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EXPANSION OF THE MATHEMATICAL APPARATUS
OF DISCRETE-CONTINUOUS NETWORKS
FOR THE AUTOMATION OF THEIR SYNTHESIS PROCEDURES

A.A. GURSKIY, A.V. DENISENKO, A.E. GONCHARENKO

Abstract. The paper deals with a model of an intelligent system related to the auto-
matic synthesis of Petri nets and presents a certain stage of developing this model.
The peculiarity of the extended mathematical apparatus is that it contains a combina-
tion of Petri net incidence matrices to represent various algorithms. This combina-
tion of matrices is part of the equations describing the logic control device of a com-
plex system. Accordingly, the work also presents a well-known mathematical
description of discrete-continuous systems with a controlled structure, which in-
cludes certain logical control devices. This mathematical description, based on
means of discrete-continuous networks, is associated with the incidence matrix of
the Petri net, which is formed as a result of a particular synthesis algorithm. At the
same time, the formed Petri net represents the corresponding logical control algo-
rithm that should ensure the effective functioning of the corresponding system. The
final part of the work presents various structural schemes of logic-dynamic models
of systems related to the automatic synthesis of Petri nets. Here, we determine the
features of the advanced mathematical apparatus based on discrete-continuous net-
works to develop an intelligent system that forms logical control algorithms. It is
also noted that such systems can be used to create certain control algorithms that en-
sure increased efficiency of the functioning of some objects in difficult and unpre-
dictable conditions.

Keywords: Petri nets, system with controlled structure, discrete-continuous
network, automatic synthesis of Petri nets.

INTRODUCTION

Petri nets, as an applied mathematical apparatus, are quite well-known in the field
of modeling and analysis of discrete dynamic or logic-dynamic systems. Petri nets
were first proposed by Carl Adam Petri in 1962 as part of his dissertation work —
“Communication with automata”. Petri's work became a significant contribution
to the development of parallel and distributed computing. Such a concept as the
automatic synthesis of Petri nets can be found in the work of James Peterson [1]
as a direction related to the development of certain algorithms. At the same time,
the development of methods for the automatic synthesis of Petri nets entails the
need to expand the mathematical apparatus for describing complex systems,
functioning algorithms that can be represented by Petri nets.

REVIEW OF DISCRETE-CONTINUOUS NETWORKS

Nowadays, Petri nets are greatly expanded. So, for example, there are many
varieties of Petri nets, such as: time Petri nets, inhibitor Petri nets, colored Petri
nets, hybrid Petri nets, and others [2; 3].
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The history of the corresponding scientific direction and the corresponding
scientific thought, starting with Carl Adam Petri, is quite long, so there is no need
to consider separate stages of development or less important elements. But, in this
case, it is necessary to note the invention of a discrete-continuous network [4].
Discrete continuous network (DC-net) proposed in 1990-1993, is essentially a
synthesis of structural schemes of automatic control systems and Petri nets, which
are not the usual extension such as, for example, hybrid Petri nets. DC-net is
primarily a tool for describing, modeling and analyzing logic-dynamic systems
and systems with a controlled structure.

The description and modeling of systems by means of discrete-continuous
networks allows us to imagine a certain class of systems called discrete-
continuous with a controlled structure (DCCS). In English-language publications,
such systems are called hybrid systems, and both traditional Petri nets and
their variants, in individual cases, hybrid Petri nets are used to study such
systems [5; 6].

DC-nets, like Petri nets, is an applied mathematical apparatus and we extent
it in order to develop the technique of automatic synthesis of Petri nets.

The development of models based on such an advanced mathematical
apparatus will allow solving complex problems related to the development of
certain algorithms. As an example, it is worth noting the so-called “smart ant”
problem, which is presented in works [7; 8]. An ant builds an automaton of its
behavior with the help of trial and error and mutations. Thus, assume that a model
built with the use of DC-nets, can synthesize an automaton of its behavior or an
algorithm of some logical control; then we advise to use such a model at the stage
of automated development of control algorithms, control systems, or as a certain
intelligent system [9].

So, it can be noted that in this case it is necessary to expand the
mathematical apparatus while developing methods of automatic synthesis of Petri
nets. The paper is relevant due to the development of certain systems that provide
the synthesis of Petri nets with the use of modern intelligent technologies such as
fuzzy logic, artificial neural networks, genetic algorithms, etc. [10; 11].

Purpose of work: The purpose of this work is to minimize time and auto-
mate the process of synthesis of some control algorithms of complex systems.

To achieve the goal, we expand the mathematical apparatus of discrete-
continuous networks, taking into account the procedure of automatic synthesis of
Petri nets.

MAIN PART

Description of the system with a controlled structure

Modeling tools of DC-nets allow to present a model of complex technical systems
consisting of two parts: continuous-event part (CEP) and discrete-event part
(DEP) in a structural unity. Such a system was called a system with a controlled
structure (SCS). The continuous-event part of the model represents the control
object with a controlled structure (COCS) and the DEP of DC-net represents the
logical control device (LCD).

The COCS is represented by the state and output equations:
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x(1) = f(E@), x(@),u(?)) ; (1
y(O) = fEEG),x®), 2

where u(t)is continuous control vector; x(¢) is state vector; y(¢) is output

vector; E(f,) is vector function for controlling the structure of COCS

(functioning modes). Accordingly, in such a system it is possible to identify a
generalized input effect:

U = @(0).2(,))

The LCD is represented by a finite state machine (3),(4) characterized by the
equations:

ap =Mag_1,9), 3)
Br =7v(ar,Br) 4)

where 4={a,,a,,...,a;,..a;} is a finite set of internal states, {01, V25005 Vf 50, U}
is an iput alphabet, {B,,B,,....B;,...,0,} 1S an output alphabet, A is a transition

function (from state to another state), ! is an output function.

The presented formal form of equations (1)—(4) is appropriate without taking
into account the procedure for automatic synthesis of LCD control algorithm and,
accordingly, the automatic generation of a Petri net during the operation of SCS.

Mathematical description of discrete-continuous systems with a controlled
structure with the use of the DC-net

The mathematical description of a discrete-continuous system with a controlled
structure, taking into account the means of DC-net, can be obtained from a set of
equations.

Dynamics of COCS in continuous space X (tq|tk|) can be represented in

matrix-differential form by the equation of state:
X)) = 4,1 (Cuy (0 X @)+ B, - Ea(Tuy (1)) - ult]ty

output equation

), )

V()= Gy Ea(uy(60)- X @[t ©6)
equation of state of the LCD

d d d d d
X ()="X () +| AL vy (6)+ up (1) + wp (1) (7)
and the LCD output equation
d d
Y () =ATX(5), 8)
where X (t,|t,(|) is vector of continuous event state of COCS; Y(r|y|) is
continuous event output vector; ”(t,|tk |) is continuous exposure vector;

Aoz‘AIO A 4

: Boz‘B{’ B .. B

e =‘c{’ .. c}’v‘;
AIO,AS...A](\), , BIO,BS...B]?, and Clo,Cg...C?, — matrices of states, controls and
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outputs of different structural operating modes; E(duo (t;)) — vector function for

managing structural changes (functioning modes of SCS); El(duo(tk))=
-t & . &k

structure control depending on the discrete state X g (t;) continuous event part.

T = d 2 2 2T :
‘ and 2, (“u, (1)=& &; .. &yl is vector-functions of

They implement the selection of a specific structure from a variety of structures
N . . C .

{Z,’}izl using matrix multiplication A, B,,C,. Vector function control

E(duo(l‘k)) is a matrix of dimension nx1, that contains only one non-zero

element. The dimension of the control function vector is consistent with the

dimension of the matrices 4, B,,Cy; duo (t;) is a discrete component of the
control influence on CEP, transferring the system from one structure

to another; dWL(tk) is external control action; dXL(l‘k), dXL(tk_l) —
AL| is

preliminary and subsequent discrete state (labeling) of the Petri net;

incidence matrix reflecting the relationship of elements in DC-net; de (t;) is

control vector in DC-net. A simplified block diagram of the SCS, according to the
given mathematical description, is presented in Fig. 1.

u(t)
B 1), Bl (0,00 ()
B, (1)) CEP
wt=x¢) | O ' Cy | 7 40 = fo ()
x(t,) . ,
e @) =x@, )+ A v ) +ud @)+ w? u* (1)
DEP

Fig. 1. Simplified block diagram of the logic-dynamic model

Expansion of the mathematical apparatus for describing complex systems
based on procedures for automatic synthesis of Petri nets

These equations (5)—(8) are the basis for expanding the mathematical apparatus
taking into account the procedures for automatic synthesis of Petri nets.

During the automatic synthesis of a Petri net, the dimension of vectors
dx (), 4y 1 (t;) and matrices |AL| may not change, but the elements of the
matrix must change during different runs of the system model. In this case, the
AL2| . Thus |AL| S |AL1 AL2 ALn
this case, the value of n is unknown in advance and depends on the task at hand.

incidence matrix |AL| may be |AL1 , , yeers , in
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, where i=1,...,n, depends on initial conditions S,

Matrix selection |A i

where S = s §5 .. Sn]T — a vector of initial conditions generated by some

expert system. Taking into account the automatic synthesis of the Petri net,
equation (7) will take the following form:

X=X L )+ VTS (Cug (o) v )+ up )+ wp (), 9)

where W :[|AL1| |AL2| |ALn ]; according WL-dS(duS(tk))=|ALi , where
i=1...,n, "SCug(t,)=[s, sy - Sn]T,LnJSi=1,ﬁS,'=0.
i=1 i=1
Vector function S (d ug(t;)) contains elements
o) b s =" () g
0 at “ug(f)# “ug(t)givens
where Yug(t)=[ug “ugy .. “ug,]; “ug = forp (AT (@0,w) 5 “ug () given

1 1y
— tasks vector; AJ(t) = If(y,u,t)dt — If(y,u,t)dt is an/the increment of the
] I3
system perfomance criterion, w — external influence from the expert; fc/ p —
function of continuous-discrete transformation of variables.

The equation (9) implies that the simplified block diagram presented in
Fig. 1 is transformed as shown in Fig. 2.

u(t) M(f)zl: FG.ubdi—
%XUJHD: f(X(t ‘rkl)’ E (duo(rk)),u(”) J-
t

Y@ hD=C, ECue) Xt k) cpp —‘l{

7]‘ fy,u,0dt

u,(t,) = () % % “up (1) = f% {(x(2))

AJ(2)
Ti(t:) )

4 ‘X 1t )':dX ()= Ag (dus (t: )))'d"'r, (t: )+du1. (t)+ de (t:)
W
— RAGYEYSS ACH DEP | “ug = fop (AT (0,w) [V

Fig. 2. Simplified block diagram of the logical-dynamic model of the system,
implementing the automatic synthesis of Petri nets

To visualize the Petri net synthesis process, state variables “X,(z,),

Ix 1 (t;_;) and increase in the value of the system performance criterion AJ can

be output using a parametric file to the visualization platform, as shown in [12].
Visualization of the process of Petri net synthesis based on the corresponding
Flash or Unity platform is an important component of the interaction of an expert
with an intelligent system.
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Research results

The consideration of the extended mathematical description of complex systems
provides the basis for constructing a model of an intelligent system intended for
the formation of some logical control algorithms.

These algorithms are formed according to certain methods through the
automatic synthesis of Petri nets. Combination of different incidence matrices

|ALi
various algorithms that can be adjusted during the functioning of the intelligent

system. The block diagram presented in Fig. 2 can represent this intelligent
system, taking into account the additional procedure for correcting the incidence

, where i=1,...,n, that are included in equation (9) represents a set of

matrix; ALi| implemented, as shown in [11], taking into account the functioning

of an artificial neural network and its training. Such a system can be used to form
certain control algorithms that provide increased operating efficiency in some objects.

CONCLUSIONS

In this work we expand the mathematical description of complex technological
systems with the use of DC-nets, taking into account the automatic synthesis of
Petri nets.

Expanding the mathematical description of complex technological systems
with the use of DC-nets makes it possible to approach the solution of a practical
problem associated with the development of an intelligent system that
automatically synthesizes some logical control algorithms.

In turn, the use of such an intelligent system makes it possible to achieve a
certain goal of work, which is to minimize the time and material costs for the
development of logical control algorithms.

Further scientific research should be related to the development of methods
for the synthesis of Petri nets and some algorithms used in control systems.
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PO3IIUPEHHSI MATEMATHYHOI'O AITAPATY JUCKPETHO-HEIIEPEPBHUX
MEPEXK JJIs1 ABTOMATU3AIII NPOLEAYP IX CHHTE3Y/ O.0. I'ypcekuii,
A.B. [lenncenxko, O.€. ['oHuapenko

Anotanis. [lomano meBHHI eTan PO3pOOJICHHS MOJEINI iHTEIEKTyalbHOI CHCTEMH,
OB’ s13aHOT 3 aBTOMaTHYHUM CHHTE30M Mepex [letpi. PosrmsiHyTo po3mmpenuii Ma-
TEMaTHYHUH OMHC CKJIaJHUX CHCTEM Ha OCHOBI 3ac00IB IHMCKPETHO-HETIEPEPBHHUX
Mepex, KUl MOKIaJeHO B OCHOBY PO3POOJICHHS TaKoi iHTEIEKTyaJbHOI CHCTEMH,
CIIPsIMOBaHOI HepeayciM Ha (OpMyBaHHs ajJrOPUTMIB JIOTiYHOTO KepyBaHHs. Ocob-
JIMBICTh PO3IIMPEHOr0 MAaTEMaTHYHOTO anapary IOJArae y TOMy, 10 Y HOro ckiami
€ KOMOIHaIlisl MaTPHLb IHIUASHTHOCTI Mepex [leTpi s momaHHs Pi3HOMaHITHUX
anroputMiB. LIt koMOiHamis MaTPUIb BXOAUTH [0 CKJIAAy PiBHSHB, IO ONUCYE HPH-
CTpiii JIOTiYHOrO KepyBaHHs CKJIAAHOI CHCTeMH. BiAnoBifgHO mogaHo Bimomuii Mare-
MaTUYHHMH ONHC JUCKPETHO-HEIEPEPBHUX CHCTEM i3 KEPOBAaHOIO CTPYKTYpOIO, IO
BKJIIOYAIOTh MEBHI MPHCTPOI JIOTIYHOTO KepyBaHHs. Lleil mMaTeMaTH4yHHi ommc Ha
OCHOBI 3ac00iB THCKPETHO-HEMIEPEPBHUX MEPEXK, OB’ I3aHUI 3 MATPHULICIO IHIINACH-
THOCTI Mepexi Ilerpi, mo GopMyeTbest B pe3yibTaTi IIEBHOTO AITOPHTMY CHUHTE3Y.
CoopmoBano Mepexy Ilerpi — BiANOBiAHUI aarOpUTM JIOTIYHOTO KEPyBaHHS JUIs
3a0e3reyeHHs npouecy epeKTHBHOrO (yHKLIOHYBaHHS BinmoBinHoi cucremu. Ilo-
JTAaHO Pi3HI CTPYKTYPHI CXEMH JIOTiKO-TUHAMIYHUX MOJENEH CHCTeM 3 aBTOMAaTH4-
HHMM CHHTe30M Mepex Iletpi. BuzHaueHo 0co0nuBicTh POMIMPEHOTO MaTEMaTHIHO-
TO amapaTry Ha OCHOBI HCKPETHO-HEHNEPEepPBHUX MEpeX IUIsI PO3pPOOICHHS
IHTENEKTyaJIbHOT CHCTEMH, 10 (HOPMY€E aITOPUTMH JIOTIYHOTO KepyBaHHs. Taki cuc-
TEMH MOXXHa BHKOPHCTOBYBATH JUlsi ()OPMYBaHHS MEBHHX aJITOPHTMIB KepyBaHHS,
SIK1 320€3MeUyIOTh MTiABUIIEHY €EKTUBHICTD (DYHKI[IOHYBaHHS ACSIKAX 00’ €KTIB.

Kawuosi cioBa: mepexi Ilerpi, cucrema 3 KepOBaHOI CTPYKTYPOIO, JHCKPETHO-
HETepepBHA MEepeka, aBTOMATUYHUI CHHTE3 Mepex [leTpi.
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