {y%y; r=14= y}l

where }’111 is an information variable that the part is at the measuring unit.
The output of the complex is:

3l = {3(1)7 Ly =12,..4,..0) = {3%,..,3}1,.,.,3(2}

where 3,11 - space coordinates of the ¢g-th outgoing conveyor.
The operator input-output relations are:

1 1 1 1 w1

V' = (DVXX +(DVFFO
1 1 ol

Y = (DYFFO (19)
1 1 1

So =P3rKy
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|rV;1| qu)%/X Q%{Firxﬂ
Y=l 0 @ (20)
‘Ls(l)_i B Q}ijmj |

5.2 Subsystem “Measurement”, (SZ)

2 2 v2 2
(For, Fop )c o! 50 ¥
(bj——l "

%2 b

Fig.5: system graph-model of subsystem “Measurement”
5.2.1 Input Variables

Variables from the environment Fg:

F§ = {§3,: 7 =12} = {F§) . Fh)

where FOZI’ F022 are variables considered as external environment for the subsystem
Sz;

Fozl is a number of measurements at a cross direction of a cylindrical part,

F022 is number of measurements at a longitudinal direction of a cylindrical part.

Input variables from other subsystems x2:
x2 ={X2;A=1}={x1240; a=1}=x121

where xizl is a variable to give a permission to start a process of measurements.

5.2.2 Internal Variables
vi-oid)

where v12 - performs a single measurement at a point of the profile of the part , v22 -
movement to the next point to measure.

5.2.3 Output Variables

Vector of output variables to other subsystems v2.
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where ylzﬂ are point coordinates of the profile of the part, NL is the number of

measurement points of the whole cylindrical surface.

Operator input-output relation:

2 2 w2 2 2
V® =05y X + D1 F,
VX VEY0 Q1)

\

|

2 2 )

Y2 = {Y%, B=l}= {Ygﬁ; p=1,.,NL} =[yf1,...y12ﬂ ,...ytNL]
2 2 w2 2 2

[ oy
| P SrEiry

5.3 Subsystem “Classification”, (S3)
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%3 ¥ *a 3
o 30 —30 —0 Y
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g

Fig.6: system graph-model of subsystem “Classification”
5.3.1 Input Variables, x>
X3 ={x3; 4=2)= (x> @=1..NL} =IX§1-~-X§’a -~~X§’,NL]

where [xf’]...xf’a...xi” nz ) 1s an array of the point value measurements of the

cylindrical surface received from the subsystem 52

5.3.2 Internal Variables

V3= ,v3)
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where vf’ - processes an array of measurement information, vg - determines the group
of size of a part.

5.3.3 Output Variables, Y-

3
Y3 = (Y} B=1}= Bps B =1...NL} =[y131...y13ﬂ A..y13Q]
where y13 E B =1,...,0 is the size group of the tested part.

Input-output operator relation:

Y3 <@y 0 i{xﬂ 24)

. 6 System Modeling of the Cell

The system graph-model of the cell of the first level of integration is shown in Fig.7
(Tzvetkova, 1995) :

Subsystem Subsystem
*Measurement" " Classification *
Nuwmbex
of discrete
measurerments
Incoming flow
of parts
Subsystem ¢
“ Transportation

Fig.7: system graph-model of the cell of first level of integration
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Vertices of the system graph-model Hl, H2 / H3 represent the subsystem functions
of cell and edges are associated with exchange of information among them. Variables
of the graph-model have the following meaning:

I(F 01 — presence of a part at the input Py;
o Jxlll — task for transportation to a conveior Pg:
[ y%l — the patt is on the measuring unit P;
{ 3% Sq...SQ — coordinates of conveiors Pg.

F(%l — number of measurements, N, in a cross

direction of a cylindrical surfice;

ng — number of measurements,L, in a
H2:1 longitudinal direction;
xi" — measurement is allowable;

le = {yl2 o yIZ\IxL} - measurements of NxL

points of a cylindrical surfice.

X% o {xg} - an array of measurements;
3.
s y13 - number q, g=1,2,...,Q, of the size

group of a tested part.

The structure of the system model is defined by (6) and its variable are determined in
section 5.

En X g 0 Typ g 0 |lxf
y2[ |0 Bx 0 0 Rp o2
B0 0 Wx 0 0 Kgpfxd
sl|(5x 0 o0 Iy o0 o |lg
O e nee i o m gk
Gl b0 om0 0 TR

where I'™ means a transitive closure between the variables of the subsystem L
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7 Conclusion

A system model first level of functional-purposeful integration is developed. The
model takes into account interactions between subsystems and their connections with
the environment. An operator model of a robotic cell for inspection and classification
of cylindrical parts is proposed.
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