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The article discusses the issue of development of method for structural synthesis
of large discrete systems with predetermined behavior and dynamic structure. This is
aided by combined approach to development of structural synthesis based on simulation
modeling, evolutionary methods and mathematical apparatus of Petri nets. The developed
evolutionary procedures of system structural synthesis makes it possible to carry out
structural synthesis in accordance with predetermined behavior not only by selection of
components from elemental base but also by variation of inter-component couplings. The
work proposes to apply genetic algorithms adapted to solution of problem of structural
synthesis using nested Petri nets. The system component base applied for the synthesis
procedure is expressed in the form of models based on Petri nets, the system models
obtained by synthesis are estimated by computational experiment, that is, launching of
the obtained system models by supplying of vector tuple to the model input and
comparison of the tuple from the model output with reference one. Upon adaptation of
genetic algorithm for operation with multi-component couplings it is proposed to highlight
a separate layer of inter-component bus.
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Systems can be classified in accordance
with thetypes of their state, behavior and identity.
Oneof practically important classes of systemsis
large discrete systems (LDS). The systems of this
classare characterized with significantly complex
research dueto their high dimensions. The systems
of this class are comprised of separate modules
(portions, elements, subsystems and so on),
coupl ed between each other. Herewith, the number
of portions and couplings is discrete (finite or
countable), and internal processes in the object
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run under conditions of discretetime, which makes
it possible to perform discrete model description.
The considered class includes numerous social-
economical, organizational-technological and
engineering systems, such as power systems,
elements and devices of computing tools and the
like-2,

Presently, recent researches imply
development of new universal models and methods
of structural and parametrical synthesisof LDSwith
predetermined behavior, which is urgent because
the systems of thiskind arewidely used in various
areas of interest. The essence of major issue
encountered during solution of LDS synthesis is
referred to this class of systems and is that at
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existence of 10 componentsand about 10 instances
of each component the number of possible
configurationswill equal to 10"10; herewith, itis
ignored that the system can readjust during
functioning due to dynamic alteration of inter-
element couplings or alteration of operation
parameters of its elements. These conditions can
significantly complicatelabor consuming synthesis
of the system, that is, perform searching for system
configuration which is able to transform
predetermined input vector into required output
one. Herewith, it should be mentioned that it isnot
always possible to vary the system elements, it
would be more reasonable to deal only with the
couplings between them.

EXPERIMENTAL

Simulation modeling

Taking into account labor consuming
solution of such problemsit is proposed to apply
simulation modeling, since these tools make it
possible to describe the processes in LDS as if
they arereal. Theuse of thismethod of mathematical
simulation would facilitate simulation of
synthesized system both for single and numerous
tests.

In up-to-date simulation modeling the
following mathematical tools are commonly
applied:
. Differential equations;

. Finite state machines;
. Markov chains;

. Theory of graphs;

. Petri nets.

These theories are widely applied in the
systems of simulation modeling and are used not
only at the stages of L DS development, but during
computation experiments with the models of
existing objects and systems.

Geneticalgorithms

Application of only these tools does not
eliminate high labor consumption upon solution
of structural and parametric synthesis, and
application of the methods based on random
searching for solutionisnearly impossible, thus, it
iscommon to introduce the element of determinacy
intrinsic for evolutionary methods. Among
numerous evolutionary methods the most widely
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applied for solution of this class of problems are
genetic algorithms (GA) and genetic programming.
Application of these methods make it possible to
reduce thetime of both structural and parametrical
synthesis of LDS, herewith, it ispossible to solve
not only the problem of system synthesis with
fixed inter-component couplings but also with
dynamic ones*,

GA are based on the principles of natural
selection and genetics, that is, the most promising
specimens have the highest possibility to survive,
in addition, they possess the properties of
inheritance and can mutate.

A peculiar feature of GA with regard to
other evolutionary methods is as follows:

1 GA operateswith solutionswhich are expressed
in the form of code line. The codes are
transformed without any relation with their
semantics.

2. Searching is based on the use of several points
of solution space simultaneoudly. Thiseliminates
possibility of undesired entering into local
extremum of objective function, which is not
unimodal.

3. Upon searching of GA only information about
permissible values of parameters and objective
function isused, which leadsto significant speed
INncrease.

4. In order to synthesize new points GA uses
probability rules, and for transition from one
points to another deterministic rules. Such
merging of the rulesis more efficient than their
separate application™*2,

It should be mentioned that this approach
provides possibility to influence on searching for
solutions by means of parameter presetting.
Application of Petri netsfor description of genetic
algorithms

Genetic algorithms should be adapted to
object region, where they will be applied, and,
hence, it is required to select mathematical tools
onthebasisof whichit will be possible not only to
describe operation of adapted GA for solution of
the problem of structural synthesis of LDS with
fixed and dynamic inter-element couplings, but also
to perform parametrical synthesis of the system.

The most suitable mathematical tool
which satisfiesthe considered requirementsisthe
theory of Petri nets. There is a wide range of
variants of thistool: nested Petri nets, colored Petri
nets, timed Petri nets, inhibitor Petri nets, marked
Petri nets, and so on, that is, this tool makes it
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possible to develop the model (depending on the
object regionitisrequired to select aclass of Petri
netsfor simulation of elements) for any element of
LDS™, Herewith, thismathematical tool makesit
possible to combine two highlighted evolutionary
methods: genetic programming and genetic
algorithms. This is achieved due to the use of
nesting properties (description of genetic algorithm
at the upper level and expressing of marks of
subsequent levelsin theform of genotypes. models
synthesized by LDS), and derivation of trees of
achievable markings (tree encoding in genetic
programming)?’.

RESULTS

Satement of problem

Let us consider the following class of
problems of structural synthesis of LDS with
dynamic structure.

Fig. 1. Context model of LDS in the problem of
structural synthesis
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Given:

0= {In: Out, {'Sk}f-\] : {f_}:.l 2 {F;-}i]}’

where O isthe LDS, structural synthesis of which
should be performed,;

Inisthe set of input dataof O-LDS;

Out isthe set of output data of O-LDS;

Sk isthe k" subsystem of O-LDS;

1a is the function, determining the input data
corresponding to input data: ja: In®Out;

Fb is the binary ratio at the set { Sk} Kk=1: Fb
1{ Sk} Kk=1"{ Sk} Kk=1.

For thegivenfunction f, itisrequiredto
select binary ratio r, so that the set of subsystems
{ Sk} Kk =1 would provide processing of input data
by the O system in accordance with the
function f, .

Formalization using Petri nets
Inputsof O-LDSwill besimulated by the

set of positions r ={z}‘,, where v is the

number of system inputs, and its outputs by the
set of positions r_- {z=}",, where N is the
number of system outputs (Fig. 1).

Inputs and outputs of O-system will also
be simulated by a set of positions. Inputs of the

Sk-subsystem are the set P = {p= F'*' where

;"' ] !
M(K) isthe number of inputs of the k-subsystem,

and its outputs are the set £ ={ps=f "', where

N(k) isthe number of outputs of the Sk-subsystem
(Fig.2).
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Subsystems {S, |, can be coupled both

between each other and with the inputs and
outputs of O-system. These couplings will be

simulated by the set of transitions T =¥, E_L , Where

Qisthe number of transitions. Each tqtransitionis
characterized by its input and output positions.
Inputs of tg transition can be both any inputs of

K
k=1"

Outputs of tq outputs can be both outputs of O-

O-system and any outputs of subsystems {S, }

K

system and any inputs of subsystems {S,} .

Let us denote the inputs of tq transition as Ing,
and the outputs as Outq. Then,
on the basis of the aforementioned,

rE b F e -
merl Uz |eow =207 |.

Itisquite natural thé([ for-each input of O-
system a tq transition should exist coupled with
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with thisoutput. Formally, these requirements can
be written in the form of equality

U, -2 (e |.

Similarly, for each O-LDS output a tq
transition should exist coupled with this output,
and for each subsystem Sk a tq transition should

exist coupled with this input. Formally, these
requirements can bewritten in the form of equality

Q K .
CJout, - mu[u pkm)_
q=1 k=1

Different transitions can have certain
common input and output position, but there
should not be totally coinciding transitions. This
requirement isformally written asfollows:

In, = In, = Out, =Out, (ide q, #0q,);

Out, =Out, = In, #In, (ideq =q,).

this input. In addition, for each output of each The set of subsystems together
subsystem Sk atq transition should exist coupled
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Fig. 4. Expressing algorithm of processing by Petri
net

Fig. 5. Expressing of processing algorithm by
transition
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with the subset of transition set T={!¢F_]
completely determine current configuration of O-
system. Not all subsystems (s, }<, should be

k=1
involved in a current configuration. Herewith,
rearrangement of configuration (synthesis) of O-
system is determined by variation of subset of
currently activetransitions. An example of system
configurationisillustrated in Fig. 3.
Rearrangement of functions (variation of

functioning algorithm of O-system) occurs in
subsystems {S, |1, . Ingeneral case each subsystem
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Sk can be correlated with aset of Petri nets, which
will be the models of data processing programs.
Let us denote this set as PNk and define it as
follows: Bw,={EN,.[', where PNk is the r"
algorithm of data processing by the subsystem
K, expressed in the form of Petri net (Fig. 4).
Itisformally required for each Petri net
PNK,r to describe its positions, transitions and
arcs. But in general case the net PNK,r simulates
certain action on transformation of input datainto
output data. Thus, for the sake of simplicity, not
Petri nets PNK,r will be considered as algorithm

F1g. 6. Example of O-system model
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Fig. 7. Description of genetic algorithm by Petri net



2976

models, but transitions (“ degenerate” Petri nets).
Therefore, the set PNk will be expressed as

PN, = {g }’R_l Inputs Ink,r of each transition

tk,r can beany inputsof subsystemSk: In,, < R",
and outputs Outk,r of each transition tk,r can be
any outputs of subsystem Sk: Out,, < BR™ (Fig.
5).

On the basis of the aforementioned a
model of O-system in the form of Petri net can
expressed, for instance, asillustrated in Fig. 6. In
thismodel the bold line highlightsthe route along
which theinput data, supplied to upper two inputs
of O-system (highlighted by two marks in the
figure), pass across its subsystems and appear at

Fig. 8. Generalization of inter-component couplings
into “Bus’ layer
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the lower output of O-system. Dashed line
highlights inactive transitions and arcs.
Description of genotype

GA should be adapted to actual object
region by preset of parameters and determination
of GA operators. When using GA, alternative
solutions are expressed in the form of symbol line
of fixed length and referred to as genotype. Thus,
special attention should be paid to formal
description of genotype.

In our case genotype G should define::

. Which transitions of the set T= {tq }qo:1

will be expressed in the O-system model;
. Which transactions of the set

PN, = .. 1™ will beexpressed in the model of

1
each subsystem Sk.

HIH-HE

Fig. 12. “NAND” and “NOR” elements
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Therefore, genotype G will beasfollows:
G=(g1,...,00,...9Q,h1, ..., hk,...,hK),
wheregq1{0,1} andhk1{0,1,....r,....R(K)}..

If gg =0, then thetq transition is absent
in the model of Oobject, otherwise (gg = 1) thetq
transitionis present in the O-system model. If hk =
0, then the model of subsystem Sk hasno algorithm
of data processing (the program is not loaded). If
hk=r (r/{1,...,R(K)}), then themodel of subsystem
Sk contains tk,r transition.

Therefore, the number C of all

hypothetically possible models of O-system is
determined asfollows:

c= 2[R+,

Hence, even at minor amount of
couplings, subsystems and algorithms of data
processing the number of O-system modelsisvery
high. For instance, at Q = 10, K =10 and R(1) =
R(2)=...=R(10) wehave C=210"1110=2210.
Objectivefunction

Among all hypothetically possible
models of O-system we should determine such,
which solves the given problem: on the basis of

available set of subsystems {S, };* , and transition

system T ={tq}q°=l to construct such O-system

whichwill react toinput vector (or aset of vectors)
by required output vector (or a set of vectors).
Thus, the closer isthe output vector to therequired
one, the better isthe system obtained by synthesis.

In order to estimate this closeness let us
introduce notation for the required vector:

V=(v,...,v,

(EERREASERRE

Vy ) where vn is the number of

marks which should be in the position p** of O-

system. Itisnatural that vni{0,1,2,3,...} . Thevector
obtained as a result of operation of O-system we
denote as W= (wil,...,wn,...wN), wherewn is the
number of marks which in fact arein the position

out

p* of O-system. Similarly, wn1{0,1,2,3,...} .

The difference (distance) between the
required and actual vector can be estimated, for

e X
instance, by the equation: #(F.F)=3[, =,

Selection of abjectivefunction influences
on efficiency of operation of genetic algorithm.
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Thus, in practiceitispossibleto apply the equation
setting classical Euclidian distance

N s
El_"b"—‘-l«" F,
],

pV.W)= and rarely applied

equation ~(V,W)= Eg,)\‘(‘vn -W,|. Upon software
implementation of genetic algorithm it would be
reasonable to include the possibility of operation

-1

with equation 2(F". W}% Z|" —w.f I!

Y - __.'

intothe

system,whichatp=1,p=2andp’! “ expressesall
equations considered above. Varying the
parameter p, it is possible to influence on the
efficiency of operation of genetic algorithm.

The lower is o, the closer is the O-
system obtained by synthesisto the required one.
At the system completely corresponds to
the preset requirement. Nevertheless, there is no

guarantee that it is possible to construct the
required O-system on the basis of a given set of

subsystems , their models PN, = {t,, "' and
{aauplings T ={f;}f_].
Operatorsof geneticalgorithms

After selection of object function it is
possibleto describe operators of genetic algorithm.

Selection operator should select those
genotypes for crossing, which are the closest to
the required configuration. This process can be
arranged, for instance, as follows: to order all
available genotypes in terms of quality (best to
worst) and to cross neighboring pairs. Itispossible
to allow the best genotypesto participatein several
crossings.

Crossing operator can be described as
follows. Let us consider two genotypes:

G =88l Bt BT )

We select at random two numbers:  of
the range (set) {1,2,...,Q} and k of the range
{1,2,...,K}. And then we modify the respective
portions of the genotypes. Therefore, the parents
G1 and G2 provide the descendants G3 and G4,
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inheriting the properties of the parents:
G =gl gl g R K P )

G, =|._.§'1:=---=E;=E;—J=---gjr_u'a?'il:---='affye:='ij';—1=---='ifs]r,E
Itispossibleto be limited with selection
of only one number (q or k). How many numbers
will be selected and if one, then which exactly — it
can also be determined at random. It ispossibleto
select two points for each range ({1,2,...,Q} and
{1,2,...,K}) and to exchangewith “middles’.

Mutation operator can be described as
follows. Let us consider one genotype
G=(g1,...,09,...0Q,h1,...,hk,...,hK). Let us select
at random two numbers: g of therange{1,2,...,Q}
and k of therange{1,2,...,K}. Then we changethe
values gq and hk as follows. If gg=0, then we
reverseitto unity: gg=1.Andviceversa, if wehad
gq=1, thenwehavegq=0. If wehad hk=r, then
wereplaceit with any other of therange{0,1,...,r-
1,r+1,...,R(K)}. Naturally, at r = 0 it will be the
range {1,...,R(K)}, and at r = R(K) it will be the
range{0,1,...,R(k)-1}.

Reduction operator should remove weak
genotypes. With this aim after crossing it is
necessary to detect the properties of all
descendants. Then, the descendants and the
parents should be combined into one set of
genotypesand be ordered in terms of quality from
best to worst. Those in the worst segment should
be eliminated.

Solution of theproblem

Prior toinitiation of operators of genetic
algorithmaninitial population of genotypes should
be preset. If there are any hypotheses on the
structure and functioning of O-system, then the
genotypes can be described by the designer.
Otherwise, it is possible to generate several
genotype at random. The size of populationisalso
determine dby the designer.

Operation of genetic algorithm can also
be described by Petri net (Fig. 7) asin previous
works[1, 17].

Initial population of genotypes
G1,G2,...G2D ispositioned in Petri net. Operator
SEL performs selection of genotypesfor crossing.
Operators CROSSL,...,CROSY,...,CROSSD
perform crossing of genotypes which then are
exposed to mutation by operator MUT. The cycle
isfinished by operator RED, which eliminatesweak
genotypes. Then the process is repeated.
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Modd of inter-component bus

In aparticular case rearrangement of O-
system structure can be carried out by means of
inter-component bus (1B). This method is widely
applied in LDS synthesis and requires individual
discussion[18-20].

Overal system of LDSelementsand buses
is processed sequentially from the system input to
output. Initialy thefirst layer of elementsreceives
and processes input signals. Then, using the first
bus, the signalsaretransferred to the second layer.
After processing the signals via the second bus
are transferred to the third layer and so on. The
process is finished after processing of the signals
by the last layer of elements, and the output vector
istherequired one[21, 22].

Formally, for each bus a set of initial
positions In = {Inm} and a set of output positions
Out = {Outm} (m=1, 2, ..., M) are predetermined.
The input positions are the outputs of a previous
block of the system elements, and the output
positions are the inputs of a previous block of
elements(Fig. 8).

In order to simulate IB it would be
reasonable to use both elements selected for
synthesis, and logical elements. Each output
position Outmisassociated (randomly generated)
with:

—"“OR" block withidentification of the set of input
positions;

—“NOR “ block with identification of the set of
input positions;

—the number of “AND” blocks;

—the number of “NAND “ blocks;

— the set of initial positions for each “AND”
(“NAND”) block.

Output position can be associated only
with one “OR” block, one “NOR “ block, several
“AND” blocks, several “NAND” blocks.

Busoperates asfollows. Output positions
are processed sequentially from Outl to OutM,
according to the algorithm. At first “OR” block is
processed, then “NOR” block. Further, “AND”
blocks are checked and, at the end, “NAND”
blocks. In order to accelerate the procedure the
“AND” blocks are initially checked with lower
number of input positions. The check is stopped
when ablock is found which can be launched.

Therefore, a bus is completely
characterized with the set of blocksassociated with
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each output position. Thus, crossing of buses is
the exchange with output positions.

Parents:

X-bus: xOut1, ..., xOutm, xOutm+ 1, ..., xOutM
Y-bus: yOutl, ..., yOutm, yOutm+1, ..., yOutM
Descendants:

X-bus: xOut1, ..., xOutm, yOutm+1, ..., yOutM
Y-bus: yOutl, ..., yOutm, xOutm+1, ..., XOutM
Mutation of busis modification for any of output
position:

—the set of input positions of “OR” block;

—the number of “AND” blocks;

—the set of input positionsfor each“AND” block.
The“AND” element issimulated by transition, the
inputs of which are coupled with the positions
fromwhich signalsare supplied, and theinputs—
with the position to which they are supplied (Fig.
9.

The “OR” element is simulated by a block of
transitions, the inputs of which are coupled with
the positionsfrom which signalsare supplied, and
the inputs — with the position to which they are
supplied (Fig. 10).

Theblock operatesaccording to thefollowing rule.
Transitions are polled top-down. If any transition
can operate, then it is initiated and the other
transitions are not polled.

The“NOT” element issimulated by two transitions,
the inputs of which are coupled with position, the
signal from which should be inverted, and the
outputs with position to which theinverted signal
issupplied (Fig. 11).

The element operates as follows. Single
signal at input enables removal of a token from
input position. The signal absence at input does
not restrain the lower transition, which addstoken
to the input position.

On the basis of modelsof “AND”, “OR”
and “NOT” elements it is possible to construct
models of “NAND” and “NOR “ elements (Fig.
12).

It should be noted that the “NAND” and
“NOR” blockswith oneinput are not equivalent to
the“NOT” element.

DISCUSSION
In order to initiate operation of the

proposed model it isrequired to positionthemodels
of element base, which can be used in the system
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synthesis, at origination of the expressed net. The
SEL transition generates initial population of the
models of synthesized system, estimates the
degree of approximation of the obtained resultsto
the required solution (by means of computation
experiment) and prepares pairs for the CROSS
transition. The CROSS transition performs the
function of mating of parent pairs, and then the
descendantswill be preserved. The MUT transition
performs mutation of certain specimens. New
generation of specimensisverified for conformity
to preset criteria by means of computation
experiment, that is, the obtained by synthesis
model s based on Petri netsinitiate their operation
by supplying of a set of vectors to input and are
compared with preset reference vectors at the model
output by determination of the distance between
them in Cartesian coordinates. Thus, the quality
of the obtained by synthesis LDS is estimated.
The most remote from the required solutions
specimenswill be eliminated by the RED operator,
and the most adapted ones (closer to the synthesis
conditions) will continue searching until the
shutdown condition of operation of the proposed
model isreached. Such conditions are asfollows:
. Determination of model of synthesized
large discrete system with total conformity to the
synthesis criteria;

. Termination of synthesis time of large
discrete system (in this case the system models
will be proposed, which are the closest to the
synthesis criteria);

. Limitation in number of processed
populations (in this case the system models will
be also proposed, which are the closest to the
synthesis criteria).

It should be mentioned that the proposed
model of genetic algorithm formalized by nested
Petri nets provides possibility to work not only
with themodels of elements but al so with couplings
between them. In this case the SEL, CROSS and
MUT do not substitute the el ements of synthesized
system but operate with inter-element coupling,
that is, modify the couplings between the system
elements. Thisisaided by dedicated layers of inter-
component buses.

CONCLUSIONS

The main result of this work is the
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development of genetic algorithm model, which
facilitated formalization and algorithmization of
structural synthesisof large discrete systemswith
predetermined behavior by generation of solution
with dynamic structure on the basis of preset
components.

Solution of this problem is significantly
complicated by huge amount of possible variants
of implementation, from which it is necessary to
select those that satisfy the preset behavior. Three
theories were applied in solution of this problem:
evolutionary methods, simulation modeling, and
Petri nets. In order to eliminate this difficulty
genetic algorithms were applied adapted to
solution of the given problem by using multi-level
nested Petri nets.

In order to solvethe complicated problem
in terms of computation load a separate layer of
inter-element couplings was applied: “inter-
component bus’. Thisenabled optimization of the
system synthesis using genetic algorithm based
on nested Petri nets.

The proposed approach will be further
applied to the problem of parametric synthesis of
large discrete systems with preset behavior with
dynamic and static inter-component couplings,
which implies operation of genetic algorithm not
only with components of synthesized system and
couplings between them, but also with adjustment
of components of large discrete system. Thiswill
facilitate creation of universal method of structural
and parametric synthesis of large discrete systems.
Solution of the problem by existing methods at
present is labor consuming, since the searching
areaislarge.

In theoretical aspect it seems to be
promising to develop the proposed approach in
the problems of development of universal methods
of structural and parametric synthesis of large
discrete systems with modifying structure and
composition of involved components.
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