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Abstract
This paper studies a robotic cell for automatic inspection ofprecise 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.

I 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 iÎ 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.

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 syst€ms 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 desigrr working capacity
and ofthe adopted performance criteria before the physical creation ofthe cell itself.

2 A robofic 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.l. The
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cell consists a measuring unit P, a transport robot R, an incoming conveyor P6, and
outgoing conveyors Pq, g : 1,2,...Q.
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Fig.l: robotic cell for inspection of cylindrical parts

The cell operates as follows:
a) A flow of mixed cylindrical parts arrives at the input Ps of,the cell;
blThe robot moves each individual part to the measuring unit P;
c) The inner surface of every part is measured in discrete poinæ;
d) The obtained measurement information is processed and the classification group q
ofthe part is determined;
e) The robot moves the part to an outgoing conveyor Pq, corresponding to the

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

3 System Model Information Concept

The concept ofthe 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 tlre measurement information;
Subsystem purpose: classification ofthe parts in size groups.

The cell is considered as composed of functional subsystems. The relevant
information needed for the three subsystems "Transportation", "Measurement" and
'€lassification" is determined as:

3.1 For Subcystem "Tmnsportltion"
a/ subsystem function - moving of deails into defined points of operation space ,
b/ subsystem purpose - ensuring motion of physical flow.



3.2 For Subsysten "Measurement'r
a/ subsystem function - realization of measuring path ,
b/ subsystem purpose - obtaining measurement information.

33 For Subsystem ilClæsification" :
a/ subsystem function - processing of measurement information ,
b/ subsystem purpose - determination ofthe 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 th€ envirorunent are shown in Fig. 2. :

FÇ2: scheme of connections of model variables of a subsystem S' and its
environment

Vecton ofindependent variables at the input ofthe subsystem S' :

f {={Fff ;r=12,.. . ,nF\
Yn = {Xl; A=1,2,...,n11
X\.= txla; a =l,2,. . .nfto\

Vecton of dependent variables at the ouput of the subsystem Sm:

f i=tsff ;y=r2.. . . , r41
Yil = {YE; B=12,...,n1Êl

S '

( l )

(2')

(3)

(4)

(5)

(6)v l  =  U lp ;  p  =r ,2 , . . . ,n f fp1
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into account the influence of the environment {{iT}, {XÏ} as they perforn their

own functions, tYff\, and purposes of control, gff\
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FigS: system graph of first level of integration built on three subsystems

The system graph Gf=1 is defined as:

Gi=r = ( { Hm; m: ffi1; t ul$; ûr,k: TFA }; m* k ) (8)

where {Hm} is a set of sysæm vertices, {U$} is a set of systÊm dges, Np1, Nllrp
are the cardinalities ofthe coriresponding sets.
The vertices rHu represent the frrnctional subsysûems Sm for which {Yttt} and

{Xn}are sets of output and input vector variables, 1Vm; is the vector set of the
internal variables:

Vector of internal variables of the subsystem Sm:

Yn = {vl; i:r2,...ntr} (7)

wherc nff , ç : F, A, Aa , 3, B, Bf , v are the cardinalities ofthe conesponding
sets, ,n =1,2,...,Nm, N, is the number ofthe subsystems in a complex system.

4.2 System Graph

The system graph Gf:1 of the first level (L:l) of integration is shown in Fig.3.
(Vavilov, 1983). The first level of a functional-purposeful integration realizes an
incorporation of subsystem variables lvju ) in subsystems Sm. .fhese subsysems take

sd
FdFr

^ uln

t','ft1

Hm = (  {ym};  {vm};  {xm} )
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A system edge ofthe system graph (1) is defined as:

u%h = (xfa ; a efr .,Tol\, U$p; F e[r . "$pll;wiÉ>

The system edge connects the system vertices Hm and Hkand represents a new graph

of a connection with output vertices lx\\ and input vertices {YÉ} and an operator

xfr =wft'fv$ ( r  l )

wnere wfr'$ is a transfer operator.

4.3 System Formalism

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

tfuv* =Bfxxm +nffpr{

(10)

fyvn = Yn

Clnvm = sff

where ltf;y is {nl "nf;; square

subsystem Sm;

matrix over the intemal variables Vu for the

(12 )

( r3)
(14)

BfX , Bff are @f;"rft), trff*r{l rectangular transfer matrixes of the
connection of the environment with the input of the subsystem Sn;

CW ,4V *" 1nfrxnf) nd @{xnf) rectangtlar transfer matrixes of the

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

v* =$xx^ *$pwff
Ym =alxx* *$erl
sff = o$xx^ *$pwf

(15)

(16)

(17)

The matrix form of is:
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[n'l lq* Wr
iu' i=|,4x qF
Lsff I 1.3" a\e
*vherc@ff, i=V,Y,3

(18)

, j = X,F are transfer matrix operators:

Ûx =o^1tf7p*nfty , 4p =o*utfv)*sfo

Wx =cfrtm6frr\*yfx , @Te --cfromçrful-slr

4x =clrnm6ff )*sffx , 4e =c\po*(tyyf nir

wittr Oetlfr7 =(Dt)-l, Dm istweightofthesubsystem sm, m=1,2,.'. 'Nm.

5 System Analysis of the Robotic Cell

The robotic cell (Fig. l) 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 constmction of a system
model of the first level of functional-purposeful integration, as described in section 4.

5.1 Subsystem *Transportation", (S I )

Fot,

c 1 l
- Q

Fig.4: system graph-model of subsysæm "Transportation"

5.1.1 Input Variables

Vector of the environment (:
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4=t4rl
wnere {1 is considered as an environment of the subsystem Sl and indicate a part at
the input ofthe cell.

Vector variables from other subsystems Xl:
xl = gf,; A =tl = {xl} = tr| rlzl
where ,rf 1 is a task to transport the part to the measuring unit P,

,lZ is a task ûo ûansport the part to the conesponding outgoing conveyor
P q ,  Q : 1 , 2 , . . . Q .

5.l.2Inæmal Variables

Vector ofthe internal variables (7) is:

vl = 1nf ,uj, Â,rtr,Q,"à,"I1

where vf - robot is in its initial position, ut -robot moves to the input 
"on 

r"yor, uj -

robot grasps the part d - robot moves the part to the measurement unit, vj -

classification ask, v[ - robot moves the part to the corresponding outgoing conveyor,

,,| - robot moves to its initial position.

5.1.3 Output Variables

Output vætor variables Yl for other subsystems:

vl = g|; B=rl ={yl}= Ulr; r= r} = ylr
wlrcre /tll is an information variable that the part is at the measuring unit.

The ouçui of the complex is:

sâ = tsâz ; r =12,...q,-..Q\ =1s1,..,s|,...,sf)

where 3| - space coordinates ofthe 4-th outgoing conveyor.

Tlre operator input-output relations are:

yr =$rrx'*4'ar3
vl =ol'rFô

s[ =o$.r[

36r
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(20)T ;rlt*t[n'l
ivt i=
L.âl

5.2 Subsystem 'Measurement', (S2 )

Fig.S: system graph-model of subsystem "Measurement"

5.2.1 Input Variables

Variables from the environment Ffr:

rfr, = f&r; y =r2l = \F&r, F&z\
where F621, f'6?2ur" variables considered as external environment for the subsystern

s2;
fi121 i, u number of measurements at a cross direction of a cylirdrical parÇ

,-O?, ttnumber of measurements at a longitudinal direction of a cytindrical part.

Input variables from other subsysærns X2:
SP = 7X21; A =l\ -- {r2Ao; a =l l  -- x?t

where xf1 is a variable to give a permission to start a process of measurements.

5.2.2 Internal Variables
vz = pl,u|l

where uf - performs a single measurement at a point of the profile of tbe ptt , uj -

movement to the next point !o measu€.

5.2.3 Output Variables

Vector of outpnt variables ûo other subsystems Y2:

Y2



_ )  _ )  - )  )  )  1
Y '  =  { Y ' B : 8 =  l } =  i Y Ë p :  f  = | , . . . , N L \ = l y ' t t ,  y 1 " p , .  y f , U t l

.,
where yip are point coordinates of the profile of the prt, NL is the number of

measurement points of the whole cylindrical surface.

Operator input-ouBut relation:

v2 =olr*x2 **7r,116

Y2 =ty*x2 +aÇrYfi

5.3 Subsystem "Classification", (S' )

-, rlt
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Fig.6: system graph-model of subsystem "Classifi cation "

5.3.1 Input Variables, X3:

. ?  ?  ?  ?  ?  ?; ç '=  {X i i  A=21=  {x \a ;  a  = l , . . .NL l  = [ x i1 . . . x )o . . . x ) . y l

where [.rf1 ,?o ,?,wt] is an array of the point value measurements of the

cylindrical surface received frsm the subsystem 52.

5.3.2 Internal Variables

a ^

y. = {vi,vj}

(2r)

(22\
[n'l lû,* &r]i;:ii;T. q;ii..'")
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where vf - processes an array of measurement information, v) - determines the goup

of size of a port.

5.3.3 Output Variables, Y3:

y3 = ryfi; B=1) = OIpt F =r,...,N11=ïvI...yîp ylOl

where ylp , 0 =l'...,Q is the size group ofthe tested gart'

Input-output operator relation :

â a

Y'=Q,itXX"
2 2 2 ( 2 3 )

Y '=@iXX '

I nl I i4,* o lr-.rr
i ", i=ir?" o ii ": i rz+r
lo |  |  ô '  o l lor
L J L I

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):

Subcystan
rMcaarcocalr

f

Subsystan
n Oæritcdin'

E3
lûdrr

of dirsrtr
tuql!||dt

ftnpt
of rb

2
For

r'o,

Iæcdç 0ow
ofprrtr trl

Iï
5tq

3t"
St.rbsystcn

'lrrqctdin'

Fi&?: system graph-model of the cell of first level of integration
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H 1 :

Vertioes 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:

4, - *r"n"e of a part at the input Pg;

rf 1 - turt fortransportation to a conveior Pq ;

ff 1 - the part is on the measuring unit P;

Sl...s[...S[ -coordinates of conveiors Po.

I ffit - number of measurements,N, in a cross
I  v r

direction of a cylindrical surfice;
,|

F6Z number of measurements,L, in a

longitudinal direction;

ir? measurement is allowable:
l r a a

lYi = {yî ,..',yftyl-} - measurements ofNxl

l.points of a cylindrical surfice.

( q â

" l*i 
: t "ij\ - an anay of measrnements;

H' 'Jyi - numberq, q:12,... ,Q, ofthesize
l - r

tgroup of a æsted part.

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

xl
*?r
x1
Fl
ç2
0

$,her€ fii means a transitive closure between the variables of the subsystem Sm,

m=12,3 .

,|l |-'* I o n* 9 o
ïi i jo {, ' o o 4, o
;il lo o r?x o o d,
!i i=l 4* o o 4' o o
oli o ** o o 4r o
ollo o dx o o d,



7 Conclusion

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

References

Naylor A.V. and Volz R.A. (1987). Desigrr of Integrated lvdanufacturing Systems
Control Software. IEEE Trans.on Systems, tvdan and Cybernetics, Ed AP.Sage,v.l7,
no. 6, pp.881-897.

Drake G., Smith J.S. and Peters B.A. (1995). Simulation as a Planning and Scheduling
Tool for FMS. Proceedings of the 1995 Winter Simulation Conference, Dæember
1995, Washington D.C., pp.805-8 12.

Vavilov A.A (Ed.) (1993). Simulation of manufacturing systems. lvlachinosfroenie,
Moscow.

Tzvetkova G.V. (1984). Development and Research of Control System of Inspection
Measurements Complex. Ph.D. Thesis, St.Petersbourg, Russia.

Tzvetkova G.V. (1995). On the Modeling of Flexible ldanufachring Systems. VI
National Conference "Automatization of Discrete lrdanufacture", V.Ganovski (Ed.),
NTS, lvlay 34, Sofia, Bulgaria" pp.l29-136.

366


