z
o
—
<
oL
w
(a)
w
(8
|
<
z
o
-
<
z
oL
w
-
z

OF AUTOMATIC CONTROL

1969

WARSZAWA

Finite Auvtomata
and Switching Systems

ional
ic Control

o
O
o
g
)
c
=]
-_—
N

Fourth Congress of the Internat
Warszawa 16 —

Federation of Automat

%
20y, Q@ KRN
..
&5
e,
egenss

.
o,
52

o3e:
QOO
otsteletels %!

Organized by
Naczelna Organizacja Techniczna w Polsce




INTERNATIONAL FEDERATION OF AUTOMATIC CONTROL

Finite Automata
and Switching Systems

TECHNICAL SESSION No 27

FOURTH CONGRESS OF THE INTERNATIONAL
FEDERATION OF AUTOMATIC CONTROL
WARSZAWA 16 — 21 JUNE 1969

Organized by
Naczelna Organizacja Techniczna w Polsce



/GDR/

Paper
No

27.1 E
27.2 D
27.3 SU
27.4 PL
27.5 SU
27.6 BG
27.7 FE
27.8 PL

Biblioteka
Politechniki Biatostockiej

1101604

! Bialymstoku &
\ Y é)ﬂ/

\\ 2 o
N\ Z» "/
N "V"rl‘t‘\-“é/

b T

AN
1299

Contents

Page

E.Daclin, N.Breaud, ]J.P.Perrin, M, Denouette -
The Application of Regular Expressions to the Syn -
thesis of Complex Asynchronous Sequential Machi -

DI 8 S ole Jats 5o o sl SO L s te elol w erei oo otate st shu elaty 5 orm o alofele ererotalalote
H.].Zander - Method for State Reduction of Auto -

mata with Taking Into Account Technical Particula-
rities of Synchronous and Asynchronous Operational

Motlen 88 S o AN e S ANE $heve dia o 87s o) o:67% sibia b0 66,0 6 o8

E.A.Yakubaytis - Asynchronous Model of a Finite
Automata. ceceeecssosoceccssccsescscocsrscessscons

W.Traczyk - Full Minimization of States for Asyn-
chronous Switching CircuitS...icesescscssssosos oo

M.A.Gawrilow - Structural Synthesis Methods of
Relay] ADHaNCeS ;s s vsevascss wiswwes seie womeses o

D.B.Shishkov - An Appropoach to Automation  of
the Finite Automata SynthesiS...ee.eeeeeceeceeees

P.Tison - Homomorphisms and Codes for Sequen -

tial Machines...ceeeeeecceccecccccaccscsescecses

R.S.Michalski - Recognition of Total or Partial
Symmetry in/ a Completely or Incompletely Speci -
fied Switching Function....eeeeecereenccccccasnss

Wydawnictwa Czasopism Technicznych NOT - Polska

Zaklad Poligraficzny WCT NOT. Zam. 120/69.

3

23
2
59
71~
91

99

109



3

THE APPLICATION OF REGULAR EXPRESSIONS
TO THE SYNTHESIS OF COMPLEX ASYNCHRONOUS
SEQUENTIAL MACHINES

Eric DACLIN Jean-Paul PERRIN
Nicole BREAUD Michel DENOUETTE

1. INTRODUCTION

Prior to proceeding to the essential items /vital subjects/
of the present paper it seems to us very important to formulate
properly the discussed problem. The problem under consideration
consists in a synthesis of the transition taole characterizing
a sequential automatic control systems. From this point of view two
kinds of problems can be discerned. The first group of problems
embraces problems of characterization of the inputs and outputs of
such systems /in the practice, we have usually to do with a large
number of inputs and outputs and all these outputs are of an
asynchronous type/. The second problem which is dependent to some
extent on the first one, is the choice of a suitable algorithm
of synthesis rendering it possible to solve the problems quickly
enaugh and in a relatively simple and economic way.
In authors opinion, this last aspect is equally important and
for this reason it will be discussed in some detail in the
present paper after some short general remarks on the first
two problems.

1. 1. Formulation of the problem

By automatic sequential industrial systems we will mean
here as well as in the further considerations the automatic
systems which can be classified as machine tools /or transfer
machines/ and digital control computer. These systems are,
generally speaking, characterized by a large number of input
and output data and consist usually of relays /in the most
cases of the "limit switch" type/ and push-buttons as far as in-
puts are concerned and electric motors - as far as output are
concerned. It must be here noted that not all combinations
of inputs are realizable from the physical point of view for

instance by reason of the geographical distance.



Simultaneously, let us also note /we will return to this
problem later on/ that not all input sequences are possible:
generally, an automatic industrial installation, operates
under the influence of a relatively small number of the input
sequences which for the most part repeat peridically /in a
cyclic manner/. It is worth mentioning that in the present
paper we are not interested in the other class of the industrial
systems which may be generally termed "automatic systems with
counting"/ this group of systems covers, for instance, lifts
/hoists/ with memory/. In the other words, it may be said that
we are interested only in such asynchronous sequential systems
whose operation can be described by a finite number of relation-
ships between the input and output values these relationships
being, in a general case, of a cyelic type.

From what we have said it is evident that the output
and input values of such systems are asynchronous. However,
it may also be seen that such systems have considerable
dimensions. Consequently, it is important that the applied
method of synthesis permits us to consider a case of
asynchronous machines of a large degree of complexity. It
should also render it possible to decompose /divide/ these
- machines into sub-machines of smaller dimensions, if possible.
This cecompositiom is not aimed at the simplification of the
Boole ‘an equations describing the operation of the entire
system as is usually the case for the synchronous sequential
systems but is rather aimed at a simplified realization by
means of sub-assemblies and, in @ present case, at facilitated
simulation on a digital computer or logical simulator.
We will explain now the choice of the method of synthesis of
the table. )

1.2. Choice of the method

The medium size of the machines to be realized involves an
automatic synthesis by means of computer and application of a
procedure which ensures a sound compromise between the time
of operation and capacity of memories of the computer. Finally,



this procedure must be applicable in the case of asynchronous
controls accurring in a cyclic manner.

As far as the synthesis of the tables is concermed, it is
well known that there are two types of methods, and nemely
methods which don’t asaumeé a priori, the reduction of the
size of the table /vide 1’°./ end the methods which reduce the
gize of the table during the synthesis /1r.'|.def3 '4./'. It is
evident /vide 4/ that a considerable drawback of the latter
methods consists in that they not necessarily results in a
minimel machine. In spite of this,we have to |focus our
interest in the latter methods since in the case when we have
to do with sub-machines, the size of such sub-machine is,
generally speasking, small enaugh to be able to find a minimum
solution. Moreover, in the course of calculations performed by
a digital computer the gain of the place in the memory resulting
from the applicatiom of these methods, is a considerable
advantage.

The second characteristic feature of the described method
consists in the possible application of this method in the
case of cyclic asynchronous sequences. In our opihion, the
regular expressions are bést suited to the description of such
relations 4,6 « o For the seke of better comprehension we have
decided to apply a slightly modified Glushkov’s synthesis
method .34' 3

1.3. Plan

We will present first the method of synthesis of the
tables as derived from the method by Glushkov which will have
been applied in the further considerations,and we will see
how it is possible to obtain decomposition of corresponding
machines,the latter point being illustrated on suitable examples.
As 211 the relevent theoretical proofs may be found in the
respective literature cited in the bibliography, we have
presented only the essential results,the purpose in so doing
being the desire not to complicate our present paper more than
it is absolutely necessary.
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2. Indexing of regular expressions - synthesis of a table
2.1. Genéral remarks

As for the next part of our paper we will take for granted
that the reader is thorougly acquainted with the methods of
synthesis of the tables by Glushkov /the principles of this
method and examples of application can be found in [4.13] and
[14] 7-

We should like to outline briefly some problems concerned
with the application of the above mentioned method to the
construction of an asynchronous sequential machine.

The first problem consists in an increased number of the
required indices, which turn out to be necessary. In effect,
it may be seen that each time an asynchronous control appears,
the application of two various indices is theoretically
necessary /in consequence of the mere fact that it is written
in the form X; { Xi} /. The second problem /which is also the
problem of camplexity/ is even more specific for the type of
machine which we try to build.

We have to do with the cycles. This means that we will
be forced to introduce a great number of indices or interral
states /with the aid a universal event, I, or double iteration/
which will prove redundant during the final stage of the
synthesis.

In the present section we will discuss two problems and,
strictly speaking we will present results thus far obtained.
The reader will find proofs of these theorems leading to the
formulation of an algorithm of synthesis for the table of an
asynchronous machine in the references 3 and 14.

2.2. Expressions of type P.- ¥

The regular expressions R = pp’E can be written, accordance
with the assumed convention, in the form p1 ¥, If P is a vector
/sequence of length 1/ P! ®isan asynchronous control /vide

7, % and 13 /. We will index p by attributing to it one
fundamental index. However, we are well aware of the fact
that the place, _Jj, thus obtained corresponds to a stable



7

state and, consequently, we write index Jj in the field

(P, j) of the Moore ‘s table. In the case, if p is a gequences
of length greater than 1, stability has a global character.

This means that if P = ABC ..... N the fundamental /basic/
index associated with N will be a pre-fundamental /prebasic/
index associated with A. Beginning from this moment, the
indexation of the regular expressions describing the machine
will follow strictly the Glushkov’s scheme with a sole exception
concerning the stability of each of attained states.

2+3. Universal event., I = i X

The number of indices which appear in the course of
making use of a universal event i* is reduced in an identical
way with due regard being paid to the fact that in the expression
R = i* aF /where a has unit length/ all indices appearing at
i* are equivalent /they correspond to the state 6f repose of
the machine which is realized by R/. It is only one fundemental
/basic/ index connected with a that plays another role since
it indicates that we are in the sequence aF.

If, during indexatiom, to i¥ was attributed index 1, 1t
is clear that this index must be repeated in all fields of the
given table. On completion of the above mentioned operationg -

further course of indexation will be identical as in the
case of the non-modified Glushkov‘’s method.

2.4, Example

We will now give an example illustrating advantages
obtained due to application of two rules discussed previously.
The problem consists in building an asynchronous m chine with
the three inmputs X, X,, and X, /which can be combinations
of variables X, xj......y and one output Z.

Z = 1 for each command X preceded by X, and Xz.

2.4.L. Non-modified Glushkov’s method

We can write:
RZ/ =/ +X+X3/x1x1*x x *x3%3

Upon indexing R /we will assume notatlon{ }for iteration with
the purpose of a graphical representation of the iteration



in as simple a way as possible/.

s = |{a] +| =1+ o [} n)fiafiell = [} o
00 10 .20 30 11 41 55 65 7T
1 1 1 1 4 4 6 (3
3 3 3 3

The table of transitions /mon-reduced/ is presented in fig.
2.1. It contains nine internal states.

2.4.2. Modified method

We may write:
1¥_4
R /2/ = ix x:'x;x;‘
1 1 2 3 4

and the obtained table has identical form as prea'ented in
fig. 2.2. It has only four internal states.

2.5. Reduction of the mumber of required indices.

In order to reduce, at the beg:i.nni.ng,the number of
indices applied when preparing the table of the system,we
will use only the rules of similarity and eorrespondence as
given by Glushkov. Let us recall these rules.

R,: Similarity - Two places are similar, if they depend
only upon identical assemblies of prefun-
damental /pre-basic/ and final places.

R,: Correspondence - Two corresponding places are place of
different regular expressions or of
different terme included in the same
pair of parentheses to which lead
identical sequences beginning from the
initial place or from place situated
directly in front of the parenthesis.
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Let us also note that in order to reduce the number of
indices encountered in a regular expression one can make use
of only the conditions either Rl or R2 at one time: it is not
possible to make use of both conditions Rl and R2 simultaneously.

The application of condition R2 presents no difficulties
/is quite easy/ contrary to the application of R, which is of
far more delicate nature. In particular, /14/ decomposition of
terms in a regular expression into the individual factors
creates usually serious difficulties. It is also advantageous
to make use of a more restricting condition R, rather then
to use directly R1 .

R, ‘Equelity. Indices of two places can be identified in the

following conditions:

A. The indices should be attributed to the fundamental places
of the same input vector. 3

B. They should not be indices of the final places of various
regular expressions.

C. The corresponding fundamental places for each input wector
which can be put in the pre-fundamental places with the
considered indices should be:

- designated with identical indices,

- fulfil the conditions C and B.

This renders possible to determine directly the table of
transitions which in the case of the systems under consideration

has only one stable state in a line /14/.

3. DECOMPOSITION OF ASYNCHRONOUS SEQUENTTAL MACHINES

3.1. Yormulation of the problem

The problem of decomposition of the sequential machines
such as for instance machines which we try to realize, may
by considered in two ways. The first way consists in the appli-
cation of purely sequential techniques, relative /however
slightly different from/ the techniques as presented by
HARTMANN AND STEARNS.,
The second way may be reduced, upon finishing the synthesis
of the table and coding the table, to searching for the



10

decomposition of the obtained Boolean functions. On the other
hand, let us note that both above mentioned procedures seem
rather hardly applicable in the discussed case,due to a
considerable size of the systems under consideration and a
comparatively large number of indeterminations in the table
on the level of considerations on the partition /videlt / and,
subsequently, owing to a large number of non-specified inputs
which manifest themselves by the presence of so many void
/empty/ places in the respective Boolean matrices /vide Aipe

Consequently, we tried to combine both- above mentioned
operations.

At the very beginning we have considered the problem of
the sequential decomposition on a level of the regular
expressions defining the system. Later, having obtained
various sub-machines into which the entire automatic system
can be eventually divided, we tried to obtain as quick as
possible the equations of these sub-— machines by considering
as the most essential factors, the speed and ease of obtaining
of these equations.

3.2+ Sequential decomposition.
3.2.1. Notation

We will assume that the regular expressions characterizing
operation of the machine which should be realized are known.
If controls of this system are physical variables /a,, ...an/.
and outputs = /z;, eec.. zp/ then we will designate each from
the full monomials 85 85y ecocee 8 with the letter A. for
the sake of simplification of the expression. Letter Aj will
tgerefore represent the corresponding asynchronous control
A% .

In a similar way, each full‘monomial Zys Zys esesel is
designated by letter Zy. Aj will be called gymbolic inputs
and Z, - will be termed symbolic outputs.

The entire automatic control system which should be
realized is thus represented by a series of regular expressions
of the form Z; = F /A,, .. A/ for i = 1,N, where N is the
number of the symbolic outputs and m denotes the number of the
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symbolic inputs.
3.2.2. Independent machines

Classes of disjoint inputs

At the beginning let us divide the entire system into
disjoint sub-machines. To this aim we must define previously
these sub-machines. In an arbitrary way we have assumed the follo-
wing principle:

For each of the symbolic outputs Zi we establish the
class of the symbolic imputs C; /Al’ . ey A_m/ which produces
output Zi. Consequently, we have N classes of the above
mentioned type. Next, let us combine all these classes in
pairs. Each time when the intersection of the both classes
C. and CJ is not equal to zero,a new class c ij° = C. UCJ is
formed and C and C. j are eliminated from the table of
comparison. ’.me presented procedure is then repeated and new
classes are formed. Finally, by proceeding in this way, we
arrive at ‘M/& N/ input classes C, associated in conformity
with the method of generation, with M classes of outputs c,
and [, /ineluding the symbolie inputs and outputs. We have
then:

cne, = ¢ B
i, J,k, 1 =1t X
ri n r'j = g ¥oo & d
]
Therefore, it may be seen that the machine to be realized is
divided into independent sub-machines M‘ 3 wedle Mm /independent
in a sense that they have no common inputs/ and may be
presented not necesarily in the form as in fig. 3.1. but in
the form given in fig. 3.2. It is worth mentioning that when
we remain om the level of the symbolic inputs and outputs
of the system we will gain probably nothing, both frem the
point of view of complexity as well as from the point of view
of simplification of the equations. In effect, the inputs
belong further to the alphabet /A, A, e« A, By, ...Bn/.,
where B; represent void /impossible/ combinations &;, &yess & -
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Simplifigation of the equations of sub-machine M, containing
inputs /A; 1, A;5y e Aik/ may be achieved by attributing the
value O to the functions which should be calculated for all
imputs Aj such that Ajn /Al' i Am/ and value @ at inputs
B; that is by proceeding in a similar way as in the case of
a general /global/ synthesis.

3.3. Combinatorial decomposition
3.3.1. Brinciple of the method

We aim at as great a facilitation of work connected
with writing of the logical equations of the individual sub-
systems as possible. From this point of view it is absolutely
essential that the number of inputs of sub-machines be as small
as possible /only in this case the reduction of the entire
system will be realized quickly enaugh/. This aim can be
achieved by assuming that the real inputs /ays 85y.00 8/
are divided into two classes and namely class which remains
unchanged during operation of the sub-machine Mi and class
wich changes it’s value in the course of work of the machine,
To some extent it may be said that changes involved in Mi are
independent, of the inputs belonging to the first from the
above mentioned classes.

Consequently, if the internal variables and outputs Mi can

be expressed by the function of the inputs ‘of the second from
the above mentioned classes then a considerable economy of
time and place will be obtained, since the number of columns
in each table will be considerably reduced.

3.3.2. Case of outputs

For the same reason as previously mentioned,and nemely
for the sake of as far simplification of the conceptual work
as passible,we wil}t confine out considerations in the first
place to the symbolic inputs. It is generally possible,with
the use of an OR system,to deduce each real output from the
sympbolic outputs in conformity with the scheme of the types
as shown in firg. 3.3.

3.3.3. Case of inputs
Let us consider sub-machine mi having symbolic inputs
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Ai1s Bjoseenes Agq /vhereas each A, . is a full monomial on
the basis /al’ Byy eee qm/. By using the method of succesive
comparisons betwedn A, ; two classes of the redl outputs can
be obtained as mentioned above. Let /ail’ 8559 eee aip/ be
a sub-machine of invariant inputs and let /avl, 85y eee avn/
/a + p = m/ represent the class, of variable inputs. Should
the symbolic outputs Mi be zil’ ziZ' ceny Zir and the internal
variables Yil’ YiZ' veey Yié then it may be written:

Zy3 = Byy /8510 Bypr cees Bymy Tyns Tipr eoe Tig/
Zyp = Tip /851s Byps cees Byps Tyno Typs oov Tyl
Zir = Fir /avl, 8y eces any Ji17 Fio9 oo Yis/

Y11 = G31 /810 Bypr ces Bypr Tyzs Vipo ooe Tief
112 = 612 /&71’ av2! ecey avn' 711: yig’ L yis/

yis Gis /avl, &vzp XXE) avn, 711, 3'123 L Yis/

liowever, it has to be born in mind that the above mentioned
equations are only satisfied for the given combinations of
8419 8559 voe 8550

Taking into account the above mentioned conditions we have
two possible solutions.

We can produce a Boolean product of each Zil’ Ijk’ by means
of a combination 83 characterizing M; /however this may
prove rather troublesome/ or to try to reduce still more the
combination a; ;e In this connection two procedures can be
considered. The first procedure consists in realizing, a
partial minimslization of the members 713%;, by means of the
conventional /classical/ methods and making use of all the
empty /void/ combinations which are not present on any of the
symbolic inputs/ Ayy AZ’ seey Am/. The second wey consists in
the testing if switching on and off of M, is perforzed under
the influence /effected/ of one from variables belonging to
the set aij' If both these variables are designated as ?11
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and 3;2, this influence corresponds to the change in the value
of Q;l from O to 1 when passing from the symbolic input Aij
/of sub-machine Mi/ to the symbolic input A;, /symbolic input
which switches on Mi/, and to the change in the value a; .
from 1 to O when the symbolic input Ai' becomes the symbolic
input A, /switching on Mk/. If the machine N; is to be
switched on several times at subsequent instants or if switching
on /or switching off/ of this machine depends on variables
ay, only, then the application of the method as described
above is impossible and the method of partial minimalization
of aij must be applied.

An overall layout of the machine M can be presented as
in fig. 3.4. where the variables of switching off and on of
each sub-machine have been presented separately.

4. Example of application. Setting of blades on a steel tube
4.1. Problem

It is our aim to mount blades on an U-ghaped steel tube.
For this purpose the tube has been fasteied in three vices
/fig. 4.1./ pressed by three hydraulic cylinder Vs V2, V3o

The working cycle consists of the following operations:

1. Switching on of circuit-breaker, pressing of V1
2. Action on m. Presing of V2
3. At the end of pressing of v, /with the use of the stcp
a/ pressing of Vj
4. At the end .of pressing of V3 /with the use of the stop b/
switching in of V4 releasing the part from the store
©« At the end of the stroke of Va /with the use of a
retractable stop/ withdrawal of V, and start of V

4 5
6. Contact on 4 /switching contactor/ releasing‘of'V2
Contact one . releasing of V3

7. Contact on limit switch f /moving stroke by stroke in the
course of mounting of the blades by means of a system with
ratched wheel connected rigidly with Vs/‘

#ithdrawal of Vs.

3. vontact reversed on e: pressing of V3
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9. Contact reversed on d: pressing of V2
10. At the end of the stroke of V5 /with the use of g/:
start for taking the next blade /return to 4/.

4,2. Establishment of re ar _expressions

The table describing the operation of the system is
presented in fig. 4.2. The column on the right, hand side
represents the symbolic outputs. To exhaust the problem under
consideration let us note that fig. 4.3. presents a combination
/diagram/ built from OR circuits, which enables the symbolic
outputs to be transformed into the real ones.

On the basis of the table presented in fig. 4.2. conclusion
can be drawn as to the working cycle of the entire system
/attention should be paid to the presence of a transient state/
ABCBD zZ, zZ, Z 23/

Ten regular expressions of the symbolic outputs have the
following form:

R (zp = AB
R (2,) = AB/C + CB/
R (2;) = ABCBD + ABCBEDE (¥ + KF)

with R= FENGHJKLKLPHMNE'

R (z,) = aBceD (E+ER'*)

R (25) = ancapE (¥ + '™ )(E + EN)

R (2g) = 4BCEDE(F +R'® F) EN(G + GH)

R (2;) = ABCEDE (F +R'™ F) ENGH (J + JK)

R (2Zg) = ‘ABcabE(F'fR"F)M (L +x)

R (2g) = aBcBDE (F + R'™ F) ENGHJKIXK (P + PH)
R (2,0) = AB_cBDE(Fa,R"‘F) ENGHJKLKPH (n+'MN)

These regular expressions render it possible to formulate
the scheme of decomposition -into four sub-machined presented

1 cn
‘-Au




16
in fige. 4.4. /a. scheme: B: tables of phases and outputs/.

4.3, Deebmposition into real controls

As far as the complexity of the entire system is concerned,
we have gained nothing /even in the case if the symbolic inputs
and outputs/ and have even complicated some equations as
compared a general solution to the problem /we do not attach
here with the relevent equations in order not to complicate
the text/. .

Now we will consider, subsequently, four sub-machines
and present their equations.

a/ Sub-machine ML

Variable inputs: I, m. New table are presented in fig.
4.5.a Ml is switched on as soon as g passes from O to 1.
1 is switched off when a passes from O to 1.

From the tables presented in fig. 4.5.a. it may be derived:

Z1=Imy1
Z2=Iy|+m
L=y +n

b/ Sub-machine M2
Invariants: d, e, F, I, m : /fig. 4.5.b/
M2 is switched on either when a passes from O to 1
/Z3, Z4, ZB/ or when d passes from 1 to O /Zm/ and
switched off when d passes from O to 1.
The equations have the following form:

Zj=c+by2
Z4=bcy2
| -
Z5=acy2
210 & ¥,
Iz‘c+ay2

¢/ Sub-machine M 3

Invariants: I, m, ¢, d, e, f, g /tables: fig. 4.5.e/
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M3 is switched on either when d passes from O to 1 /Zs/ or
when e passes from 1 to O /29/

and switched off either when e passes from O to 1 or when
d passes from 1 to O.

Corresgponding equations:

26 =-E Yy 2
B T s
Yj =b + 8y,

5. Conclusion

Several problems comcerned with the synthesis of complicated
asynchronous machines which were discussed above can be
regarded only as the first approximation of the problem under
consideration. On the other hand, it seems that these remarks
in the existing form should facilitate and thus speed up the
entire process of formulation of a logical scheme,because
they afford the possibility of omitting tedious and cumbersome
transformations of the tables of large dimensions. On the other
hand, should the results obtained be not absolutely minimum
in the strict sense,it can be shown that a decomposition into
sub-machines enables easier simulation and facilitates repairs
in all cases when the loops encountered in a logical scheme
are referred to sub-assemblies of small dimensions.

Consequently, the described procedure can be fully
applicable only in the case when it can be extended also on
the case when the symbolic inputs may not be divided into
disjointed classes. In consequence, there remains still plenty
of work to be done both in this field as well as in the field
of a more precise formulation of the principles of operation
of a sub-machine.

Finally, as far as the problem of synthesis of the table
is concerned,still much is to be gained by the reduction of
the dimensions so as to obtain directly a diminished table.
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METHOD FOR STATE REDUCTION OF AUTOMATA
WITH TAKING INTO ACCOUNT TECHNICAL
PARTICULARITIES OF SYNCHRONOUS AND
ASYNCHRONOUS OPERATIONAL MODES

Hans Joachim Zander
German Academy of Science
Institute for Automatic Control
Dresden, GDR

Introduction

For the construction of industrial control devices asynchronous
automata are mainiy used. However for the state minimization

of asynchronous automata the methods1’2’3’4’5 eépecially
developed for synchronous automata are not suited. Therefore
several authors tried to take into account certain particu-
larities of asynchronous automata with the methods known for
state minimization of synchronous automata or tried to develop
in other ways special methods for minimization of asynchronous
automata6'7’8’9’1o’1q. In this connection also such asynchronous
automata are of great importance, in which the transitions to
the following states especially depend on the change of the
input signalss’

Beginning with a structure analysis in this paper the different
kinds of synchronous and asynchronous automata used in the
fields of control and computation are intended to be considered
from a unified point of view. According to these considerations
a method is developed, which allows to determine systematically
for any kinds of automata all the solutions with a minimal
number of internal states. The technical particularities of

the different kinds of automata appear in different conditions
under which two of their states are incompatible.
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1. Operational modes of automata
1.1 Basic considerations

In order to take into account all the kinds of automata used
in the fields of control and ccuputation and to be able to
consider them from an unified point of view it is necessary to
define the term "automaton" some more completely than it is
generally the use in the theory of automataq.

Definition 1: A

An automata A = A(Ol,&’,??,g,f) is determined by the set & of
its inhternal states A, the set o€ of its input combinations X,
the set 19 of its output combinations Y, by a transition function
g and an output function f. The transition function g is a
mapping of the set axz? into the set O with ¢ =u(XxX).
The output function is called f,], if it is a mapping of the set
Q into the set y . The output function f is called f,, if it
is a mapping of the set axf into the set « An automaton,
that works according to an output function f’l’ is to be called
an A-automaton and an automaton, that works according to an
output function f2, is to be designated as AX-automaton.

By enlarging the domain of definition of the functions g and f2
to Ux¥ with £ =2u(XxX) also such kinds of automata are
Caken into account as contain, in addition to memory elements
and logic elements, also differentiating elements8’13. Such
»inds of automata have great importance in the fields of control

In dependance on whether the transitions fixed by the transitio:
“unction g are caused by a special clock pulse or by the input
combination itself one distinguishes between a clocked and an
inclocked operational mode (usually one finds for that the term
synchronous and asynchronous operational mode). For a classifi-
cation of the different kinds of automata used in the fields

of control and comput:z:ion the following characteristic feature
are specially important.
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1.2 o -unclocked and B-unclocked operational mode

As to the exciting combination Eg’ by which for instance the
transition into the following state according to the transition
function

e Wb % (1

k+1
o g

g(

is determined, -it is mnecessary to distinguish between two
specially important kinds of automata.

Definition 2:

If especially
; k+1Eg = k+1x (2)

we call the automaton an of-unclocked automaton., We designate
an automaton as a B-unclocked automaton, if the exciting
combination'k+1E is one-to-one assigned to the two inmput
combinations XX and ¥*'X vy a function h as follows:

k+1 Eg L h(kx, k+1x) e k+1X 1 . (3)
The dynamic input combination k+1X' can be regarded as a term the
value of which depends on two sequential assignment mappings of
the input variables. This state of affairs can technically be
realized by means of differentiating elements13.

1.3 Dynamic and static operational mode

On the strength of technical facts the behaviour of an automaton
furthermore depends on the ratio between the effective duraticn
of the signals used for changing the memory elements and certzin
parameters of these memory elements. If one intends to change

a binary element from a stable state to another, one has to
convey to it a certain energy by a set or a reset signal. In
order to abstract from the technical facts in a degree sufficient
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for the considerations to be made in this paper let us suppose,
that for ‘changing the memory elements in general exciting sig
of a determined amplitude-time-surface Q are necessary. The
actually existing amplitude-time-surface of the exciting si ]
belonging to k+1Eg is designated with F. If F 2 Q, the memory
elements can be changed over whereby the new state is stored
according to X*1a = g(¥a, k+1Eg). In fig. 1 this situation is
illustrated in a timing diagram for a special sequential circ
By a signal Xp the memory element is excited (xs = threshold
value), so that after reaching the necessary voltage-time-surfa
Q the output signal z under idealized conditions abruptly cha
its level. At the end of the transition period from k+1E and
the new formed state k+1A new exciting signals originategwhich.
in the case of F 2 2Q are able to change the memory elements
over for a further time. In the example according to fig. 1
the considered memory element itself is changed, although
according to the problem.it is to be kept excited also further
on. .

So the different behaviour of automata as mentioned above may
result from the ratio between the real amplitude-time surface
of the exciting signals and the required amplitude-time surfac
Qe In this connection a dynamic and a static operational mode
is defined here.

Definition 3:
If the relation
QEF<2Q (D)

holds for the amplitude-time surface F of the exciting signals,
we speak of a dynamic operational mode, and if

F229 | (5)

we speak of a static operational mode.
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If a stable state is to prevail in the tact interval k+1 you
must prevent that the exciting signals formed in compliance
with the exciting combination k+1Eg and the new state k+1A can
change the memory elements over again. With a dynamic operational
mode the effective length of the exciting signals is limited
according relation (4) by using technical resources so, that

a further changing-over of the memory elements is impossible.

In a static operational mode it is necessary, that to the
exciting combination k+1E and the state k+1A formed according %o
k1, g(kA, k+1Eg) the state k+1A is assigned again, so that

no further transition takes place and the state k+1A is stable

in the tact interval k+1:

k+1A o s(k+1A " k+1 Es) (6)

The function s is designated here as stability function. It
represents a restriction within the transition function and
describes the stable states in the static operational mode,
as in first line you find it in "asynchronous" automata
(paragraph 2.2).

2. Combined operational modes of automata

In the paragraphs 1.1 to 1.3 some technical particularities
were compared, that are especially important for state mini-
mization, however, were not sufficiently taken into account

in the hitherto existing synthesizing methods. If one logically
combines the listed classification features one gets a number of
different kinds of automata. Here only four of the examined
kinds of automata shall be described, for which then in
Paragraph 3 the conditions for the incompatibility of their
states will be given.
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2.1 Dynamically clocked AX-automata ("synchronous" automata)

For dynaﬁically clocked AX-automata usually also designated as
Mealy-automata the following system of transition and output
functions is wvalid:

B = g(Chy D) )

Bty &t D (8)

As a basis for the technical realization of this kind of
automata you can take the block diagram according fig. 2. In
this case when a clock pulse it arrives the output combination
k+1Y is formed from the preceding state kA and the input
combination kX still being present from the tact interval k.
k+1y is defined only during the width of the clock pulse
(pulse output signals). At the trailing edge of the clock pulse
the new state k+1A originates from kA and kx, which will be
stored in the memory block S. In order to limit the effective
width of the exciting signals (dynamic operational mode) the
differentiating element D is added (N = inverter).

2.2 Statically o -unclocked AX-automata ("asynchronous”
automata)

For statically of -unclocked automata, which usually and strict
speaking are designated as "asynchronous" automata, the following
system of transition and output functions holds:

k+1A =‘ g(kA, k+1x) (9)

Because of the static operational mode there exists the
stability function
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k+1A " s(k+qA, k+1x) (11

In fige 3 the appertaining block diagram is shown.

2.3 Dynamically and statically B-unclocked AX-automata
To dynamically B8-unclocked AX-automata applies:

k+1A " s(kA, k+1X’) (12)

k+1Y L f2(k+1A’ k+1x) ; (13)
The dynamic input combination k+1X' can be realized by means
of differentiating elements13. For a dynamic operational mode
you must dimension the time constants of the differentiating
elements in such a manner, that the amplitude-time surface F
satisfies the relation (4). For a static operational mode the
stability function is:

k+1A = S(kA’ k+1x') (14)

Fig. 4 shows the pertaining structural scheme.

3. Conditions for incompatibility of states

To be able to determine the compatible or the incompatible
states of the different kinds of automata it is necessary to
define the notion "compatibility" in a more general way.
Strictly speaking the usual definition of the notion compa-
tibilitya is applicable only to dynamically clocked automata
(look par. 2.1).

Here we start from the fact that in the course of the synthesis
certain secondary combinations the elements of which correspond
to the output signals of memory elements are assigned to the
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internal states A. To have need for that of as few memory
elements'as possible and as few secondary combinations as
possible, respectively, you can try to assign one and the same
secondary combination to as many states as possible without
hanging the over-all behaviour of the automaton considered
rom outside. With these reflections we obtain for the notion
of compatibility of states the following definition applicable
50 all considered kinds of automata:

[¢]

Hy

Derfipition 4:

Two states Ai and Aj of an automaton are compatible (Aicz Aj)’
if cone and the same secondary combination can be assigned to
them without, however,an outside change of the functional
behaviour of the automaton with reference to sequences of input
and output combinations belonging to one another. Otherwise the
states 4y and Aj are incompatible (Aiqk Aj)’

Starting from this definition the conditions for incompatibility
of %two states can be derived for any type of automata by taking
into consideration the transition and output functions and, if
necessary, the stability functions. For the kinds of automata
described in paragraph 2 these conditions are put together in
table 1. As to the manner of notation we refer to fig. 5. In
special papers}‘a”]3 it was shown for several kinds of automata,
how these conditions can be derived by considering the transitio
functions, the output functions and the stability functions.

4, Unconditionally and conditionally incompatible states

If the conditions 1,2 or 4 (look at table 1) are satisfied it
results that two states Ai'and Aj are "unconditionally" incom-
patible, that means Aiqe Aj. On the other hand by means of the
conditions 3,5 and 6 one only obtains the statement that two

states are "conditionally" incompatible, that means that they
are incompatible if two other states Au and Av are incompatible.
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For this conditional relation let us introduce the following
notation:

Ay Ay /A A

In the following the pair of states {Ai,Aj} is called starting
pair Sy and the pair {Au,Av} is pamed sequential pair Fp.

If the sequential pair {Au,Av} of two conditionally incompatible
states A; and A; is contained in the set 2> of the pairs of
unconditionally incompatible states it follows:

(a5 Aa./Aus-" AD A (B % M) => (A5 ¢ A)) (15)

Then the pair { Ai’Aj} must be added to the set 1 of the pairs
of unconditionally incompatible states. In this manner it is
possible by iteration to determine completely the set 29hax of
all pairs of unconditionally incompatible states of an automaton
with a given basic structure. Thus the setdg of the pairs of
conditionally incompatible states which one get by reason of

the conditions 3,5 or 6 will be reduced to a‘min', dgmin contains
only the pairs of conditionally incompatible states which cannot
be identified as pairs of unconditionally incompatible states.

In paragraph 6 it is shown that the set a%min that is not further
taken into consideration in other methods has an important part
here in determining the minimal collections of compatibility
classes.

If in a static operational mode by means of condition 5 for two
states A; and Aj the conditional relation A4; %% Aj / Ay qu is
obtained, there simultaneously exists the conditional relation
Ajge Ay / I A,y by reason of the condition 6 and vice versa
(compare table 1). In the algorithms described in par. 5 to

find the incompatible states of statically working automata.the
following rule is used, according to which it is possible to

construct one of the two conditional relations from the other
one,
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Rule 1:

If a5 A;] /Ai#: qu is a conditional relation, (A;j * qu),
resulting from condition 5 (compare table 1), then {Aj’ qu}
is the sequential pair of another conditional relation

A 4% Aj /A.'j* A j about the conditional incompatibility of the
states Ai and Ad' as obtained by reason of condition 6.

—r

Ixample: If for instance one obtains the conditional relation
(1,3)/(3,6) by reason of condition 5 one can construct from it
the conditional relation (1,3)/(1,6), which one also would
obtain by using the condition 6.

A

5 Algorithms to find the incompat;ble states
51 Formation of transition tables

According to the given conditions of incompatibility (table 1)
the incompatible states of any automata can be determined from.
corresponding transition tables. As the conditions of incom-
patibility are different for the different kinds of automata
it is recommendable to use differentiy arranged tables in the
different cases. Table 2 shows an example for a transition
table of type I, as it is in general use for synchronous
automata~,

a,xtrty oo | o [z | a; [ oo |on | 1L | 0
1 (00/L) 6/0 1| 14 6/0
2 (0L/L) | 1/L 5/0 2 | 1/L| 2/L| 5/0

3 (10/0) | 9/0 3| 9/ 3/0
4 (OL/L) | 1/L 4 | 1/L| 4/L

5 (LL/O) 7/L 5 5/0| 7/L
6 (10/0) ‘| 1/L 10/L 6| 1/L 10/L| 6/0
7 (Lo/L) | 9/0 8/L 7 | 9/0 8/L| 2/L
8 (LL/L) 4/L 3/0 8 4/L| 8/L| 3/0
5 (00/0) 2/L 3/0 9 | 9/0| 2/L 3/0
10 (1LL/L) 2/L : 10 2/L|10/L "

table 2 table 3
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For minimizing the number of states of certain automata (for
example statically oc -unclocked automata) it is advantageous

to enter according to the stability function (equ. 6) also the
"gtarting" states (from the left-side part of the table) and the
corresponding output combinations into the columns of the right-
side part of the transition table. marked by the input com-
binations belonging to those states. Table 3 shows an example
for such a transition table of type II.

In the case of statically B-unclocked automata the incompati-
bility of t:g states.Ai and Aj also depends on the inmput com-
binations X'~ and Xva, respectively, which directly preceded the
input combinations Xi and XY, respectively. To find out the
incompatible states advantageously also in this case in a previous
paﬁer13 so called transition tables of type III were suggested.
Here these tables cannot be considered more in detail.

5.2 Algorithm for dynamically clocked AX-automata

Step 1: Formation of a transition table of tzpe I (for example
table 2. In this case the entry of X* and Y in the left-
side part of the table is not necessary).

Step 2: Comparison of the entries within the columns of the

right-side part of the table.

Two states Ai and Aj are incompatible, if in the rows

belonging to Ai and Aj, respectively, within the same

columns -

a) different output combinations are contained
(condition 2) or

b) sequential states are entered which are incompatible
themselves (condition 3).

Step 3: Interpreting the relation of the conditional incom-
patibility with taking into consideration the equ. (15).

This algorithm agrees with the algorithm for reduction cf
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synchronous automata which was given by Paull and Ungerz.-For
the example chosen (table 2) the following pairs of incompatib
states are obtained (1,5), (1,8), (1,9), (2,3), (2,6), (2,7),
(394), (3,6)y (447)y (5,8), (5,9), (6,7), (8,9)/(2,4),
(8,10)/(2,4)

5.3 Algorithm for statically oC -unclocked AX-automata
Step 1: Formation of a transition table of type II (table 3).

Step 2: Comparison of the entries within the columns of the
right-side part of the transition table. Two states Ai
and Aj are incompatible, if in the rows belonging to Ai
and Aj, respectively, within the same columns .
a) the output combinations are different (condition 1,2

or 4) or :
b) states are entered which are incompatible themselve
(condition 3 or 5).

Step 3: Determination of the states being incompatible by reasor
of condition 6 by means of rule 1.

Step 4: Interpreting the relation of the conditional incom-
patibility with taking into consideration the equ. (15)

For the chosen example (table 3) there results:

(1,3), (1,5, (1,72, (1,8, (1,9, (2,3), (2,6), (2,7), (2,8), |
(2,9), (2,10), (3,4, (3,6), (3,7, (4,7, (4,9, (4,10), (5,6)
(5,7 (5,8), (5,9), (5,10), (6,7), (6,8), (6,9), (7,8), (7,9)s"
(7.}0), (8,9)/(2,4), (8,10)/(2,4). -

For the kind of automata considered here E.J.McCluskey7 has
suggested an algorithm in.which, how~ver, step 3 is not per-
formed, so that one does not obtain in every case all the pairs
of incompatible states. (In the considered example one would
not obtain the pairs (4,10) and (7,10) ). !
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5.4 Algorithm for dynamically B-unclocked AX-automata
Step 1: Formation of a transition table of type I (table 2).

Step 2: Comparison of the entries in the left part of the
transition table.
Two states Ai ind A; are incompatible, if for equal inmput
combinations X* and XY in the left part of the table
a) the output combinations Yi and YY are unegqual
(condition 1) or
b) in the rows belonging to Ai and Aj within the same
columns of the right part of the table different
output combinations are contained (condition 2) or
c) the sequential states entered within the same columns
in the rows belonging to Ai and Aj are incompatibtle
(condition 3).
Step 3: Interpreting the relation of the conditional incom-
patibility with taking into consideration the equ. (15).

For the example chosen one then obtains the following pairs of
incompatible states: (1,9), (3,6), (3, 7), (5,8), (5,10), (6,7),
(84,10)/(2,4).

By using the transition tables of typevIII one can also formulate
a corresponding algorithm for statically B-unclocked automata13.

6. Determining the minimal collections of compatibility classes

With taking into account the pairs of incompatible states the set
Ol of all the states of an automaton can be divided into maximal
compatibility classes for the forming of which different methods
were suggested by Paull and Ungerz.

For determining the solutions with a minimal number of states
generally not all the maximal compatibility classes are needed.
Selected subsets of some of the existing maximal compatibility
classes mostly are sufficient, which then form a minimal
collection of compatibility classes.
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Definition 5:

A collection of compatibility classes is designated as minlmal
collection of compatibility classes,

1. if it covers the set Ol of all automata states,

2. if it is closed in itself and

3. if it contains a minimal number of compatibility classes.

By E.I.McCIuskey7 it was shown how to determine for a restricte
class of asynchronous automata the minimal collection of (maxime
compatibility classes by means of a special table. Other methods
for synchronous automata were described b& Bottke“ and by Grase
and LuccioB. In order to determine the minimal collections of
compatibility classes for any kinds of automata the notion for
the closeness of a collection of compatibility classes must be
defined in a more genmeral way than it was done especially for
synchronous automataz; In this connection here the following
theorem12 shall be given without proof:

Theorem 1:

A collection of compatibility classes is closed if and only
within this collection for each compatibility class containi-v
the starting pair SB of a conditional relatlonIBeég with
regard to the conditional incompatibility of two states there
exists a compatibility class in which the corresponding
sequential pair FB ist contained.

Starting from the definition 5 the following selection expressiol
for determining all minimal collections of compatibility classes
can then be formulated by means of theorem 1, whereby closenessj
-taken into consideration by the first conjunction and the requ
ment for covering all states by the second one:

o= /\ ( \/ Q‘—. \/ a») A /\ \/ ay (16,
i Bt Q‘% ReRy Ael NeX,
where the individual symbols have the following meaning:
O - set of all states A
P - system of all maximal compatibility classes Vmax
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X - system of all nonempty sets V, which are partial sets of

an element of %) (system of all compatibility classes)

set of the conditional relations B = AiG* Aj/Auq# A,

with Aucs A

9y - system of o1l sets ¥ €0 which contain Sy = {894, }

®p - system of all sets Ve X which contain Fp = {4 v}

®, - system of all sets Vé ¥ which contain the state A

a - Dbinary variable which expresses whether a set Ve ¥
belongs to a collection of compatibility classes or not

xmin >

For further interpretation the selection expression must be
transformed into a disjunctive normal form:’

-V A a 17
Ced wed¥,
where: 2
¢C - set of all closed and covering collections of compatibility

classes
M. - set of compatibility classes which are contained in a
closed and covering collection

All conjunctions w/‘\mc Qw containing a minimal number of
unnegated variables a represent the minimal collections of
compatibility classes. Thus, by use of the selection expression
according to equ. (16) it is possible to determine systematically
and in a closed form all minimal collections of compatibility
classes for any automata.

The transformation of the selection expression according to equ.
(16) into a disjunctive normal form according to equ. (17) without
the use of a computer is very complicated and takes much time, as
the system of all compatibility classes in general is rather large
already for a small number of states. For this reason still another
method shall be given which allows the selection problem to be
solved more economically in an iterative way. To this aim there

are first selected by use of a selection expression H* from the
System of all maximal compatibility classes those that as a
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collection are just sufficient for covering all states of an
automaton:

»®

o}
|

a (18)

Aell Te'?, E

where: Al

?A - system of all maximal compatibility classes Vmax.eqo
that contain state A

After transforming the equ. (18) into a disjunctive normal form
the minterms with a minimal number of variables represent those
collections of maximal compatibility classes that just cover 1
all states of the automaton. By leaving out the states occuring
more than once one obtains further covering collections of ]
compatibility classes.

After that in comsideration of set égmin it is to be examined
wether the collections are closed according to theorem 1 and
consequently represent minimal collections of compatibility
classes according to definition 5. If the requirement of closene
cannot be fulfilled for any of these conllections one has to
proceed in the same manner with such minterms of the disjunctivd
normal form as contain one variable more. In this way one can
quickly determine the minimal collections in most of the practi-
cally existing cases.

For the example of a statically o -unclocked AX-automaton
mentioned in paragraph 5.3 (table 3) the following system of
maximal compatibility classes is obtained in consideration of
the unconditional incompatible states

= N T 4
A TR
6 9

max 1
max 2
max'3 {1
max 4 { 2 "D
max 5 = { 3 8 9 10
= {
{

< < 9 < <
[
o
o b L e v Lo

<

max 6 % 8

max 7

<
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By using the selection expression 2 el according to equ. (18) one
obtains:

”
H =(ay Va,V a3)(a1 v a4)a5(a1 Va,ValV 36)34(a2 A\ a3)a7 A

A(a5 v ae)as(a3 v as)

*
H® = a2a4asa7 v a3a4a5a7
The tqrms a2a4a5?7 and a334a5a7 represent those collections of
maximal compatibility classes, which just cover all states of

the automaton., Therefrom result the following minimal collections
of compatibility classes:

a) {1 4 6 3 b) 51 6 10}
& 2 45 o3 2 45
3 8910} { S 8910}
{ y 3 { e i }
e) i‘l 6 3 a {1 6 103}
45 3 {1 2vau88 3
{ 3 8910} { 3 Bl 3
{ § { 7 }
The collection
i'] &) 5 }
2 5 }
{ 3 89101}
{ 7 }

is not closed because of (8,9)/(2,4) and (8,10)/(2,4) and therefore
it is no solution of the given problem.

7+ Concluding remarks

In this paper different kinds of synchronous and asynchronous
automata are considered from a unified point of view. Thereby
conditions are indicated under which in each case two of their
states are incompatible. All minimal collections of compatibility
Classes can then be determined in a systematic way by use of a
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selection expression and in consideration of the incompatible
states. The given method can be used for any kinds of automata,
if their transition-output- and stability-functions are known.

By interpreting the conditions for incompatibility it is further-
more possible to compare the different kinds of synchronous and

asynchronous automata in a general form with regard to the minimal
number of states and memory elements, respectively, necessary for
solving a given problem. '
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Dynamically |Statically  |Dynamically |Statically
clocked x-unclochked |B-unclocked |B-unclocked
AX-autormata |AX-autornata |AX-autornata |AX-autornata
‘7. s s . 1 »
| sneded e =90, X POl Ap; =gt XP A, =gUA; XP4) | Apy = g (Ai, XY
Output function |VPi=f,(Ag XPO| VP = fyUhpy X0 VP £y A XPOL Y P £y (Ap X
Stability function = Ap; =5(Api X7 - ooy =5 X0
% ot pdoq bl Xt = x¥
VIAEE B Z N VYA R I PR AR S £
2 XA x| xP X% N AxPa x% | XD x%
AYPE g VI APl YU | A YRRy | aYPis v
. ] . B o B Y
3 XPim X | XPiax Y | AXPl e XV | AXPE m X%
AApi ¥ Ap; | Adpi ¥ Aq; | Api ¥ Aq; | i ¥ Agy
ke : Wi xt
& i - Xt x% b X X
* AY % ¥ AYE Y%
< W
. : a e xi
5 T, X‘_Xq} o, AX‘-qu
AA! *AqJ AA‘!' *Aq;
: X xt
6 - xt = x9% - AXS - X
AA; =~ qu AA;' 4=qu
Conditions for incormpatibility of two states

Table 1
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ACVHXPOHHAAL MOJEID KOHEYHOI'O ABTOMATA

J.A.fIkyGaiiTuc, IOKTOpP TEXHHYECKAX HAYK, Npodeccop
r.Pura, CCCP

BBeném onpenesennd. Ha3oBEM IpaBAJIBHON CHCTEMy ypaB-
HEeHNil, peajn3armd KOTOpoi JAET aBTOMAT, CBOCOIHHE OT BCEX
BHJOB ONACHHX COCTA3aHMit. KoI yCTOHYMBHX BHYTDPEHHHUX COCTOf-
HUf, ycTpaHAKIME B aBTOMATE ONACHHE COCTA33HHUA MEKIY HOpoMe-
KYTOYHHMHM CHMT'HAJIaMH, TaKRe,HA30BEM NpaBUJIbHHM. ONNCHBANIYD
aBToOMaT CACTEMY YpaBHeHMil, B KOTOpoi 0e3 HapymeHus eé mpa-
BUJIBHOCTH HEJIB3sl COKPATHUTPH UYMCJO olepaudii (IM3BOHKIMA, KOHD~
OHKIU#, oTpuiandii), OyZeMm Has3HBaTh 063H3CHTOYHOIl. [locTaBmM
3aJla9y HaXOXNEHWA HA OCHOBE MOZEJHW aBTOMATA, ONNCHBAeMO} HA-
®€, BCEX O€3H30HTOYHHX NPaBUJIBHHX CHCTEM ypaBHEHNi, olecHe-
YUBANIMX MaKCUMaJbHOE OHCTpOJeiicTBMe aBToMaTa. llpn BBeIEeRUH
XpuTepusa BHOOpA, U3 IOJYYEHHOT'O MHOXECTBA CUCTEM MOXHO OTO0-
paTh onTMMaJbHHE. Hambojee JerKo 3amada pemaeTcA IOpA MUHVMA-
3aIMu NaMATH aBToMaTa.

llpencraBuM aBTOMAT B BMIE Kk MHEDIMOHHHX M /M 1pA-
MITUBHHX NOIZaBTOMATOB. /HEPIMOHHH} mozaBroMaT § COCTOHUT
(puc.I) u3 npeoGpasoBareJa I79 ,COZlePRANEro JOTHYECKUE B3JIe-
MEHTH, X QWIHTPAa ¢b , OCYUECTBJANMEr'0 (UIBTPALMI UMIYJIHCOB
Bt Q0= I =0 % I - 0 - I, ecim UX NPOIOJLZUTENE—
HOCTH MeHee T, (t) .

Kar caemyer m3 puc.l, MHEDIMOHHHE momaBTOMAT ¢  HME-
€T OJUH KOHTYp OOpaTHOl -CBA3M, B KOTOPHH BXOIUT KOHEYHOS UUC-
JIO JIOrHY6CKUX DJEMEHTOB X (UJIBTP. I[I[pUMUTUBHHE NozaBToMaT v
(puc.2) cocromT M3 IpeoGpas3oBaTeil ﬂx,y 1 QUIBTpPa dynr,
HO B OTJIMYME OT MHEDPIMOHHOTO, B HEM HET HN OJHOI'O KOHTypa 00-
DaTHOil CBA3H. ;

VHepIMOHHHE NOZaBTOMATH I, ..o , k , I'Ie Kk - ulc-
JIO KOHTYDOB OOpaTHOil cBA3KM B aBToMaTe (Yuca0C "pJEMEHTOB Ia-
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MATA" ) IeHEPEPYNT IPOMEXYTOYHHE CUI'HAJH VSRR R (O
NPAMUTUBHEE NofaBTOMATH k+f , ..., , k+m BHIANT BHXOI-
HHE CHTHAMH: Z; , «ee , Zyp , THE M -~ 9HCIO BTUX CHUr-
HamoB. A, , ..., A, - BXOIHHE CHIHaJH, t - Henpepus-
HOe Bpems. _

[IpmveM, uTO OpeoCpa3oBaTeJH NOLABTOMATOB IOCTDOGHH HA
JOTMYECKHX SJEMEHTax, Kazmuii ( J - THH) M3 KOTODHX HMEeT
BHYTPEHHKD 348IeDPRKY 'tj(f) , ABJADMYLCA cJydaino#t GymRrimei
BPEMEHN C OT'DaHMYEHAAMH :

¥ e, ()

rne T, - 3amaHHas KOHEYHAA BeJMUMHA.

Jndoit pealbHEE# PUIBTD 4; He TOJBKO OCYMETTBIAET He-
00XOJIMMYY (PMJIBTDAIMD 38JAaHHOT'O CHI'HAJA, HO M CHABAT'@eT STOT
cursax Ha T;(¢) . llosToMy pasne]MM KaxIHji M3 HMEDIEXCA HA
puc.I u 2 QuipTpPOB Ha MIEaNbHHE PRIBTD ( H; ), BHIOJHSK-
mu# TOJBRO PMIBTpANMD, W 3aNEDPERY T; (t) -

YcaoBamesa, 4TO 3aMepEKa 1',;({) ABJIAETCA CJydaitHo#
@YHKIMEHl BpPEMEHM C OIpaHMYEHMAMM:

rie Tp - 3amaHHas KOHeUHad BeJMIMHA; Tp, - BPEMA CaMOIO
IPONOMXATEJIPHOT'O IE€PEXOTHOI'0 Hponecca, IPOHCXONANEr0 B aBTO-
mare.

B cooTBeTCTBUM CO CKa3aHHHM, HA OCHOBE puC.I M 2 Mo-
JeJb aBromaTa, COCTOAmas M3 Kk MHEDIMOHHHX M /M IPEMATHB-
HHX NOI@BTOMATOB, MOXET GHTH IpeJCTaBJeHa B BUIE, IOKa3aHHOM
Ha puc.3. Kar caemyeT m3 puc.l ¥ 2 aBTomar, IOKa3aHHHi HA
puc.3 mveer K  KOHTYpOB oGpaTHOl CBA3M, RGO YHKIMA BHIA

Ya@®) =P (Yq(4),...) , HasHBAEMHE KOJBIAME, BalpemMeHH.
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IlpumeM, 9TO B paccMaTpMBaeMOil MOZeJH aBTOMATa IpU NEpPEexoie
13 ONHOT'O YCTO#YMBOT'O NOJHOT'O COCTOSHHUA B IPYyroe IONYyCRaeTcd
OJIHOBPEMEHHOE M3MEPEeRMe 3HaUeHHil JNOOoro 4YmMcJa IPOMeXyTOYHHX
CHI'HAJIOB.

Hapany ¢ MmoneJbhn, [IOKa3aHHOR HA PUC.3, MOXET OHTH
TaK&e MUCIOJB30BY4HA MOIEJb, IIOKa3aHHasA Ha puUc.4. B aTom cay-
vae (puc.l ¥ 2) HA BXOAH NONABTOMATOB CHUIHANH Y, (f) v ees
cee s Yelt) He nopawrcd. OmEaxo, IpH NePexone OT MOoNeJH
pUc.3 K MOIEJH DHUC.4 PE3KO YMEHBIAETCA MHOKECTBO G€3H3GHTOY-
HHX OpPaBUJIBHHX CHCTEM YDaBHEHHWH, ONMCHBAKRIMX 33IaHHOE Npeal-
pa3oBaHue. M3BeCTHH cJydYau, HampuMep, B padoTe~, EOrJa 9UCJI0
CUCTEM YMEHBIAeTCA B COTHH pas.

[Ipy NOCTpPOEHMM aBTOMATa HEOOGXOLEAMO NOMHHTH, 4TO JIWGOi
KDUTEDHH 6I'0 ONTMMAJBHOCTH BCErIA IOJEEH YYMTHBATH 3aTPATH
Ha MNpoLecC ero CHHTe3a. Haimume JmGO OTCYTCTBHE HEOOGXOIAMHX
nporpamMM, BHYMCJUTEJBHHX MAlH A IJIaBHOE - CTOMMOCTH BPEMEHH
I POEKTHPOBAHMA, PE3KO H3MEHANT 00BEM YKa3aHHHX 3aTpaT. B cea-
31 C STUM I[6J6CO0CPa3HO HMETh HECKOJRKO NyTeil, TpeCybhIMX pas-
JUYHOT'O BPEMEHM CHHTE3a aBToMara. HeKoTOpHe M3 HUX NOKa32HH
Ha puc.5. OHM oTimMuapTcA IPYyr' OT Apyra BpeMeéHeM CHHTe3a N,
€CTECTBEHHO, BEPOATHOCTHD NOJYYEHHA ONTUMAJBHOI'O pe3yJbTaTa.

B RavuecTBe s3HKA 3allaHWA aBTOMaTa yYIOCHO KCHOOJB30BaTh,
ONMCAaHHH B padore2 A3HK r'pafoB KOHEYHHX aBTOMATOB. I'padoM
XOHEYHOI'O0 aBTOMaTa ABJIAETCA OPHEHTHPOBaHHH{ I'pad, BepUMHH
KOTOPOT'0 OTOXRLECTBJANTCA C YCTOUYMBHMM HOJHHMU COCTOSHUAMIA,

& IYyTU NOKa3HBabLT NEpPeXOolH Me:RIy 3TUMH COCTOAHMAMH. IloaToMy
ECHIY HNXE NOJ BEpDUMHO}l NOHUMAETCA YCTOHYMBOE INOJHOE COCTOA-
Hie. JUIA HaXOXNGHMA CHCTEM YDaBHEHMil, ONUCHBALIMX aBTOMAT,
rpad LeJecoo6pa3HO NpPeLCTaBIAATH, Kak B padowe3, B BRIE Mar-
DHAUH KOHEYHOr'o aBToMaTa. CBA3E TAOJMIH NEePexonoB C MaTpHALei
FOHEUHOT'O aBTOMATa NpocTa. UWejo, 3amMcanHOe B JIEBO} YacTn
KJeTKZ CTpoRM S  TaGJuIH ONpenesaeT HOMEP CTOJOHNA MaTpu-
I'd, 3 KOTOpOM B CTpoke S mMeeTca emuHMIa. CTouder

p onperesdeT BXOTHHE, @ A - BHXOJHHE COCTOAHAA B
1 €punHax. 2
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MaTpniia KoHeYHOr'o aBToMaTa yIoOHa TeM, 4TO €€ CToJGel]
§ ompeJieJAeT 3HAYEHNA IPOMEXYTOYHOI'0 CHTHAJA Xg BO BCeX
BepuMHax. Kazmas cTpoKa MaTpUOH 3a7aéT NpPaBWIBHHI KOJ COOT-
BETCTBYWNEI'0 YCTOJYMBOI'O COCTOAHMA. Hampmmep, B cTpore I
MaTpHIH, NORasaHHO} B Tadimme I, samucano uucao IO000III, ko-
Iupynmee Bepmany I.

Tadma I
00 OI I0 II

I |I-00 | 6~II |7-00 |8-0I

2 |2-0I | 5-00 |7-00 | 8-0I .

3 |3-I0 | 6-II |7-00 | 8-0I

4 |4-II | 6-II | 7-00 | 8-0I

5 |I-00 | 5-00 | 7-00 | 8~0I

6 [2-0I | 6-II {7-00 |8-0I

7 | 3-I0 | 5-00 | 7-00 | 8-0I

8 | 4-IT | 5-00 | 7-00 | 8-0I

TaGimia nepexojyioB
-2 3 4 S 8 08 ¢ A

I |Ijofofofjo|I ]I |I |foo |oOO
2 |0OJI(O|JOI(O}I |IT jjOO |OI
3 (0jO(I(OjO(I I |T Y00 |IO
4 {0{0|O0O(IJO|I I |I jo00 |II
5 |I/0{0O[O}I|0O}I |I |0 |0OO
6 {0{I|0jOJO|I|I|I jjOI |II
7 |0;0|I{0OjJIjOJI |I #IO0O |OO
8 JO|OJ0OJIJI{O)TI I jjII jOI

MaTpria ROHEYHOT'O aBToMaTa
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Kom, 3amaBaeMHii mMaTpHieit Bcerja HM3CHTOYEH ¥ €ro IJIMHA, ODA
XeJIQaHMH, MOXeT OHTH COKpameHa.

YcTpaHeHHe ONAacCHHX COCTA3aHMY B KOHEYHOM aBTOMATe BH-
nosmAeTcA GJarozapd BBEIGHHD IPABUJIA MHEPIMOHHOCTH: IPOMEXy-
TOYHH} CHI'HAJ Xq paBeH eJuHANE B BEepUMHE @ , B OpeJHIY-
. AX BEpNMHAX M BO BCEX HEYCTOHYMBHX MOJHHX COCTOAHMAX, AMEN-
IAX MECTO NPA HENOCPeNCTBEHHHX Iepexofiax B BepumHy ¢ . B
OCTAJPHHX BEDUMHAX ¥ HEYCTONYMBHX HOJHHX COCTOAHUAX CHTHAJ

X9 DaBeH HYJD. '

[lpaBUIBHHI KOX eme He ONnpelesaeT NPaBUJBHYD CHCTEMY.
JlosToMy, y4uTHBasA TO, 4YTO ONpeleJeHMe NDPaBWIBHOT'O Koja ABJA-
eTCA He CaMOoIeJbl, a JUIp OPOMEXyTOYHHM 3TaloM IporIecca CHE-
Te3a aBromMarTa, IeJecoo0pasHOo IOCTPOUTH NPOIECC CHHTe3a Tax,
YTOCH MOXKHO OHJIO HaGxXOIWUTH NPaBUJIBHHE CHCTEMH YpaBHEHH#, MHA-
HyA cHelMaJibHHi 3Tam RKogupoBanuAa. [loJydeHHHE B pauSoraxi’z"L"6
aJI'OpUTMH OO3BOJANT HAiiTH Ge3H3CHTOYHHE NDPABHJIBHHE CHCTEMH
YDaBHeHU#, HE BHIOJHAA OTHEJBHOI'0 3Tama KOLUPOBaHMA.

HaxoxzeHHe CUCTEeMH ypaBHEHHi# HEIOCPEeICTBEHHO 1O MaT-
PHIe KOHEYHOI'O aBTOMATAa BHIOJHAETCA HA OCHOBE padoTH” B CO-
OTBETCTBEA C QYHKIMAMM (1A YIPOMEHHS 3aMUCH BPEMA ONYCKa-
ercsa):

Xo=V R X 3
9 deMy did (3))
Zv BeN, 616 ((4))

rne  Rq - oJeMeHTapHas KOHBIHRIMA BXOIHHX CHIHAJIOB Ay, ...

«se sy Ap , DaBHad eJUHNIE TOJBKO IDH BXOTHOM COCTOSHME 4 ;
Rg - TO me, HpH BXONHOM COCTOSHIA Py s qu - NpPOMEexy-

TOYHM} CHUIHAJ, OlpeneJsaeMHil CTOJCIIOM g vaTpHIH; X, -

- TO %8 - croaduom & ; A4¢ - MHOXECTBO CTDOR MaTpH-

OH (yCTOUYMBHX TOJHHX COCTOfHMII), B KOTODHX CTOJOEen ¢ CoO-

IEPEUT eUHNIH; AQ, - MHOXECTBO CTDOK MAaTpPHIH, B KOTODHX
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Buxomuoit carnan Z, = I. Eciu croaden € MaTpuuE He Co-
ZepEUT RU ofHoTO Hyma, To Xp=1 ; e=d aco 6 .
YpaBrenne Bujya ((3)) ym6o ((4)), yCJIOBMMCA HaA3HBATH
0C000# IA3HWHKTUBHON HODMAJIBHON GopMoft OYHRIMH.
Hanpmwep, na ocroBe ((3)) m ((4)) u3 maTpuus Tadumun I
HMeeM:

X,- A—yA—gx, + I,Az X5 )
X?-,'T,Z,X, . ;‘;Azxa,
Xo=A A X, + ARy,

x4=Z;A-2X4 + A4,

xs'ZiZZX4+A—,Azxs+A,Iz+ AA;, ((5))

Xe= Ixzxr + A A, Xs+ zvzzxo "'Z;Azxs ’
Zy= xfzzxa + Zf-A-zx‘V" ZfAzxe s
Zz” A_’Zz x2+ Z,Z,X‘,ME;A,X‘- +A,A2.

CrexmyeT OTMETUTH, YTO ONpEIEJIEHHE® YKaA3AHHHM METOIOM
6e3H3CHTOYHO} OPaBAJBHO! CHCTEMH ypaBHeHUil IO3BoJAET cpasy
Ha OCHOBE MATPHMIH KOHEYHOT'O aBTOMATa NOJYy4aTh OTHOCHUTEJBHO
NpPOCTHE pPe3yJbTaTH, KOTODHE IPH MCIOJAB30BAHHA CUCTEMH COBED-
NEHHHX JM3BOHKTUBHHX HOPMAJBHHX (opM QYHKIMA NOCTHXMMH JIAID
HOCJe NPOBEJEHAs JOCTATOYHO TPYINOEMEOI'O NpOLecCa MHMHMMU3aIMA
9THX QyHRUNMI.

[IpenesrHas CIORHOCTH CUCTEMH, NOJNYYEHHOH HemocpencT-
BEHHO M3 MaTpUIH, ONpeLeJyAeTCA B COOTBETCTBUHN C padoToif’ mmd-

pamn: \
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D=c+m, K=p, 0=n, @P=c+m,
B8,=n+2m+p+2c, ((6))

ree D , K, 0, @ - COOTBETCTBEHHO, WHCJIO JHM3BIOHRIMI,
- KOHBIOHKIM, OTpUUAanui#, PUILTDPOB; B, - o6mee umcao onepamuit
(4rca0 3JI8MEHTOB, RakIHil M3 KOTODHX HMEeT Jio00e YHCJO BXOIO0B
A JOYyD Harpy3049HYN CIOCOGHOCTS); € - 4mcJo CTOJCHOB MaTph-
mH (6e3 y4éra CTONCIOB P ® A ), Kaxmuil A3 KOTODHX HMEET
X0oTd OH ONUH HYJb, p - oduee 9IHCJO CTPOK MATDHIH.
Onepamua 0GBEIUHEHHWA CTOJCIOB NOAMATDUIH ( CBOJHETCH,
B COOTBETCTBHH C padoToi”, K IPOM3BOJBHOMY HX KOXUPOBAHID
of; curnanamal):

di”@, ‘Idl[ J
((?))

rme @; - 9ECHO CTOAGNOB B mopmarpmue ( ; Jd;L - oxpyr-
Jerue d; no Gimxajimero Goasmero umcia Hs pama I,2,4,8, ... .
llocne o6BeIMHEHMA CTOJCILOB CHCTEMA ypaBHeHH#, XaparTepA3yD-
mas aBTOMAaT, onpeneJaeTcd B cooTBeTCTEHA ¢ ((3)) m ((4)).

Hanpumep, A MaTpHuiH, NOKas3aHHOX B Tadiume I, Komu-
DOBaH#e omnpejelaeTcs Tadaumedt 2. B sroil Tadimme B CTpOKaxX
CTOJIOLIOB, OCpa3syeMHX CToldmaMe @ ® § , ¢  3aNACHBaRT-
cA JpnOHe pasJrYHHe 4YHACJAa.

Tadmmna 2
a 6
I 0 0
2 0 I [
, 31-1°]:0 5| 0
4 I I 6| I

9 Toruarpunef HA3HBAGTCA MHOR6CTBO CTOJGIOB MaTpPHIH, Ipel-

CTABANIMX BEPIMHH C OJMUMHaKOBHMHA P .



51

3 radymmn 2 caexyeT, 4TO cToJOen Q@ JIOJNKEH GHTE 0Cpaz30BaH
NOCTPOYHO} IM3BIHRINYA CTOJCHNOB 3, 4 MaTPUOH TaGJUIH I; CTOJ-
dem 6 - mocTpouno#t mm3BEEKIMEH! cTOIGLOB 2, 4; cToxaden C
ABJAETCA CTOJOIOM 6. B pesyirTaTe yKa3aHHHX NpeoOCpa3oBaHuil u3
radumue I noxygaem Tadmry 3.

Ta6smna 3
Y P A
I |0|0 |I 00 00
e e i A G 00 0I
BTy T 11 00 I0
Bkt Ik, LE 00 II
S |8.]1lD0 |0 oI 00
.18 311 ;h% oI II
7 |I |0 |0 I0 00
84 T30 II | O

.

B coorsercTBmm ¢ ((3)) m ((4)) =Ha ocHoBe Tacm I u 3,
3aNACHBAEM CHUCTEMY ypaBHEHMi, NOJyJammywcs HocJe O0BEeIMHEeHHA
CTOJOLOB:

Xa =ZA—X X +:T1zzxax6*A1£+A1Az ’

XC=X,Z77 +,4_,A_2X076+A,A2XUX6+7142XC, (48))

Z'= Z’szd-x—sf- Z,zszX6 +-A_1A2 XL- )

Z,= A A XXy + A AXg Xg+ A AKX+ AA,.
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" MakcmMmaJbHas CJOKHOCTH IoJydaeMmofl TarkmM o0pasoM CH-—
CTEeMH YpaBHEHMi! onpenesiAeTcsd B COOTBETCTBHHA C pado*roi:x5 pa-
BEHCTBaAMHA :

D=; log, Jg;L+m, K=p,
0=n+2.log, Jd;L, P=2log, JdiL+m,
By=n+2m+p+ 321._.' log, Jo;L

((9))

ABTOMaT, B KOTOPOM BHIOJIHAGTCS HEPaBEHCTBO
nJd;L
{

S>—2— ’ ((10))

rae § - 4HCJ0 YCTOHYMBHX BHYTPEHHHUX COCTOARHHE, HA30BEM
npefeJsEEM. Kak noxasaHo B padoTe“, B NpeNeJHbHOM aBTOMATe
nocle 0GBEIMHEHMA CTOJGLOB IOJIy4aeTCA CUCTEMa ypaBHEHM#pole-
clneumBapmasd 0CpPa30BaHME MUHMMAJBHON namaTH. Jajsee HAKaKHMA
IpyTruMM cnoco6aMd B aBTOMATeé YMEHBNATH NaMATH HeEJb3s.

I aBTOMaTOB, HE ABJAKNUXCA Npelle/IbHHMA, MUHUMHA3A-
A1 NamMATHA BHIOJHAETCA B COOTBETCTBHH C padoTaMm 10 Ha 3Ta-
ne "cneryaJpHO# MHEMM3aIMH". JTOT PTAl JOCTATOYHO TPYHOEMOK.
[losToMy MM I[eJleCOOCPA3HO HIOJB30BATHCA TOJABKO B TOM CcJydae,
KorJa Ip¥ 3TOM NOJYy4aeTcA CYmMEeCTBEHHOe YIpPOLEHMe aBToMaTa.
CJI0ORHOCTH aBTOMATa NOCJe BHIOJHEHHWA »Tana "clnenuajbHOll MHEHN-
Mp3amMu” MORET OHTH OLIEHEHa BHpPaXEHUEM

JsL-1+log, JsL
2

B‘.,J=n+2m+p+3&y2 ((II))

Ecau Ba & 32 , TO BHIIOJIHEHNE JTOr0 9Tamna UMEEeT CMHCJ.
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CymaocTs "crnelmanrHOli MUHUMABAIMA" 3a8KANYAETCHA B He-
00X0IMMOCTH OCeclevYeHud Pas3JMYMMOCTH BEDIMH C OJMHAKOBHMI
BXOJHHMA COCTOSHNAMH. B COOTBETCTBMA C DTHM’'H2 OCHOBE MaTpH-
 IIH KOHEYHOT'0 aBTOMATa MOXHO HAHTH HamcoJee NIPOCTHE 3JEMEHTAap-
HHE ROHBOHKIMM, KOTOPHE C YYETOM Or'pDaHMYEEMEt, BBOILMMHX COCTSA-
SaHNAMYA MEXNy QUIBTpaMd, O00ecHeuYMBANT YKA38HHYD pPas3JMIAMOCTE.
B pesyasTare, Kak IOKasaHO B pado'reg, NoJy4aKnTcsa BCe O@3H30H-
TOYHHE NPABAJBHHE KOIH YCTOWYMBHX BHYTDEHHHX coc'roannﬁl). IIpm
EEJIaHNF M3 STHX KOIOB BHOHPADTCA KOXH, HMEDIME MAHMMAJIBHYD
BJIMHY . .

Onpenesenne BamGOJ8€ OPOCTHX SJAEMEHTAPHHEX KOHBIHRIMH,
OpeCTaBIANIMX BEPIMHH, NO3BOAAET B COOTBETCTBHM C pPacoTo
ONpPeNIeJMTE BCE OE3H3CHTOYHHE NpPAaBMIBHHE CHUCTEMH ypaBHeHHiA,
ONMCHBapIMe asTomarT. lIpH sTOM BCcerma

64655 (@)
ree 64 - MHOXECTBO CHCT6EM, IOJy4YaeMHX NPH MCIOJH30BaHMA
yopomérHo# MonmeJm, norkasannoil Ha puc.4, Ga - TO X8, LIA
odme# momes puc.3.
Kar morasano B padore, NpONECC CHHTE3a MOXET OHTH 3a CUET |
noTepd 49acTH BapUAHTOB O63H3CHTOYHHX NPaBMJBHHX CHCTEM 3Ha-
9UTENBHO YCKODEeH.
B zaxymuenme OTMETHM OCHOBHHE DE3yJBbTaTH, OTHOCANEECH
HE TOJBKO K paccmaTpuBaemoifl (puc.3), HO H K MHDPOKO HCCAeNye-
Mojf pazJMYHHME aBTOpaMM "KJAacCHIeCKO#" MOJEJM KOHEeYHOr'O aBTO-
' mara (Mozesm puc.4, B KOTOpO#l BCe JIOTMIGCKHE BSJ6MEHTH Ge3hH-
HEPINOHHH ) : ; ;
I. Nlomaya Ha BXOXH npeodpas3oBaTelid HE TOJBKO CHI'HAJOB, CHATHX
C BHXOIOB 3aI6PXEK, HO H CO BXOJOB STHX 3aJepXeK, MOXeT
' OpEBECTHM K 3HAYUTEJHHOMY YBEJMYeHHWD MHOROCTBA NPaBAJBHHX

CHCTEM YpaBHEHUi.

9 Be3H3CHTOYHHM Ha3HBAEeTCH KOX, B KOTODOM HM OIMH M3 paspa-
IIOB H6 MOEET OHTH OIYIEH.
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IUIa OpeXeJBHOrO KOHEYHOT'O aBTOMaTa KpoMe Omepainun o0hej-
HEHUA CTOJOCIOB Joad MUHMMA3AINA DamMATH CeCCMHCJEHHA.

Joruyeckoe mpeoGpa30BaHMe IPABWIBHOH CHCTEMH ypaBHEHWil Re
00A3aTeJBHO JAET NPaBUJIBHYD CHCTEMy YpaBHEHUI.

He Bce IpaBUJIBHHE CHUCTEMH NOJY4YanTCA B pPe3yJAbTarTe MUHAMU-
3aIU¥ CHCTEMH COBEDIEHHHX HODPMAJBHHX (PopMm (yHKIMI.
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FULL MINIMIZATION OF STATES FOR
ASYNCHRONOUS SWITCH ING CIRCUITS

Wiestaw Traczyk

Warsaw Technical University, Poland.

1. Introduction

Subject of the paper - state minimization for asynchromnous
switching circuits, is one of the more important problems of
sequential circuit synthesis. Number of papers discussed several
technigques for finding the minimal solution but presented methods
are too difficult for engineers /1’2’3/ or too Jipitedh'B.

This paper includes very easy method of simpiification, which
can be applied for each asynchronous machine.

The first studies on pulse signals and their exploitation
were done for asynchronous automata by Lazariew and Pijl3.
Circuits with pulse signals /called "dynamical"/ can be made
much simpler than circuits with only level signals /statical/.

The procedure is described for obtaining dyﬁamical circuits which
contain a minimum number of states. Minimization of both: 5tatical

and dynamical circuits is called full minimization of states.

2. Basic terms

A statical sequential machine is a 5=-tuple
KX, By Y, &N

where: X is a nonempty finite set of inputs X :
A= {X1, x2, R XN}
S is a nonempty finite set of intermal stetes s:
S = {51' 52, ssoe SK}

{ is a nonempty finite set of outputs y:

Y = { Y4 Vos eeee j.',,}
- Py
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§: X xS =S is next-state function
A: X xS =Y is output function

If function § or A is a mapping from a subset of XxS5 into

S or Y than the machine is incomplete.
A dynamical sequential machine is a 5-tuple

<X,s,Y,«,B>

wvhere X,S,Y, are defined as before,
®: { x X xS - S is next-state function
f: Xx Xx S —>»Y is output function

A pair /x,s/ determines a total state of the machine.

Time interval, in which the corresponding tot%£1state does not

change is numbered: 1,2,cceeytyjeeee A pair = s
x
determines a dynamical input.

A statical machine can be described by equations:
st+1 =8(st,xt] /1/
y'  =af[s®,xf] /2/

and dynamical machine - by equations:

t=1
tel _ % A X ] ,
S “[S »y X ——xt /3/

t-1
yt =(3[st,::t, E—t—-] /u/

Dynamical input is feeled by the elements /for example
- differential/ which generete pulse signals. Since in practic
al cases the output signals are, usually, level, dynamical
inputs in /4/ are needless. Than from /4/ we obtain equation
/2/ and therefore in this paper we discuss dynamical machines

described by equations /3/ and /2/. If change of some internal
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state is not dependent on the dynamical input /in dynamical
nachine/, than for this state equation /3/ passes into 1/

If change of some state s is dependent on the dymamical input,
equation /3/ for this state passes into /5/:

t=-1
’ -
st+1 ] [St x

’ Lt /5/

All statical states /x,s,y/ of the machine are defined
by the sequence of two-valuable signals; the dynamical state

is defined by two such sequences.

Let a basic form of a presentation of the machine will
be floew table, which includes /in general case/ "don't care"
conditions. As a undefined state /or signal/ we understand
an abstractive state /signal/ which has arbitrary value or

never exists. Such a state is denoted by /-/.

A pair of intermnal states /s,s'/ is called incontra-
dictory if both sand s' are the same or one of them is un-

defined. A mark: s &= s. For example:

/~-/= s, s & s

A pair of outputs /y,y'/ is called incontradictory

/yéi y'/ if every pair of correspondent signals from y and y'
includes the same elements or one of them is unfefined. For
example: /0-1/ = /-11/
GE P-wm x‘,xz,....xp is a sequence of inputs, than
S[sl,P] denotes a set of all .intermal states, which can be

1
obtained by the action of the seguence P from the state s :

6/51’}?/ = {si+1l si+1 o S[Xitsi] y 1= 1’21¢'°1P}

A sequence P is applicable to a state s if all elements

of the set § /S,P/ are defined.
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r every sequence P which is applicable to both

A/s) p/

’ g 3
than the states s and s are compatible.We denote such states

’
Dy s A~ s

>
~N
0
el
'
s

The states which are mutually compatible give a comp=-
1tible set. Zvery such a set can be changed by one state and
therefore number of internal states of' the machine can be
recuced to minimal number of compatible sets. It is relatively

;v to obtain a class r‘qax /the final class/ of all maximum

compatible sets C:

That reduces number of internal states to value c.
“owever, for incompletely specified machines /with unde fined
states/ the sets C can intersect and therefore some of the
sets can be removed or reduced. The removal of states is al=-

when the class of sets remains closed and completed.

,cg,....,cc} of sets C of internal

or every pair /s,s'/ from Ci /Cié.f/
overy input x /x € X/ for which &/s,x/ and §/s’,s/ are
d- fined, is

(J/s,x/, §/st ::/) < Cj /Cjef’/

A class " is a complete class if

8 ¢ ‘“VC,V“--VCC

-1 2

sed, complete class of compatible sets with minimal

rumber of sets /f/ is called a minimal class:

® i = { F1,F2,....,Ff}

A siininal class with minimal number of elements in the sets

a optimal class:

’ ’ ,
® - Py Foysevay §
opt 1 27 £



63

Therefore the minimization problem of number of internal
itates one can consider as a problem of investigation of

classes ¢min and (popt -

3. Statical machines

The practical investigation of compatible states is
based on the theorem, which say that both the states: s and
- s' are compatible if:

1. for every x; € X a pair (6/s,xi/ : &/s;x;_/)
incontradictory or compatible, and
2e A/s,xi/ = )\/s:xi/

These conditions one can verify in every column of the
flow table and the verification is relatively easy, but
condition 1 can do difficulties when the conditional compa-
tibility holds. The compatibility of one pair is then dependent
on compatibility of another pair and reduction of states ought

to be preceded by examination of close of the classes.,

Engineers' methods recommended6 appliance of the pseudo-
équivalent states, that means such compatlble states which
as can be easy seen, appliication o
are stable at the same x. However,Y sfa%es not always gives
good results. In this paper the pseudoequivalent states will
be used for optimal state minimization.
Theorem 1. Let Y max = {H1,H2,...,H.h} be a class of all

maximal sets of pseudoequivalent states, and let

r‘max = {01,02,...,CC} be a final class. For each

set Hi if Hi < Cj and if exists such a state s

/s & Hi/ which is not an element of another C, then

a class ¢min arises from ‘f’ —— by enlargement
&r v till a complete class with maximal application

max

of compatibility.
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Proof,.A set IIi can .belong to none of a set F from ® i

if all elements of Hi are in P by means of another H.

min
However, according to the condition of theorem, it is impos-
sible. All elements of Hi are only in C,, then C, is some (
l
set of § . /for example - F,/ and H, & F,. If all sets 1‘
of pseudo-equivalent states are included in minimal solution,
then all conditions of conditional compativility are executed.

The remaining states of the machine one can reduce, without

additional conditions. The enlargement of the class ¢ el

ax
in this way, till complete class, gives a class with minimal

number of states. This completes the proof.

e

from theorem 1 arises a procedure of minimization.
Then one ought to obtain /by discretionary method/ the clas-
ses u’max and@ [ nax @nd to verify a condition of theorem 1.

If it is satisfied, we treat the sets of class w’max as

a single states, and apply the well known merger diagran
methodé. If discused condition is not satisfied, we must
examine whether resignation with some set H gives better

results., To illustrate this method, consider the examples.

Primitive flow table3 is presented on figure la

/instead of is used i/. It is easy to obtain a class:
= { 1,25 1,3 1,5 6,7}
The pairs 2,3; 8,9; 10,11 are openly incompatible, thereforezz

"1

A conditinon from theorem 1 is satisfied, the merger diagram

‘Pma_x

= {1,2,6,7,8; 1,3,7,8; 4,5,10; 5,9,10; 6,7,11}

max

can be used /figure 1b/. From the diagram we obtain four

minimal tlasses. One of them is
¢r:a1n1 = {112!8; 1,3; 4,5,10; 6;7’9'11}
A state 1 is an element of two sets, but can not be removed,

T A - : - i - s
hen @ opt1 = ¢min1' The final table of the statical machine

is presented on the figure 1c,
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. By the same manner, from the table of figure 2a,
tain: )

both states 2 and 3 are elements of different -sets C,
the theorem 1 is not satisfied. After breaking of the sct
.3} , the merger diagram /figure 2b/ gives

‘min e ’opt - {1$2; 3,43 5,7; 6,8}

The preservation of the set from %W ] /as it is
engineers technique/ gives the machine with five internal

4. Dynamical machines

Additional simplification of the machine is possible
we can apply dynamical states and united with these, pulse
lals. It is the consequence of the fact, that additional
ormation, introduced by the dynamical states and readed
r by pulse elements, can be used for inscription of new
es independently from the level signals in the statical
hine. 5
corem 2. When /51’xi/ is a stable total state, each un-
stable state Sz:S/s1xJ./m be replaced by a shable state (s,,x;) if:
1. the pulse signals are introduced, which write

down a state S, /from s1/ when each of Xy

changes into x_,

2., a new state s1d/at xj/ is mnot comnstrained by

the level signals’ /.

Proof. If at the state /51,xi/ the input changes into xj'
and, at the same time disappear the level signals, which
‘constrain the state s, /condition 2/, then the machine will

main at the state Sy Into the suitable square of the tabge
can write down the state Sy Since the level signals does

a/It means that signals, which are functions of statical
states s and x, does not operate on the memory circuits.
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not work, the pulse signals can introduce the state Sy
without obstacles. So each change of x which gives S, in
the statical machine, gives S, in the dynamical machine,
too /condition 1/. The operation of the machine does not

change, what proofs the theorem,

Second condition of theorem 2 is real when the
switching functions are obtained. At the minimization
process one can suppose that it is satisfied and only the

first conditions is obligatory.

The admissible /by theorem 2/ transformations of the

table we can use for its simplification.

If two intermal states one can change by one, with
introduction of i pulse signals, then such states are called
the joint states of i-th rank.

Theorem 3. The state s, /stable at xk/ such that 6/%1,xj/=s

and the state s, /stable at xj/ are the joint

of i-th rank, if:

1. without consideration of i input signals xj
/i columgs of xj/ is s, ~ s,

2. «(s = s, /if exists/

2" x,
J

3. at the change of the state from /s1,xk/
across /s1,xj/ i i /sl,xj/ each output change

.the value not more than once.

Proof, For confirmation that the states S, and 52 are joint
it is necessary and sufficient that they are compatible /it
arises from definitions/. Without of i columns xj the states
are compatible /condition 1/ and signals of &|s ;%];:sl

J

can write down the desirable state even at s=s, as at s=s

1 2
/condition 2/. The output signals are not disturbed /céndit-
ion 3/, so with i columns the states are compatible, too.

It proofs the theorem.
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From theorem 3 arises a procedure of minimization
of dynamical machines. If the table of the statical machine
has two states which are not compatible in consgquence of
unstable states, we ought to verify if the remaining conditions
/2 and 3/ of theorem 3 are satisfied. If it is so, then they
are joint and can be changed by one state. Such proofs we
must to repeat for all pairs of states, but it is mnot difficult

if we have the minimal table of statical machine.

. The investigation of the joint states in flow table

is similar as the investigation of the compatible states,

but is easier, because the conditions are simpler. There-

fore we can use similar auxiliary diagram - the joint diagram,
on which the internal states are jointed by such number of

‘lines, as is the rank of joint of the states.

The states which are mutually joint give a joint set.
As previously , from the joint diagram we can obtain the
minimal class @ e

such a class we can write down the number P - the sum of

of the maximal joint sets. For every

all ranks of pairs which are closed in the sets of the class.
Number P is also a number of dynamical signals and therefore
P is a index of circuits complication. If éhe machine has
a few classes O nin than we must select such a class, for
which the index is minimal.

The minimal flow table of dynamical machine we can built
from the best class © min’ €VeTY set of the class is then
the internal state of minimal machine and the suitable states

are obtained by dynamical signals.
Obtaining of a state s, bydynamical signal:

o :
—la s

2
o S, o We mark in the flow table by small arrow,
which begi%s in the square of total state /51,x1/ chaiges

the direction in /s1,x2/, and ends in /sz,xa/.

The technique we will show in example.
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For the machine with table from figure 2c a pair of
states /1,4/ is joint with rank 2, because for change of un-
stable state 3 /in column X / a pulse signal is necessary,
and for change of unstable state 2 /at x1/ - the second
pulse signal is necessary., Likewise - the states 2 and 3 are
 joiat with rank 2, and a simple diagram /figure 3a/ gives

syvnonymously:

O pin = { 14 2,33
The minimal flow table of dynamical machine is
presented on figure 3b. By four pulse signals number of

nemory elements is reduced to one.

Obtaining of the switching function from the flow

table with arrows is not difficult7.

The proofs of practical application of the method
show that number of elements in the dynamical machine amounts

50-70ﬁ of elements in the statical machine.
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OBPUCTUYECKUE METOAN CTPYKTYPHOI'0O CMHTESA

PEIE[HNX YCTPOH#CTB
Ya-gopp.AH CCCP M.A.l'aBpuaoB
HECTETYT ABTOMATHKE M TelIeMe-
xanuH. Mocksa CCCP

I.llocrasoBEa sazaul

WHPOROE DASBMTHG BHUMCIMTEABHHX M yIPABIAADNMX MANEH H yC-
TPOficCTE ZUCEpETHOro JeficTBus/pedeffENX ycTpOficTB/ MOCTABHEIO,
EaKk OfHYy 43 akTyaabHeiimux npolieM COrofHANHEIO AHH,NpOCHEMY CHH-
Tesa ux CTpykryp. OcnoBHOR 3ajaveff 3echk HBAASTCH NOCTPOCHUE
onTUMaNbHON B ONpeZeIGHHOM CMHCIE CTPYKTYPH ycrpolicrma,yAoBie-
TBOpENWE# 3aZAHHOMY ZAS HEro AArOpMTMY (yHKNMOHMDOBAHHH,33AaH~
EOfl BajiexHOCTH ¥ 3aZaHEHM CTDYKTYPHHNM CBOficTBaM 3IeMEETOB,Ha KO-
TOPHX yCTPOHCTBO AOAXHO OHTH pPEaiNSOBAHO.

CoBpeMeHHHE 3ajlauydl CHMHTE3a CTPYETYpH pexe#lHEX ycrpoficTB nMe-
DT pEA 0COGeHEHOCTE#,KOTODHE TPeOyDT 3HAUMTEIBHOTO NEPECMOTpa
paEHee pa3paCOTAHHHX METOXOB CHHTE3a M CYmMECTBEHHOT'O Da3BHTHA
cymecTaybmeft Teopus peleHdENX yCTpPO#ACTB M KOHEUHHX aBTOMATOB.

K a!nl‘ocodennoc!nl oTHOCHTCH

a/CymecTBeHHOE YCIOXHEHHE CTPYRTYDHHX CBOJCTB SJAEMEHTOB HA
KOTOPHX Peald3yDTCH CTDYETYDH peleHfHNX ycTpOficTB;a MMEHHO:

- peaausanuf peleilHHX yCTPOHCTB Ha T.H."MHKDOMOZYAAX",MMEDMAX
CIOXHHE CTDyKTyDHHE CBOficTBa, M HA SACMEHTAX T.H." OAHOPOAHHX
CpeA", B KOTODHX ZOJKHH DAcCCMATPUBATHCHE COBOKYNHOCTH 3IEMEHTOB
CO CBASAME MCXAy HHMH.

6/CymecTsennoe ypeluuenue"o0beMoB"penefHux ycTpoiicTs ¥ yCIO-
ZHEHHE YCIOBM{l ¥X pacoTH. Yxe B HacTOAHEe BPEMA TPeOyeTCH pemars

38Za4¥ CHHTE3a pelJeffENX yCTPOMCTB € WHCIOM I — -
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BX0A0-BHXOZ0B U YUCIOM BHYTDEHHUX COCTOSHUi NOpAZKA COTEH.

B oOnacTu CTDyKTYPHOI'O CUHTE3a B HACTOAllEe BpeEMdA Handd-
Jee Pas3BUTH ¥ TEODPETUUECKM OOOCHOBAHH METOZH, ZAanMie peand -
3alup CTDYKTYD B HODMANBHOQ /NUSBOHKTUBHON UMM KOHBOHKTUB-
~ Hoft/ ¢opme, YTO COOTBETCTBYET peau3aluHd CTPYKTYpP Ha 3iae-
MedTax Tuma: "HA*, “AIA", "HE". STu MeTOIH OCHOBAHH B GONB—

- WMHCTBE CIy4YaeB HA ONpeZeJeHUd U3 TalJui cocéoannﬁ, ¢ mo-
MOWBHN KOTOPHX 337ZaNTCH YCAOBUA PACOTH peleiHHX yCTpPOHCTB,
T.H. "MUHUMAIBHHX UJNEHOB™ -TaKUX NpPOU3BEZEHUN OYyKB, U3 KO-

TOPHX HENB3A MCHINUYNTD HA OZHOH OYyKBH 0€3 TOr'0, 4TOCH OHJA

HapylleHa HeIPOTMBOPEUYUBOCTE peanu3anud TaCANIE COCTOAHUE, T.€.
HE OHJIO NOJYYEeHO TaKoe Mpou3Befie&prue OyKB, KOTOPOE COZEDXd=-
TCd, B COCTOfHNM, ZaNlEeM SAUHUIYY Ha RHXOJZe, U B COCTOSHUU,
JapleM HyTb Ha HeM. (I3 MHOXECTBA MiHUMANBHHX WISHQB 3aTEM
MyTeM I1.pedopa BO3MOXHHX IOZMHORECTB UX OTOUPANTCA NMOAMHO=
®SCTB3, OOpasynuue T.H, "HeuaOLTOYHHE peanmaaunn"l/ i u3
SCeX Heu30:{TOYHHX peanusaluii — Takxe NyTemM lnepedopa - BCE
peannsanuu, yAOBJIETBODPSONME 3aZaHHOMY (QYHKIMOHANY MUHMMU3A~
11K, HANpUMeDp uuenuyue MUHMMAJIBHOE U/ CHO JJIEMEeHTOB /OyZeM Ha=-
3uBaTh uX "alCOMNTHO MUHMMANBHHMU" peanu3auuaMur/.
TpelOynuuiica Iag 3TOr'C MepeCop BechMa OHCTDPO BO3pacTaeT.

Hanpz-:izep,ua}ccmaﬂmoe YUCJO0 MUHNMAJBHHX YJIEeHOB COCTaBJIAETS

£7H8:363T0QHOCTB 37eCh IOHUMAETCH B TOM CMHCIE, YTO 0E3 MO-

AyuCHUA [IPOTLBOpEUNBO#t peanus3auuy Helb3d: a/mozaTs O mmu I
H3 BXOZ KAKOTO JuGO 3JIeMeHTa, Ha KOTODHil paHee HE Owia Noza-
Ha x0HCTAHTa I 6/ HENMB3A MCHINUATH KAKOfi MO0 YacTU CTPYKTy-
Di IIyTeM MOZAuM BHXOZA BHXOZHODO DJEMEHTa KaKoit AuG0 ADYTOi
i "TyPH HA BHXOZ BCEii CTDYKTyPH B LENOM HAM HA BXOX

2JSleHTA ZIPYyroif 4acTd CTDPYHKTYDH.
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Al 5-TH NepeMenHux-32, aag I0-tu-4,300, zna IS5-Tu-759.4&E
U TeZe [I]. Yucno omepauuii, HEOOXOZMMHX JJA ONpDEZEleHUS Mi—

HUMAJIBHEY HEM3CHTOUYHHX pealusaumii, pacTeT eueé GHCTpee M Ha=-
XOEZIeHNEe ONTUMAJIbHHX peaiu3anuit CTPYKTYP A7 UACKS IEepeMeH-

60npmero I2-I5-Tm, CTAHOBUTCA NPAKTUYECKU HEOCYMLECTBUMHM
ZaKe ZIf YHUBEDCAJBHHX BHUMCIWTENBHHX MauuH. Emg Gozxee rpo-
MO37KOjf ABIAETCHA peanu3anus CTPYKTYP B CKOGOUHO# (opMe u
NpM Hamuyuy MHOTUX BHXOZOB B BUZE T.H. "Cr73HHX" CprKTyp%/
lomuTku paspaGoTru METOZOB, B KOTODHX BOSMOEEH HEMOJHWI me-
pecop, He NpUBENM K CYNESCTBEHHOLY YMEHBUEHUE I'DOMO3ZKOCTH
onepamnuit CUHTE3a.

OzEmm u3 nyTe#l ycTpaHEHUS YKABaHHHX prﬂHOCTéﬁ ABIAETCH
T.H. "HanpaBACHHH{" NMOMCK ONTMMAaNbHO{ peanu3anu CTPYKTYD,
sagnouyapmuiica B TOM, UYTO HAa KAaXZOM U3 3TaNOB CHHTE3a us
BCEX BOSMOXHHX BApUAHTOB JAJNbHEHNNX 3TAN0B BHOUPAETCH IpH
MOMOI COOTBETCTBYDIVX OIEHOK HEKOTODRH BapuaHT, o0ecneyu—
Bapmuii pearusanup CTPYKTYPH B LEIOM,OINU3KyR K ONTHMAIBHOH.
llpz aToM B Zepese peleHuii BHOUpaeTCHA NUNB OAUH MyTh, 4TO
CYWLECTBEHHO CHUXAET I'POMO3ZKOCTDH BHUMCIEHU{. ITOT OyTH MpU-
' BOZMT K peamusamuy TeM Golee NpHONURanmelicA K ONTMMAIBHOH,
yeM TOUHEee KDPUTEepUM ZJA OLEHK! CIORHOCTHM Deanusalyyl CTPYKTYD.

B oGmen Buze 3aZava HAIPaBIEHHOT'O MOMCKA ONTHMAIBHOIH
peam3anuy CTPYKTYP MOKET OHTE CQOpMYIMDPOBaHA CIESAYRIIM

00pa3oiu.

I/ "CpgsaEENMU" AN CTDYKTypaMu Tuma "CEA3aHHOrO KepeBa"
OyZeM Ha3HBATH CTPYETYDPH, B KOTODHX MMEWTCS CBASK
MEXTY NEeNAMy OTZENBHHX BHXO7IOBe
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lycrs 3azaHN yCcHOBUA PaCOTH peletHOr'0 ycTpoiicTea ¢ m .
BXOZaMH 1 K BuxoZaMu I (wn,K ) B Buze HEKOTODOi conoxynnoc-f
TU TACAUL COCTOAHUH#, B OOMEM CIydYae HEZOONPEAENEHHHX, I'ZE
CYHKIMM, Dealu3yeMHe na KamZioM BHXOZE Fe (L4i<4k ), sazamu

HaGopaMy COCTOsHUit: M —{di,d,,- - ,.\3 IalmuMy 3HAYEHUs HA

BHXO7Ie, DaBHHE I i M {p,,p,_, ) p,}. Zaplyuu 3HAUEHUA Ha
BHXO07e, paBHHe O /OyZeM Ha3HBAaTER: HNEpBHE "padouuMil COCTOSHE=
fIM;I U BTOpHE — "HepadouyuMu COCTOSEMAMU"/.

lIlycTe 3azaHa TaxKWe HEKOTOPasA COBOKYNHOCTH 3IEMEHTOB
@ =44,,%,., %t . Crpyxrypue cmosicrsa xaxzoro ua sme=
MEHTOB \fj (1€ §¢t) xapaxTepusynTcs MOTHOCTBD OMpEZENEHHOH
Ta0IULE it cocrqﬂﬂnﬁ, B KOTOpOi{f MOZMHOXECTBO HAaOOpPOB padoOuuX
COCTORHM S 1\1’={ q)‘,q‘,,-.‘-, (P:',j I TOZMHOEECTBO HAGODOB Hepa-
Gounmx cOCTORHU{E: I{;= {'%‘l,,%‘uu-'i’gf-

IpeGyeTcs NMOCTPOMTE CTPYKTYPY peleitHOro ycTpoiicTma, peami-
30BaHHYD Ha 3THUX 3JIEMEHTAX, OJNU3KYR K ONTUMAJBHO{ C TOUKU
3peHUs 3afaHHOI'C QYHKIOWOHAJNA ONTHUMANBHOCTH. [IDAKTUUECKH B
KaueCcTBE TAKOBHX DAacCMaTpUBANTCH: MUHAMANBHOE YUCIO 3JIEMEH-
TOB,MIHUMAJBHOE YUCJO 3aZe€iiCTBOBAHHHX BXOZOB KX, MUHAMAIE-
Huit o60oCuesHHt "BEc™ Cprmfjpu, €clI¥ KaxJHif 3 3aZlaHHHX THU-
0B 3JIEMEHTOB, OLEHWBAETCH KAKUM JUG0 BECOM, OTAUYHHM OT
APYTHUX i T.M.

Byzeu naswsars Oynesy gysrmum f (Uy,Yz, .+ ‘j,), peannsyeMyn
ozmny 3nemerToM Y j © UMCIOM BXOZOB q,(gj )y Ha BXOZH KOTODPOT'O
NMOAZHH NEPEMEHHHE | Y)Yz, .+, \‘C} ,"anemeHTapHO " FyEEUHEH"
OTHOCLTEJN>10 Haopa BIEMEHTOB, COZSDHANUR SISMEHT gj . InGas

Gynesa f*yH.cL.m MOHET OHTB, OUSBUZHO, 3aNUCAHA 3 BUZE HEKOTO-
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KOMIIO3ULUY 3IEMEHTAPHEX (yHKUUY, apryMeHTaMy KOTODHX
CHTH JuMOO Zpyrue QyHKnum / B TOM yuCle U INEMEETapHHE/
GO HEBABUCHMHE NEepeMeHHHe. B COOTBETCTBMM C ATUM 3azaya
peaiusamum CTPYKTypu EF(W,k)Ha 3aaHHOM HAGOPE DIEMEHTOB, sa-
‘?:erca B NnpeZcTaBieHun OyAeBHX QyHrmuit, XapaxTepuayomux
ZIOBUA PACGOTH OTZENbHHX BHXOZO0B JCTPOUCTBA,B BUZE KOMNO3M=
5kll'anenearapnux OTHOCHUTEIBHO 33aZaHHOI'O Habopa QyHKUKii:
Fo=9(5 3y 50 Koo Xtazr -, 83 = P ($4,fay s, f3)
_i BHOOPa 3 BCEX BO3MOXHHX KOMIIO3MIUi Taxoﬁ, KoTOpasg ofec-
f%ﬂiunaua OH peanusanum, ONM3KYR K ONTUMalbHOl. 13 uucia ane-
iba!on; BXOZIAIUX B COCTaB BJEMEHTOB, pealW3yDmUX pelefiHoe yc-
?ayolcmno, pAZ SJIEMEHTOB ABIADTCH BHXOZHHMU ZAJA CTPYKTYDH B
' memow. OGosmawmu ux uepes: 5, %%, 4% .

B oOmex BuZie anropuTM HANPaBIEHHOT'O NMOMCKA MOEET GHTE
. OmpeZeNeH, Kax COCTOAmUi U3 CIEZYDMUX onepanuii.
'a/ BuGop u3 Bcex Qymkuuiz ¥ Taxoff, peamusauus KOTOPOH# B
- IepByD OvYepeZb ABIAETCH HaWNyumeil ¢ TOUKM 3DEHUs Hauooxdee
~ ONTHMAIBHOTO UCTIONB30BAEMA €€ uacTedf AIA pealusaimuu BCEX
- OCTANBHEX (QYHKOUJ BHXOZOB CTDYKTYDHe 2

6/ BuGop u3 BCEX BO3MOXHHX TAKOI'0 aneMeHTAHE BHXOZe Ka-
x70ft u3 peanusyeMmux OyEkmuii Y'( , KOTOpH# OGecmeuuBal GH
~ Baudonee ONTUMANBHYD peanu3anun 9TOj# QYHKOUA B LETOM.
‘ B/ BuGop zns aTOr0 3jeMeHTa Haubozee ONTUMANBHOK NOCHEN0-
~ BaTeIbHOCTN peanusdanuu QyHKnu} {-3 (1884 Q,) Ha €ro BX0Zax
; I BHOOp Takmx QyHERuUM ¥3- , KOTOpHE, OCecleuuBas HENPCTU-
E BOPEUUBY0 ¥ HEU3OHTOUHYH peallisaunuin @yuxum Fc s OCymecTB-

Iany OH €€ HaubO0Jlee ONTHMAJBHO.
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[locie BuOoOpa QyHEIU fﬁ' LN BHXOZHOT'O 3JEeMeHTa @yax-:
wu €., peamsyeMmoil B IepBYD OYepEZB, COBOKYNHOCTH STUX
PyHKUME paccMaTpuBaeTCs, KAK YCIOBUA DPACOTH HEKOTODPOIO MHO-
TOBHXOZHOT'O pellefiHoro ycrpoficTBa U yKa3aHHHE OIepanud MDOB=—
TOPARTCH UTTEpaTUBHO ZO TeX NOp NOKA QyHKIUSA ¥ me OyzeT
ﬁeanmsosaaa NOJNHOCT BB,

llocae sroro peamusyeTcs clrefybmaf MO NOPAZAKY QyHKOUA E
NpudeM BCE BHXOZH “3JIEMEHTOB, BXOZANNX B yX€ DEajn30BAHHYD
CTDYKTYDY, NPUHUMANTCHA KaK ZONOJHATEJBHHE HE3aBUCUMHE NEpe-
MEHHHNE, KOTODHE pacCMaTpUBANTCH IpPU CUHTE3€ CTPYKTYPH OCTAlb=
HEX BHXOZOB HAapaBHE C NEPBOHAUANBHHMU HE38BUCUMHMN IePEMEHHH=-
MU, 9TO NPUBOZUT K NOJNYUYECHUR CTPYKTYp THUNA CBA3HOT'O ZEPEBA,
ofecneuyBamUX B PAZe CAy4aeB HOAyuYeHUE O0NEe ONTUMAIBHHX
peanu3anuii.

2. Epurepum 7z ONEHKN ONTUMANBHOCTH CTDYKTYD.

Kax yme ykasmBaloOCh, ONTUMAABHOCTEH NOJAyvuaeMOil mpu Hampa =
BISHHOM IIOMCKE CTPYKTYDPH pPENEeitHOr'0 yCTpOjiCcTBA CYHECTBEHHO 3a-
BACUT OT XapakTepa X TOYHOCTU MCIOIB3YEMHX KPUTEDUEB Mg ONEH-
KI ONTUMAlBHOCTHU. 3afava NOJyueHUA TOUYHHX KPUTEPUEB ABAAETCH
OZHO# U3 CIOXHEHmUX B TeOpuyu pellefiEHX ycTpoiicTB. PacoTH B
3Toft o6nacTy Pa3BUTH ABHO HEZOCTATOYHO. B cymecTByoLUX paspa=
00TXaxX paccMaTpUBANTCH TAABHHM OGDPA30M KDUTEPUN ZANA OLEHKH
ujicjia JJIEMEHTOB WIN BXOZO0B IPU peanusaimny CTPYKTYp B HODMAlb-
Hoit Copue. lpeznaraeMhHe KpUTEpUM UMENT ACUMITOTHUECKUH XapaK=-
TeP U B DA CIYy4YaeB He ZanT Hafjexaliefl OPUEHTUDOBKY IIpU pe-
UEeHIN DPEallbHHX 3a7lau CUHTE3a.

3nepBHe BONMPOC 0C OLEHKE CHOXHOCTY OZFHOBHXOZHHX CTDYETYP

Oull paccuoTpeH B padore K.lenmnoma {27 . lomyuernag H.lerno-
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HOM QCHMITOTUYECHAs ONLEHKA Onia 3arTeM yayuuega I'.lloBapozuu
{3) u O.lymamomsu [4]. MpeznozeHHAs MOCHEZHMM OLESHKA WHME—

eT BUZA: L(n)'-(’-:—n(«), TZE N -4YUCHO HE3aBUCUMHX NEDPEMEHHHX

u P-xoa@@mmem, 3gBUCANMY OT TUIA NPUMEHAEMHX 3JIEMEHTOB

M CBE3HOCTY CTDYKTYDH. DHNa TakEe NMpeANOKEHA ACUMITOTHUEC-

FAf ONeHKAa, yUMTHBAONA# DaclpejieleHUe COCTORHUA MEKLY paco-
Log ¢ Cgu

wmn u HepaGoumm: L (km)~p 23 27en
4 ¢ (og3 Loge C§an

(2) y TZE
K =UUCIO padouyux COCTOsHUi.

[lpmBezieHENE BHIIE OLEHKN CHPAaBEAJINBH ZA NOAHOCTED onpe-
JeneHHHX (Qymrrumuii. Mexzy mem GONBUKHCTEO OPaKTUYECKUX yCJI0-
BHjf paG0TH, B OCOOEHHOCTH HpM OONBMOM YHCIE NEPEMEHHNX , Xa-
PaRTepu3yoTCH HENOJHOCTHD ONpeZeNeHHHMU TAONMIAMU COCTOSHMI.
liccneZioBaBue OLEHOK CIORHOCTHM DPEaNM3all CTPYKTYDP PeleiiHHX
JCTPOificTB ANA ATOr0 cayyad mpoBogunock B CCCP B UmcTuTyTe
ABTOMATUEM U TeJeMeXaHWKH /TeXHMUecKO# KulepHeTuxu/.J,llemo-
uosui [5,6] Gux mpezmoxer acuMnToTuueckuit Kpurepuits I~
n N Cog, W - Ny log, Ry - N Loy, noBl,re My~ wucao padowux
cbcroxnuﬁ, ‘g —UUCIO HEpPalOyMx COCTOSHH{ M N = n, +ne .
9T0T KpuTepHuil ZaeT OLEHKYy uucia BXOZOB 3JeMeHTOB Tuma "d",
nat, "HE", OueHra uucia 3JEMEHTOB C yYETOM CBASHOCTH H
. BeTBIeHWIi WMEET BUA: L(”’*(ﬂ% (4 Nporexanme xpurepus
B sasucmsocty ot W x N, npusezero Ha puc.l. CraTucTi-—
‘YyecKaf IpoBepKa KpuTepus Ha YBM mokasaia, 4TO OH Z0CTaTOY-
HO TMPaBAIBHO OTpaxaeT UBMEHEENEe CIOEHOCTH K Ipy uucle Ie-
PEMEHHHX, HE CTpeMfAmuxcs K OeckoseuyHoctu /puc.2/.Il.Illapxo-
MeHEO L7] MpeAnoXulI OUSHMBATH CAOXHOCT: DEANM3Alul HEZOON-
PeZeNneHHOY TAGHUIH COCTOHHME IO uMCIYy COCTOAEMHA N . Kax

morazan l.llemouos, 3Ta OmEHKA BepHA B AcuMNTOTLEe. UZHAKO
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KK MOKA3al¥ CTATACTUYECKUE UCIHTAHMA, TOUYHOCTD €6 yMEHB-.
5aeTCA ¢ yBEJIUYESHUEM CIOXHOCTY peaM3amuu CTPYKTYpPH
/pic.2/.

Hecxompxo ApPyro#t XapaxTep UMeeT KDUTEDHit, MPEANOKEHHHI
B.Komunenxo [8]. Om cayzur Zns ompejenerus OYePEAHOCTH B-
Gopa NepeMEeHHNX JI0/IaBAEMHX Ha BXOZH sneueHTon,n mieeT BUZAS

§= max{Sifo} (5) | rze §= -t—,fz () u So-—-,;éﬂ‘z
B 3TUX BHpPAKEHUAX: n;,n1 -qUCcA0 padouyux COCTOAHUM, B
KOTOpPHX OLEHMBAaeMasg NEepPEeMEHHAas NpUHUMAeT 3HAUYECHUE eAUEUNN
U714 HyAs COOTBETCTBEHHO X Y\é,V13 - UiCIO HEpaloyux coc-
I0fiHUl{i, B KOTODHX OLICHHBaEMasg NepEeMEeHHad TAKEE NPUHUMAET
3HAYCHME CZUMHUNH UMM HyJld COOTBETCTBEHHO. SHAUGHUA S, unu So
OnpezelfnT ONU30CTH QyHKIUN {3,K peanusanuu €& O0ZHOE OyE-
BO{t /KaK 3TO JErKO BUZAETH B 3TOM cayrae kpurepum S, ¥ So
iMenT HauOONBbNEee BO3MOXHOE 3HAuenue/. [lpn Hamuuum orpaHmuye=
HU/ HA UMCNO MHBEPCHHX 3HAUEHH{l HE3aBUCHMHX NEPEMEHHHX BH=
GOp NeDEMEHHHX OCYMECTBIACTCA B NODAAKe HAUGONBMMX 3HaueHUit §,.

Kax 6yzeT mokasano HuXE, NpU HANDABIEHHOM NOUCKE BCTpe-
yaeTCcqd HEeO0OXOZ¥MOCTEH OLEHKM CIOKHOCTH pealu3aiuyl MHOTOBH-
XOZEO{l CTPYKTYPH B meaoM. B.liemomos [7] moxasam, uro BHumC-

JeHUe Taxoli ONEHKM CIOXHO. bojee npocTad OLEHKa uMEeeT MeCTO

B YaCTHCU Ciyvyae, KOI'ZA HEZOONp:AelIeHHHE COCTOfHMA ZJAS BCEX
BHXOZOD 07uHAKOBH. Ona mreer Bum: J(B,.,Be)mNPog, N~ %ZQ‘“&&' U
rze: {,-4iCIO OZWHAKOBHX CTOJOLOB MaTPUIH, CTPOKA KOTODOiH
conmocTaBieHd QyHKIMAM T , @ CTONCIH COCTOfHMIAM, ON=-
pejeaaApmi: QYHKLNM, B XIETKAX Xe eZNHMLAMH OCO3HAUEHH pacouue

COCTOfIHMA U HYIAMu-Hepalouue. lpocTo BuuncaseMad ONEHKA HO-
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IyuaeTcH TaKke B CIyyYae, KOTZAa B 3aZaHHOfi cucTeMe QyHKOuii,
PeausypuuxX BHXOZH CTPYKTYPH,pacoure u HepaCouMe COCTORHNSA
OONapHO HE NEpeceKanTCi. B 3TOM ciIyuae ONEHKA WMEET BUJ:
5(‘!’“ /;'l) -~ (\llr"ND] Mz(‘dl* J‘o)‘)‘,(@h“g-xg%s,xo (g'pne:
Jgfodmee YyuCca0 pacOyMX COCTOREm# u We -00mee UMcIO Hepa-
00ulX COCTOHEHHK({i.

B yxasanuoit pacore l.llesoMoBa paccMOTDPEH TaKEE BONPOC O
HauGojlee ONTUMANBHO{ OUEpPEeZHOCTM peamm3anu¥ PyHKmU#E Ka BH-
X07laX MHOT'OBHXOZHO# CTPYKTypH. 3Ta 337aua Gaa pemeBa TaKEe
TONBKO ZJA YaCTHOT'O CIyuad OZMHAKOBHX HEZOONPEZENCHHHX COC-
TOfHM} ZA BCEX BHXO/0B CTDYKTypH. [Ipomezypa ompezelenns
aToff oOuepezHOCTH cocTouT® B ciezybmeM: a/Ompezensercs pas3HH-
02 B BEIUYMHE OLEHKNM CHAOEKHOCTH pEaju3amdl Bcefl MHOTOBHXOZ-
HOff CTDYKTYDH B UEJNOM M CIOXHOCTM €& NpU IOOUEDEZHOM yZale-
HAM CTDOK MaTpUIH, COOTBeTCTByomux Jymrnume ¥'¢. loxasusae-
fca aCHMNTOTHYECKH, YTO (QyHKOUA, yZaleHHE KOTODO#f ZaeT Mu-
HUMAJIBHYD DPa3HOCTH MOIRHA GOHTH peannaonané B NOCJIEKHDR
oyepezb. 6/ CTpoxa, COOTBETCTBYDEAS 2T0i{f PyHKmUM, yzaldgeTcs
U3 MaTPUIH COBCEM ¥ YKA3aHHAH ONepamus NMOBTOPAETCH ZO0 TeX
nop, mOKa He OyZeT ompeZeleHa OuUEPEeZHOCTH pealu3aluy Zis
BCEX BHXOJZI0B CTDYKTYPH 0€3 HMCKINYCHUH.

[lppBezensnit BHlle 0630p NOKAa3HBAET, UTO cyuecTByRUuE pa-
OOTH N0 ONEHKAM CJOEHOCTH % JIMIb YaCTUYHO yZOBJIETBODANT
HEE00XOZMMOCTY B HUX. [l03TOMYy NIpu paspaCOTKE METOZOB CHHTE-
3a, B OCOOCHHOCTH IDM NPOTpPaMMUpOBaEMM ux Ha JBM, mpuxozu-—
TCHA NpuUOGEeraTh K UNCTO UHTYUTUBHHM KDUTEpuaM, Lerecoo6pas-—
HOCTPH HKOTODHX ONIDEZENAETCR SKCINEDUMEHTaNBHO NpY CTATUCTH-

YeCKO} NMPOBEDKE COOTBETCTBYLLMX METOZOE CHHTE3Q.
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3.MeTozb HANDPABACHHOI'O NMOMCKA ONTUMANBHHX peajusamuif
[Ipu pa3paGoTKe METOZOB HANPABIEHHOT'O MOUCKA ONTUMANBHHX

peanu3anuil CTPYKTYp CYULECTBEHHHM ABJIAETCA BO3MOXHOCTBH yu&éTa
PazsiIMuHOI'0 poZa MNpPaKTUYEeCKUX TpeOOoBaHmit, a WMEHHO:

a/ OTpaHMYEHUil MO UYMCIYy BXOZOB SIEMEHTOB, DO 3aTyXaHND,
A0 x03CQuLUeHTy DPAa3BETBIECHU{l BHXOZOB, IO xapaﬁTepy B3anMHHX
COEZHHECHUE U T.I.

0/ HEOOXOZUMOCTY YCTPaHEHUA COCTASAHMI B HENAX BHXOZOB
3ICMEHTOB ;

B/ BO3MOXHOCTYM CHUHTE3a CTDYKTYP C 3aZaHHO{l HAZEXKHOCTHN;

I'/ yHUBEDPCAJBHOCTU METOZa C TOYKN 3PEHUA NMPUMEHAEMHX
JJISUEHTOB 3
4 7/ BO3MOXHOCTM DACIpPOCTPaHEHUA METOZa Ha cilyuailli 3aZaHus
JCAOBUl pPalOTH pelejHor0 yCTpPOiicTBA U CTPYKTYPHHX CBO{CTB
JIcMEHTOB HE B BUZe TaOlul COCTOAHUA, a B METEPBANBHOH fop-
Mg, UTO OCOCEHHO BAKHO XJA MHOT'OBHXOZHHX CTDYKTYP C OOJIBIIM
Y/ CJOM BXOZHHX I€pEMEHHHX.

dlZe paccMaTpUMBANTCH ZABa METOZA HANpPaBJIEHHOTO MOUCKA
ONMTIMANBHO{ peanu3anuud CTPYKTYP, Pa3pacOTaHHHE 3BTOpPOM COB=
MSCLHO C B.ib.Konunenxo. llpexfie ueM NepexOZuTh K U3J0XEHUR
X CyuecTBa, CZelaeM HEKOTODHE 3aMeyaHuda N0 EKaaccufuxanun
3JIEMEHTO0E, H&a KOTODHX Deaau3yuTcA pelleiiHHe yCTpO#icTBa.

Tyl

Bpe/ieil MOHATUE "XapaKTEDPUCTUYECKOT'O qmcna"\sf%ﬂeﬁma |
NpSLCTaBIANLErc cO00i MUHUMANBHOE uLiCJO0 BXOZOB,I0ZAya HA
0v0pHe OZ4HAKOBHX BoaZeficrmuit ) ([ €4193) oznoznaumo
0T LeZenAeT BO3ZeHCTBUe Ha\%’gl%'(one g (€ €{4,0}) 3
bjgi IeauTh peleliHHe DJIEMEHTH Ha KJIACCH BO NMEPBHX IO 3HA-

72110 XapaKIepUCTHYECKOTO YuCAA, BHAENUB 3aeueHTH ¢ [T]=I
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)Hanpnmep snementy "i","UHA"/ u snementn ¢ [Tp] >4
/HanmpuMep MaxopuTapHHE 3AeMeHTH/.KpoMe TOro GyZeM paziuyaThs
3NEMEHTH ¢ "CUMMETDHUHHMUA" BXOZAMU,ZJNA KOTODHX 3HAYEHNUE BH-
X07la He M3MEHAETCH NpK NEePEeCTaHOBKE NEDPEeMEHHHX Ha BXOZaX :
J(4d2) =9{e,d)u ¢ " neccumerpuummu® BxozAMM, AT KOTO-
PHX 3T0 3HAyeHUE u3MeHAeTcH.DyZeM Takke paslxyaTh: 3JEMeEH—
TH C " yHODPAZOUEHHHMHU"BXOZAaMK,B KOTODHX 3HAUEHLE ftg]

ZJs1 J00# COBOKYHNHOCTM BXOZOB OZUHAKOBO,i C "HEYNODAZOUEHHH-
Mu" BXOZAMU,ZiA KOTODHX 3Hauenue [Tg] A7A DA3MUYHHX COBOKYyN~
HOCTE}l BXOZOB Da3iUUHH.

A.Meroz vabnum peanusanufi.
Paccuorpnu CyLecTBO 3TOT'0 METOZA Ha npumepe; llycTs 3aza-

Ha Ta0MMLA COCTOSHUM,NpEACTaBICHHA HA DUC.3QBuzeIuM B HEj
T.H. "00f3a1eibHHE" OyKBHI/ B 7a07.DpUC.3 nonqepxnquZOqum-
JHO,UTO HEKOTOpHE {3 NEePEeMEeHHHX,B KOTODHX HET 00f3aTEIbHHX
OJKB,MOTYT OTD yAaleHH. [puMenAs npumepnn.(S),kG) (7) oy-
ZEM BHUEDKUBATH I0OUYEPEZHO 3TU nepeuennue HauMHafg C nepe-
MEHHO, IMEeHlie HauMEHbIee 3HAueHHe BHODAHHOI'O KPUTEPHH,T.C.
Iapleil HauOoNee CIOKHYD peau3anui (yHKIUK HA COOCTBETCTBY-—
DIEM BXOZE BHXOZHOI'O 3JESMEHTA.nakZH{i pa3 OyZeM ONpeAesiaTh
HOBHE 00fi3aTelbHHE OYKBH,IOAB.BUKECH IOCHE BHYEDKUBAHUSA
COOTEETCTBYNIEr0 CTOJONA TalAully COCTOSHME ZO TEX MOp IOKa

BCE CTOJOUH TAGHMIH HE OYAYT COZEDKATH 00A3aTENbHHE OyKBH

I/00asaTensHofi HaswBaeTcs OyKBA,IIC KOTOPOH ZaHHOE COCTOAHIE
fiBJAAETCS COCEZEMM C KAKUM JUGO COCTOHHHAEM B NPOTUBOMONOKHO
Ta0aule COCTOfHILt. BuuepkuBaHie 3TO0# OYKBH NPKBOZUT IO3TOMY
K NPOTUBOPEUNBON peannsalull U OHA JOJIKHE 00632 T€IBHO BXO0-
JUTP B MUHUMANBHH} WIEH,peanu3youuii XaHHOE COCTOfHUE.
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~Hpomaneneuﬁﬂ MOJNYYEHHHX INpH -9TOM 00fA3aTEAbHHX OYKB B KaX-
ZOM U3 éocmoannﬁ 06pa3yT ZBa BUAA MYHAMAJNBHHX YJIEHOB:
a/eciu OHK HE COZEpXATHCA B NPOTUBONOJNOXHO# yacTu TaOMU-
U COCTOAHME,TO MUHUMANBHNWE uieHH azpa (cu. [81) u 6/

eCHIU COZEepXaTCH,TO0 T.H. "HEZOCTATOYHHE" MUHUMANBHHE UlE=-
.HH,EOTOPHS I8 HENpoTUBOpPeuusBoit peann3sauuu A0NEHH OHTH
JoonpezneeH. byeM paccMaTpyBaTh Aid upocmomﬁ peasnu3sanun
Ta6IUIN COCTOAHM M puc. 3a Ha ajeMeHrax: "Q®, "iJu" ,"HE"

C BHXOZHHM 3JaeMedTOM"WINY,[locse yra3aHHHX onepauuii CTpyE-
1ypa npuMeT BUZ,NOKa3aHU{i HA pUC.4

[locrpouM T.H. Tadmumy "peanusanumit",/puc.5a/,B KoTOpOi

CTPOKM CONOCTaBJEHH MiHUMAJBHHM YIEHaM fZpa U Henocréwoq-
HHM MUHUMAJBHHM YJIeHAM,a CTONOHH-padouuM/cieBa/ u Hepaco-
u/M /cnpaBa/ COCTOAHUAM. B KIeTKAX TAGHULH NDPOCTABIANTCH
B KaXZC# CTPOKE KPECTUKUM B TeX CTOJNOLAX,COCTORHUA KOTODPHX
peaNii3yNTCA ZAHHHM MUHNMAJBHEM YJIEHOM. [MHUMAIBHHE UYNEHH
A7pa peanus3ylnT TalNuly COCTOFHUR HENpPOTUBOPEUYUBO U IMOSTOMY
COZEPHXAT KPECTUKH TOJBKO B padouuxX COCTOfHUl. HezocraTounue
MUAHIMATDBHHE YICHH UMENT KPECTUXM,KaK B pacouyuX,TaKk U B HEe-
padouuX COCTORHMAX./LNa anmeMentoB "U" u "ULA",mewmix [TglH,
B KAaXZOM 113 CTOAGLOB ZOCTATOYHO UMETH OZUH KPECTUK.MuHu-
LANBbHHE YACHH fAZpa LOJXHH .ONTH B JK0OO0{ peanu3anuu CTDYKIY-
pele UTMETHM COCTOSIHUS,DEaNL3YeMHe UMU B Tall.puc.5a NTuY-
K0il, UcTaBuuecH COCTOSHUA PeaNU3YWTCH HEZOCTATOUHHMH MUHA-
MaJIbHEMI yleHaMu U3OHTOYHO,OCKOABKY B COOTBETCTBYWUUX CTOJI-
0hax Ta0auuH peanus3aluy AMENTCH MO ﬁecxonsno KPZCTPXOB.

[losToMy U3 MHOXECTBA UX HYXHO BHODATh TAKOE MNOZMHOKECTBO,KO-
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T0p0E,BO NEDPBHX,Pean#30Bali0 Oh BCE pAOOUNe COCTORHUA HEU3-
I-'GHTOHHO 11, BOBTODHX,TPEGOBAN0 OH HA&NGOJEE NpPOCTOH peaausa-
LAy ZOOnpeZenanmux QyHKIui.

llpeficTaBmM COBOKYNHOCTD ONpPELENARWUX (YHKOUH B BuZe
HEKOTOPOfi OZHOH (yHKIMHS P:\éﬂ{? TAe: K -uiCio0 He-
JOCTATOYHHX MUHIMANBHHX YJEHAB,BXOZALKX B KaKOe Iu60 Heus-
OHTOYHOE NMOZMHOEECTBO MX.YuCNO padouuX COCTORHMM,KOTOPOE
ZONEHA DPea30BaTh 9Ta (QYHKOUA OyZeT AN BCEX NOZMHOXECTE
HEM3MEHHHM. [OTOMY ZNf TNONYYEHHA HAUMEHBUE{l CIOXKHOCTYE ZL0=
onpezenapuux QYHKOUZ HY%XHO BHODATH B COOTBETCTBUEM C KpULE-
pueM (3)/cM.puc.Il/ TaKOE MOIMHOKSCTBO HEZOCTATOUHHX MUEWH-—
MAJbHHX YJEHOB,KOTOpPOE LMEET KDPEeCTUKM B MUHIMATBHOM ULCIE
C¢TOJOLOB Hepaooueil wacTy TAONUUH peanu3anii.ANIrOPATM TaKO-
IO BHOOpa COZEpEAT cilefylmie Oonepaunuu: a/BuGUPAETCH MUEM-
ManNbHH{I UN€H,B CTPOKE KOTODOIO VMMEEeTCH HaUMEHBUEE YUCNO
KPEeCTVKOB B Hepabouefi uacTu TaOXuOH peann3anui,a NEY Hec-
KOJBKAX TAKUX uleHaX-uMeobuuil HauOOJblee YKCIO KPECTUKOB B
padoueil vacTu; 6/ U3 BCEX OCTANBHHX CTDPOK B padoueit ¥ He-
padoueft yacTAX TAOMULH DEeaju3annll BHUSDKUBANTCH KDPECTUKY
B CTOJOLAX,B KOTODHX KPECTUKM UMEKNTCA B BHODaHHO{ CTDOKE;
B/U3 OCTABUXXCA MUH.MAJBHHX UJCHOB CHOBA BHCUDAETCH UIEH,
YAOBIETBODAKIME MYHKTY a/,4 YKa3aHHHE ONEpaLyy IPOLOIKa-—
DTCA 70 Tex NOp,NOKa B TAOHALE pealu3alul HEe OKaxyTCsa CTpO-
Ki ,AMEDNie TOJNBKO BHUEDKHYTHE KPECTUKN,YTO OYZET CBUAELEIb-
CTBOBATH O pealyu3annu BCeX COCTOAHuil paGoueft yacTy Talii-
IH peall3anull.

s paccMarpuBaeMoro npuMepa TalHKuLE Deanusanuu NpumeT
mocle 3TUX Oomepauuil BUJ,TOKA3aHEH{i Ha puC.5 0.B onTiMaNb-

HOE HEH3CHTOUYHOE NOAMHOXKESCTBO B Heil BXOZRT MUHLMEIBHLIC



84

4isHE Zipa: Xgq X3 U XaXoXs . 4 HEZOCTATOUHHE MUHUMAIBHHE
WICHHS i;is) i;m X; o 43 TOj Xe TAOKUIH peamu3anuy ONpeAeNanTCH
TA0IAUH COCTOSEM{ Mia Aoompezeasomux fymxmuit b, f2 u fz3 « B
#ayecTBe PacouMX B HUX BXOZASAT padoude COCTOAHUA COOTBETCTBYLUEH
CTDOKM TAGMMLH peali3aIMid C HEBHUEDKHYTHMU KDECTUKaMU, & B Ka=-

4eCTBE aepadom - BCE COCTOAHMA, UMEONNE KPECTUKM /BHUYEDKHYTHE
i HEBHYEDKHYTHE/ B DTO# CTPOKe B Hepadouyeil yacTu TaliauIH. /cM.

DUC.5B,5r u57/. 3Tu TAOMMIH DPEANU3yNTCA C MOMOUBD TEX XEe OIepa-
miii, 4TO ‘U INepBOHAUANEBHAA TA0JUNA COCTOAHUi.

PaccMOTpeHEHt METOZ CUHTE3a ZOCTATOUYHO HNPOCT U 3¢DeKTUBEH
1Ji8 BCEX DIEMEHTOB C CHMMETDUYHHMM BXOZaMyu U ftg]=II/, HO cymec=
TBSLHO yCIOXHAETCs ANa dnemenToB ¢ (TgI>I /em. [91/.

b.MeToz mepexofHHX TaGMIAL.

B aToM MeTOZe 3aZaua HaNpaBIEHEOTO NONCKA pelaeTcqd B €& Hau-
G6ozee oOmeM BUJZE, NOCKOJBKY OH ABIAETCHA NPUTOZHHM ZJAA OOUETO
cayyas aneMeHToB ¢ [TsJ>I, ¢ HeCHMMETDUUHHMU ¥ HEYNODsZOUEHHHMA
BxoZaMu, llycTs ycaoBus paCOTH CUHTE3UDPYEMOT'0 peJieiiHOro yCTpoiicT=
Ba 3aflaHH Ta6iunefi cOCTOAHME pPUC.6d C MHOXECTSOM padouuxX COCTOf-
et Mg u MHOXECTBOM HEpadounx - Mo , @ CTpyKTypHHNE CBOHCTBA
JJIeMEeHTa, HA KOTOPOM ZOJNXHO OHTR PEajU30BAHO 3TO yCTPOLCTEBO 3a- T
ZaHy TaGmunet cocTosHuil puc.6@, ¢ MHOEECTBOM pacouux cocromxuit My
i MHOEECTBOM HEDAGOTX~-Tiqe

U6pasyeu zBe CyHxmuns A¢, B KOTOPO{l PAGOUUMY COCTOFHIAME
ARIANTCA Tl'i u Hepadoumuu Ne u GyHRLUD g » B KOTODOHZ padoui=

My COCTOAHUAMU gBIANTCH Jro U HepacowMu Iy, MHOEECTBO BCEX M=

=77 B 4qJCi0 9TuX SAEMEHTOB BXOZAT: "UM,Miall","HE", mLI-HLm, "iI-{E"
% YCAOBHO MOTYT GNTH BKINYSHH 3JEeMEHTHYCywMa no Mozyin zszal
i "paBHO3HAUHOCTB". :
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HUM3JBEHX WIEHOB QYHKIUK &4 OyzeM 0002HAuaTH uepea H; =
:{uiﬂn,ugﬁju HasHBATH "pacouei xapakTEepHCTHKO{" 3neueHTa,

& MHOKECTBO MUHWMANLHHX WIEHOB (yHKLMN ¢, OCO3HAUaTh YepEE
G;={wy,..., wp{ 1 HasusaTs "Hepadouefi XaparrepuCIuKOM"
dNeMeHTa. JEerKo MOKa3aTh, 4YTO ZAJA HENpOTMBOPEUHBOf peann-
3aniy CTPYKTyPH HA BHXOJZE KAKOTO JUGO 3JEMEHTa HEOGXOZUMO,
9TO0H ANf KaxA0T0 K3 COCTOREME BXOZOB yerpoilcTBa o € Mi
CYEECTBOBANL XOTH OH OZMH MUHUMAIBHH{ urer Y, € Mf , @ AT
KaEZIOr0 U3 COCTOSHUH ﬁ & Hé- X0Ts OH OZVH MUENMATbHHH
uies W, €5, .

OcHoBHHE omepamum, BXOZANUE B aATOPUTM CHHTE3a, ABIANT-
ca crezywmumu: a/ HaxomaTcs padovyas U Hepadouad XapaxrTepuc—
TUKEM 27eMeHTa ; 6/ CTpouTca T.H. "mepexozHas" Tadauua, uUMEmR—
DAf YUCHO CTONOLOB, PABHOE YUCIHY MUHUMANBHHX YJNEHOB 3JIEMEH-
T3, U UICIO CTPOK, PABHOE YNWCJIYy CTPOK TACIUIH COCTOSHHU pea-.
ni3yeMoii gyHrmuu. CleBa OT mepexozZHOl TalJULH pasliemnaeTcs
Ta0auna COCTORHUil $YHKIMM, BBEPXy - TaOIKNa MUHMMAJBHHX Yie-
HOB H{ u BHu3y TaCiuua MiHUMAIBHHX uleHOB S, /puc.63/;

B/ HpOHBBOﬂHTCH OIpeZielieHue OUepEeZHOCTH 3alOJHEeHUA BXOZOB
dlielieHTa U OIpecjelieHle ISPEMEeHHHX, MNO0Z3BACMHX HA HUX §

r/ lporozurcs 3anCIHEHME CTOJACLOB NMEPEXOZHO{ TAGIMIH, ONpE—
ZIENEHNE T.H. "HECTHUX" NpeANuCaHUfi ¥ COCTABIEHUE TACIUI[ CO-
CTOREN{I Zng Joonperenapuux $yHKOUii.

B nepsByn ouepeZr BHCUDAETCHE BXOZ JIEMEHTa, MMENMUE Hau-—
MEHBIEE UUCAO peanusybmux ero CyKs/ uTO ZaeT HauCOIBlyR CEC-
00Zy ZaipHeiuux onepauuﬁ/uq:z:ssa*%konﬁmnx B Haulolee KO-

POTKME MUHIMANBHNE UJIEHH/J4TO 00€CneuuBaeT Hau00Zee OHCTPYE
peann3anup COCTOSHUE{B Tacmine puc.6B TakuM BXOZOM ABIIET-
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¢ Bxox Y, . llepemennas,mozaBaeMas Ha BXOZIH ,BHOUDPANTICH B
coomneTéTBuu ¢ KpuTepusMu (6) u# (7). B cooTBETCTBUM C UX
3HAUEHUAMY /yXa3aHH BHU3Y Ta0d.pPUC.60/ BHOUPAEM MO KPUTEPHD

$oepPEMEHHYD Xy o OCymecTBIAR MPOBEPKYy OCHOBHOH TaGIMUK CO-
cTOSHN{l, OTMEuaeM Te U3 HAX, KOTODHE peanu3ywrcs 3Toi nepe-
ﬁeﬁxoﬁ npoTuBopeuuso /mugpa I B cocroasuax:3,2,0,8,I12,I4),
I I8 XOTODHX ZOMXHA OHTH NMO3TOMY OCeclevyeHa peanus3amusa Ha
IpyTEX MUHUMATBRHX WIEHAX.

BropuM BuCipaeM BXOZA 4, ,T.K. OH NONHOCTBD Deaju3yer
MUHUMAIBHHZA UM€H V. T.X. B 9 3TOT BXOZA peamusyeT ABe OyE-
BH B uJeHaX W; i Wy, 70 B cocroguuax: 0,8,I12,I4 sHaueHus me-
DEeMEHHO}t I0ZaBaeMOji Ha 3TOT BXOZ XECTKO NpeANUCcaHH, T.8.0HA
xOMOMHAIME! CBOUX 3HAUEHU{I AOMKHA NOIHOCTHE YAOBJIETBODPATH
3TUM COCTOSRHAAM. TaKOil MEPEMEHHOH ABIAETCH Xy, OAHAKO MpH
UCNIONB30BaHUN €€ uleH YV, He OyZeT peaiu3oBaTh HU OZHOTO U3
cocrofruii. lloaToMy 3aueHseM NEPeMEHHYR HAa BXOZe Y DyHxuuei
{q.PaGOunH COCTORHUAMU 3TOf#f GYHKUZM ZOMEHH OHTH COCTOSHUAS
U, o, 12,14, uuenmne #ecTKuUe NpeZNucaHud, a HepaOouuMy XKeIaTelb-
HO HUEeTH COCTOAHUA:2,4,6,10, KOTODHE MOTLYyT OHTH pEaiu30BAHH

¢ mouoUBH uieHa V,. Peanusaums QyHKUMU Qq NMoKa3aHa B Tall.

e

uc.6r.llocne MOMyueHNs CTPYKTYPH COOTBETCTBYNWLETO 3JIEMEHTA B

",

720,68 OTMEYANTCH COCTOAHUA,DPEANU30BAHHAHE YIEHOM Vy/mulpH 4

td

©py®xax/ ¥ BHOBB NOABUBNMECH EECTHUE NpeANMcaHusg /uudpH 4 B

(]

ccTofnuAx:5,7,11/.

Uporece peanusdanuu 33KAHUUNBAETCH,KOTZA OyZYyT 3aNOJHEHH
BCe BXOZH 3J€eMEeHTa X pealN30BaHH BCE COCTOSHUA U3 Hi i r«j .
JMUCAaHHHY aArOpUTM ZOCTATOYHO NPOCT U yHUBEpCANeH. Heko-

TODUE BUZIOMSMEHEHUS €r0 MO3BOJANT MOIYyUaTH CTPYKTYDH,CBOGOZ-
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HHE OT COCTfi3aHUil H& BHXOZAX SJIEMEHTOB M CHHTE3UPOBATH

CTPDYKTYPH NPV 3aZaHUU X U CTDPYKTYPHHX CBO{CTB DIEMEHTOB
B UHTepBanhHO Gopue.

M.4,.TaBpunos

InruposanHag aureparypa: I.B.A.KasaxoB.Haxoxzerue makcu-

MaZbHOTO YUCIA NPOCTHX WMIJMKAHTOB NpPOLSBOJABHON JOTUYECKOil
QyHEnuy nepeMeHHHX. CO.ABTOMATUYECKOE DPETyIUMDPOBAHKE M yIpPaB-

nexne. lisz.AH CCCP,I960r. 2.C.Shannon.A.Simbolic Analisis of
2. Relay and Switching Circuits.Tranc.of. AYFE 57/1938/,%;-

3.1.1 liopapos. U cunTese KOHTAKTHHX MHOTOMOJNOCHAKOB. ACKIa-
I AH CCCP, XCIYy, /I954/, W6, I075-I078.

4,0,B.llynasoB. 0G OZHOM MOZXOZEe K CHHTE3Y yNPABAANLUX CUCTEM
NpUHLNANE JOKAJIBHOTO KOZMpoBanufa. CO.llpoGmemn kuoepseTur:.I4
naﬁ.ﬂayxa, 1965, 3I-IIC. :

5.4.4. lieaouos. 0 GyHKnuoHanzax xapaxmegn3ﬁmmux CIOKHOCTE CHUC~-
TEM HEZOONMDEZENEeHHHX OYJAEBHX GyHKNU}t. UO.I[IpoGIEMH KuUOEDPHETUKM,
BHN.,I19. usz.Hayka, 1967, 123-I39.

6.J.A lleronoB. Kpurepuu cmormocTm OyaeBux (Qyrkuuii. CG.IlpoGre-
My KuoepreTrnrm, BHOD.I7, I966, 9I-I127.

7.1, 1. lapxouerko. CuHTEe3 pelefHHX YyCTpPO#CTB Ha Kaanmqnux GyHE-
MIOHATBHOMTONHEX CHCTEMAX NOTMYECKUX SIEMEHTOB. ABTOMATUKA W
TelleMexaHuka, 25, /I964/, M6, 963-979.

8.B.[l.[iuzeHK0. K MOCTpPOEHMND YACTHHX MUHUMAJBHHX (POpM OyIeBHX
@ysxnuit, Co.Jlornueckuit AsHK AJA NpPEeACTABIEHUA QJATOPUTMOB CHUH-
Te3a peJeilHHx ycTpoiicTB. M37. agxa, 1966, 194-203.
Y., A, Tagpunos, B.i.Honunenko. CuHTE3 CTPYKTYpPH O€CKOHTAKTHHX
PENEHHEX yCTPOCTBes Bull.Math,de la Soc.Sci. Math.FPhys.de la

RSR,I0 /58/,I966,3,227-259
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05 OIHOM IOIXOIE ABTOMATM3ALMM CHMHTE3A KOHEYHHX
ABTOMATOB

Imvmrsp Bopucos [lmmxos
/Codus, Bosrapus/

ABTOMATH3AIMS NpOLecca CHHTEe3a KOHEYHHX aBTOMATOB NpH No-
momu S[IBM 3aTpyImHAETCH OTCYTCTBHEM COIVIACOBAHHOCTHM BO BXONHHX -
BHXOJHHX ASHKAX WM3BECTHHX AJT'OPUTMOB, pPENAKuX 380a4d OTIEeJbHHX
3TaNoB CHHTE3a ¥ BOBMOXHOCTH NDUMEHATH ONTHUMU3SLMUOHHHX NPHEMOB
Ha KagkIoM 3Tane C yYeTOM ONTHMAIBLHOI'O DelleHHs 38Iau¥ B LIeJOM, &
TaKke HEOCOOEHHO BHCOKON adPeKTHBHOCTHD HEKOTODHX AJIT'ODHTMOB
CUHTEe3a.

B macrosmei padoTe paécmarpnnae'tcx TOJIXOX . aBTOMATH3alNK
npomecca ONTHMAJBHOTO CHHTE38 KOHEYHHX 8BTOMATOB, KOTODHi
BRJANYAET KJIacC airOpATMOB, OCHOBAHHHX H& fASHKE CTPYKTYPHHX
Gysxuu#t BO3CYyRIEHUS U BHXOJIOBI. [lpennoxeHHHe AJTOPUTMH MMERT
aHaNUTHYeCKul XapakTep, NOSBOJANT IPOBOIUTH ENUHYD ONTHMK3a-
OUOHHY® JWHUD B NIpOIEecCe CHUHTesa, IPUWIOXNMH IIA NOCTATOYHO MK~
POKOTO KI8CCa KOHEUHHX aBTOMATOER /IOJHOCTED ¥ YACTUYHO ONpeme-
JEHHHX, MUHMMAJIBHHX ¥ HEMUHHMAJIBHHX &BTOMATOB TMna Mypa, Mumiu,
Mypa - Mmim/, BHNONHSEMHX HE ITPOMSBOJBHHX QYHKIMOHANBHO NOJHHX
‘Hadopax B3JEeMEeHTOB, a uX 3(PPeKTUBHOCTH CpaBHHMa WU GOJee BHCO-
Kas, 4YeM 30PEKTHBHOCTH MSBECTHHX AHAJOI'UYHHX &JT'0OPUTMOB.

I OCHHOCTH pacCMaTpUBaEeTCH MOIENb KOHEUYHOT'O aBTOMaTa
Tuna Mwim, onpelesieHHOTO Ha MHOXECTBaX BHYTPEHHUX COCTOSHUM

A =(a0, 0 .0csan,) , THE 4o - HauaJBHOE COCTOAHHE aBTOMara,
BXOTHEX / X =(Xo ,Xs yevesXma), x =40,I}/ ¥ BHXONHHX CHTHaJIOB
/Y =l4,%0.-. ,1',..) | ={0,I}/ ® pexypeHTHHX cooTHomeHmH alt+)=
=§lad), xt)] = a(*l = Alalt) ,x(¢]] , meTepMMEMpOBEHHHX H& BTHX MHO-
XeCTBax ¥ NpelCTaBIsanm¥X QYHKIUK NEPEXONOB M BHXOINOB aBTOMATa.

B kauecTBe aGCTPAKTHOTO fASHKA 3AMUCK YCJIOBHA (PYHKIMOHKMDO-
BaHHA aBToMaTa IpeniaraeTcd yIOOHAsS C TOYKM SPEHHSA MHEeHepHOH
NPaKTHKK MHTEpIpeTalnsa aBTOMaTa B BUIE NPOM3BOJBHOM MO CIOXKHOCTH
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¥ THIOAX HCIOJB3YEMHX 3JIEMEHTOB CTDYKTYpDHO#l cxemoii.

Tepexom OT CTPYKTYpHOZX CxeMH K OCHOBHOMY IJIA NaHHOT'O MOA-
X0Ja ASHKY CTPYKTYPHEX (yHKuMIE BO3CYRNEHHS X BHXONOB OCymecT-
BIAETCA B CJemymmeil mocienoBaTeJBHOCTH:

I. Cocrapasorca QyHKuEM BO3CyRIeHHs / 1;‘ - 1: (Xey X wutl
oo @0 Q000 Q) , Tme @ - dymams Buxoma k -ro osemes-
TapHOrO 4BTOMATA B CTPYKTYDHOZ CXeme 3a[aHHOTO aBToMaTa, a b=
= I,2,....sz]203,\~[/ u fyHKIME BHXONOB / Z; =Z{(Xe s Xy sosi P
@ reeer@), THE = I.2....,\1‘z]tﬁ,|>£ /.

2. OyHKUEM BO3CYRIEHUA % / +=1,2,ee.,s / mpHBO-
nATcA K QyHKUMAM BO3CyRIeHHS / qa/ JJEeMEHTOB 3aIepKKd C [IOMOIBD
COOTHOmMEHU#, NpMBENEHHWX B Talka.l, NpUYeM MUHMMU3aLMA OJy4YEeHHHX
3aBACUMOCTel HeoOA3aTeJbHAa.

Tada.I
TyHKUAA DyuKuua
BO30yXRIEHUSA BO3CYXEIEHUA [IpumeyvaHune
TpUTTEpa SJEMEeHTa 3alEepKKU
CO CUETHHM 9 = i,';'. @ v 9s: @ -
BxomoM (4s;)
C pasleJbHHMH qi = ‘{;a v ‘T'o;oi 4&14'; =0
sxonamu (qe; , 4|
c nydnnposémmwm q; = ‘T&a o V‘]'u@a -
mepexonama (4oi ,9u:)
¢ Tpewms 4 =9av9uQivqidu®; | fufo=fiti=qeti= 0
sxozav 45 4ei )

3. [lepexon K CTPYKTYPHHM (YHKUMAM BO3CYRIEHUA F; / k=
=0,I,000,4-4 / % Buxomos ¥ / i =0hep / BHIOJHAET-
CA Ha O HOBaHMM cuenyouux fopmysa:

R = {3 4...9), /1/
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R O S /2/

I‘Ie k =I.2.oo-'2‘0 a " 2102"'0721‘

B /1/ u /2/ sesne mozaraercs (9,.9,...Q% =M, =
(Fo¥e .. K di=X, / j=0I,...,8-1/, rre M, X;
KOHCTUTYEHTH eIWHAL, COOTBETCTBYKIEX COCTOSHHEM &BTOMATZ O
I CTDYKTYDHOMY BXOIHOMY CHI'HALY Xj . '

4. JCTpaHANTCA HEIOCTHXEMHE COCTOSHEA ABTOMATE, [OJAras

My
M

Ecam aBTOMAT 388H HEKOTO CTDYKTYDHHM S3HKOM, TO OIIpE-
JIeJsis B COOTBETCTBHHE C K.Bepxomgmlfce mepexonH /IOJHHE COCTOS-
HuA Xi"n / Kak 3axofsmue, HCXONSNME M NETIEBHE, MOXHO, IOJb-
3yAChH Taln.Z2, DONYYATh MCKOMHE CTDYKTYDHHe (DYHKIME BO3CYRIEHHS

#H BHXOJZOB.

HexomBHME T@HHHMM IJIS CTDPYKTYPHOT'O CHHTE3a SABIADTCH
CTPYKTYpHHe QYHKIMM BO3CYRIEHMS M BHXONOB 4BTOMATa ¥ CIOCOCH
KOIWPOBAHUA €ro COCTOSHUY, 38JaHHWE B BHNE MHOXECTB IBOMUHHX
pascuenu#t Tuma G ={A, M}/ i=1,2,...,s /, rme Ab z M
COOTBETCTBYDT HellepeceKammuMCs NOIMHOXECTBaM COCTOAHUR 38naH-
HOT'O gBTOMAaTa, 3aKOJMPOBAHHHX cocTosHMsME O u I i\ =T0
RJEMEHTapHOTO aBToMaTa / i-I'0 CTPYKTYPHOI'O BXOIA WK BHXOLa/.

HaHoHMYeckre GyHKIMU BO3OYRIEHUSA ¥ BHXONOB aBTOMATa, BH-
PaxeHHHX B COBEpPmEHHO# IM3BOHKTUBHOI HOpmasrHO# dopme, moJydaiwT-
CA C OOMOMBD COOTHOWEHW#, COOTBETCTBYKUHX BHODAHHHM THIAM 3Je-
MEHTapHHX aBTOMATOB /CM. Taln.2/. Jis 3Toff LeJ¥ B MNOJYYEHHHX
cooTHOmeHu# Beame mosaraercs My = (Q. 5 ....Q),,. rre Mg
ompeleJsieTCHs Ha OCHOBaHME BHODAHHOT'O BapUAHTA KONKDPOBAHHA /MHO-
XeCTBa IBOMYHHX pa3CueHHui COCTOsHUi aBTOMaTa o aBsenes /.

CTemeHb YINOBNETBODEHUSA DA3NWYHHX TpeCOBaHU#, NpeNFBIAEMHX
K CHHTE3UDPyeMHM aBTOMATaM, ONDPENeJslTCHd BHOODOM MNOIXONAIEro MHO-
XecTBa NBOMYHHX Da3CHeHH# Tt ,T,eee,fs .

CyIIHOCTD aJTOPUTMa 3KOHOMUYHOI'O KOIMPOBAHHA COCTOHMT B Cle-
IyoneM. [lo EMKCEPOBAHHOMY MHORECTBY IBOMYHHX Da3CHeHH#, Xxapak-
TEPU3VDYHINX BCE HESKBUBAJEHTHHE CINOCOCH KOIMPOBEHMA COCTOSHEI
aBTOMaT&, NPUMEHAS BHIEONMCEHENY METOI CTDYKTYPHOT'O CHHTEe3a,

Oxm

Fu‘x"xa recey 2--4'uk) .

0, ecrz Fy

0, ecim F,
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Tadn.2
Tun Crpyx- |epexoms /co-|®ynxmms
/sne- | rypeas |crosmuMs/, co-
MeH- Iepxamuecs B -
Tap- BO3OYX-| CTDYKTYpDHO! |BO3OYyXIEHUS [pumesanue
HoTo/ ﬁeuns BO3-
aBTo- eHHS
MaTa n:? BHxON8,/ /Buxons/
ne- Saxonsmue V E
MEeHT H DeTJeBHe ™ .
38— Fe IepexonH q cek .
IeDRKH 1
Tpur- 3axopsmue Bce meTtaeBHe me-
rep ¥ IeTAeBHe ‘Ioi=vﬁ:®i.3kj“t PEXOIH pa3sMeTHTh
¢ pas- l: OepexonH ek, Lok :oeo nex:THgnu
IelB- . " €HTOM
He 3 46 = VF.&ina“l 9 =0 mm I.
BXO- eck;  Cek,
Jamu rie kK=K
Tpur- 3axonsmue . Bce mepexonmn pas-
Tep ¢ K IeTAeBHe %i = VR METHT: Heomnpele-
TpeMs = nepexoH el .;g;mm KO nﬁn?-
BXO- = .
naMu 9i - VR KoaddummerTs B oma-
keh, HAKOBHX HMIUIMKSHTAX
OyHKIUE 4 U Qoi |,
E 3axonamue . §F a TaKEe qu U qq4i
sk | ¥ mcxomsumme 9s = 2 Fs¢ | qomkEm ONTH OpTO-
IEPEeXOJH ECA, TOHAIBHEMI .
Tpur- 3axonsmue
rep co H ECXONAmKe
cuer- F,, |mepexom qsi = E.Fu =
gﬁgnom sek
Tpur- 3axonsmue Bce neTnesHe M HC-
rep HCXOIAIKE X - PR XOJsie NePexOoiH
¢ IyG- F neTieBHE ™ ok pasMeTHTh Heompe-
% K IePexoH k&R gneg;mou K0 afGH-
nepe- Qi = 2R | am 1. {
XoIami ' kel
Muz Bce nepexomH,
OTMeUeHHHE . Wy |
i .
9i 150
Mypa Bce cocrosHuA,
OTMedYeHHHEe
\kj BHXOZXHHM o V:‘P“ 3
| CHTHAJIOM ¥; {3y

*
Bce HeompeneseHHHe /ycJOBHHE/ TMEPexOlH YacTUYHO ONpene-
JIEHHHX 2BTOMATOB HYXHO Da3METHTE: HEeONpeNeJeHHHM KoadduumeHTOM

%=O

mwid I
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CTPONTCA NONHAS CHCTEMa KaHOHNYeckmx fynxuu#t /3/ u /4/:
']3 =$(¥o-x1 1o ey .“-.N.....,H...). '
* ="i(y,,x,,....x.....“.,“.....,“._.), i

1,2,.00,2<1  /3/

papse Wy

C nmomMombd COOTHOMEHHS

Vl. Me,v Me,v . . .vMy, ; /5/

rze 0 -0 , ecax (8,,0,....0) =K, Q =Q, eom

(l4 ’ l""’lh) «‘-*‘ X 6 =4 , ecan (14.2,.,...,2‘,) =
=MNUN =A , arn GyREmEH nupalamcx B a0COJIDTHO MEHMMAJBHOH!
EESBHOHKTEBHOR HOpmambHO# fopme. Jlamee BHOMpaeTCA TaKad 3KOHO-
MEYEAS /C TOUKN 3DEeHHS TeXHNWuYecRol peammsaumu/ cucrTema PyHKumi,
ROTOpas CONEPEET MEHHMMANBHOE YMCHEO HeSBHHX &PI'yMEHTOB. OTO CBO-
INTCH K BHNONHEGHND CHEIYNNNX TpeCOBaHui:

n

Eb; SM ~ /6/
:"fi =0 = /7/
‘:z‘c; =C~'I ’ /8/

rze b; - WHCAEO HeOOXOIMMEX TEXHNYECKHX SJEMEHTOB /B YCJOB-
BHX  emuMENDax, IS pearu3anEN i -oft fynxumMM; C; - 9HCIO
HeSBHHX QprymeEToB i -off fymkmm, a B ¥ C - mexo-
TOpHE NeXHe NONOXETEAbHHE JHCJAA.

[lpn SROHOMNYHOTO KOINPOBAHHA Ge3 KDHTHYECKHX COCTASaHKH
HONOJHRTEABHO BBOINTCS MHOXECTBO XapPaKTEDHCTHYECKEX pasCueHmyt
Temin =Tewiul M ,Flax)], sxemBanemTHHX anaymsEpyeMsM QyRKUZAM®.
OTE pas3CUeHUA ONpeNeJANT TPeGOBAHMA K COBMECTHMOCTH DAa3JIMYHHX
¢yuxumif ¢ DeaBD YCTPAHEHHMA KPUTHYECKHX COCTASaHUi. BapuaHT
SKOHOMEYHOT'O KOIMDOBAHHA 0€3 KPUTHUECKHX COCTA3aHUil BHOMpaeTcs
Ba OCHOBaHuM ycioBm#t /6/, /7/, /8/ u /9/.

TK\“;M = '-4 .'}-coor‘_‘-% o-o'-s /9;/

OmicaHHHEe METOIH KOIMPOBAHUS HETPYIHO PacCIpOCTPaHKTh
IJS COBMECTHOTO KOIMDOBAHMA BHYTDEHHMX, BXOIHHX ¥ BHXOJHHX COC-
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TOAHA# NOJHOCTBED ¥ YACTUYHO ONpeNeNeHHHX, MUHUMAJIBHHX X HEMUHU-
ua:rsm'amquaronq’. B nmocrenHeM caydae B Npoliecce KOIUPOBAHUA
BHABJIAETCA 1eJeCO00pa3HOCTh MMHEMH3ALIMM YHCJa COCTOSHHH aBTOMa~
Ta C TOYKH 3PEHHsA OPOCTOTH CTPYKTYPH ero peanusaunuii. ITO OCHO-
BHBAeTCA Ha CJIEeNyKmeM.

Hajuume COBMECTHMHX COCTOSHHI y aBTOMaTa O3HAuaeT, YTO
pasMepHOCTh MHOXECTBA €ro BHYTPEHHHX COCTOAHHMH! MOxXeT CHTH
yMeHbIeHa JO HEKOTOpoit BelMuMHH h<w , Tak Kak COBMECTHMHM
COCTOSHAAM MOT'YyT OHTH IPUCBOEHH ONMHAKOBHE KOIH, YCJOBUE OIHO-
3HAYHOCTHE KOIMpOBaHUA /CM. /7// I/IA HEMMHWMAJIBHHX &BTOMATOB
IpeNCTaBUTCA BHPaxXEHHEM

el /10/
i=4q

CiemoBaTeNbHO JNOO## HEMUHAMANBHHII aBTOMAT MOXET OHTH
npelncTaBieH cAcTeMoit QyHKuMM, cocTosmed U3 Swiw =]53¢|~[=s =
N ]0.‘,"[ dyHKUMEA BOSOyELEHHS K ‘tzl%:f[ dyHKIMA BHXOLOB.
UToGH GNoKM pasCuenms /I0/ BRIDYAIM TOJBKO COBMECTHMHE COCTOS=
HIf, HeoOx THMO ¥ IOCTATOYHO, YTOOH BHOpDaHHasA cHcCTeMma CyHKumil
BO3CYXIEHNA ¥ BHXOIOB 3aBHCeJa TOJNBKO OT BXONHHX CHI'H&JIOB E ap-
rymestos @, ,Q,...,Q; .

[Ipn Takoi# NMOCTaHOBKEe 38laya MUHAMU3AUUM YMCJIa BHYTDPEHHUX
COCTOfAHMI! 3aKIDYaeTCHd B OTHCKAHMM CHUCTeMH (PyHKuuit BO3CyRIEHUA
¥ BHXOIOB, IJII KOTODOX Swiw = ]%3zhl: , & 3amaua MOJyYeHUs BKO-~
HOMMUHO# CHCTEMH HEMUMHUMAJBHOTO aBTOMATA — B ONpPENEJIEHHM Takoi
CHCTEMH, KOTODAf MMeeT CaMyl SKOHOMUYHYD Dpealn3auu /IphaToM
HEOGA3ATENBHD S = Swim /.

CCHOBHHE KpHTEpUH, ONpelessande BHOOP ONTUMAIBHOTO B&-.
pYaHTa KOLMPOBAHUS, MOXHO IONOJHUTEH IPYyT'MMH TpeCOBaHUAMM: OHC-
TPoLelicTBHE ¥ OT'PaHMYEHHA Ha UYUCJIE BXOXOB JOTHYECKHUX a.nemea'rons.
MUHMMaJbHasA 4acToTa cpaCaTHBaHUA BTODUYHHX JJIEMEHTOB, IOMYyCTH-
MHE HArpy3KM Ha BHXOIAX 2JEMEHTApPHHX &BTOMATOB, HANEXITHOCTH U
zp. '

[lpuHIANMAIBPHEM HEIOCTATKOM NAHHOR I'DYNINH aJrOpUTMOB KOIM-
POBaHUA ABIAETCA MX NPUT'ONHOCTH IJIA KOINMPOBAHUA COCTOAHUY CpaB-
HUTEJBHO HECJIORHHX aBTOMATOB. 1A OCyLEeCTBIEHUS ONTUMAILHOTO
CHHTe3a CJIOXHHX aBTOMATOB IPY MUCIOJB30BaHUM JTUX AITOPUTMOB
VIOCHO NPUMEHATH CHOCOCH arperaTHOil NEeKOMIO3WIMA aBTOMATa B
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BANle HEPAPXHYECKHX ¥ KACKANHHX crpyxryps.

B morckax u3sGexaTh BHIIEYKA3AHHOT'O HENOCTATKA M3BECTHHX
&ITOPATMOB KOINMPOBAHUA MpeljaraeTcs PeryAfapHHii MeTon ONTUMaib-
HOTO CTPYKTYPHOI'O CHHTE3a, OCHOBaHHH} Ha NPAMOM MCHNOJb30BaHUK
CTPYKTYPHHX (yHKUME BOSGYRNEHMA M BHXOJNOB B KAYeCTBE KAHOHUYE-
CKEX. MeTox nosBojigeT yIOBNIETBOPATH ONHOBPEMEHHO GOJBULOH KOM-
IIEeKC TpeCOBaHH!: OTCYTCTBHE KDHUTHYECKHUX cocrasaﬁnn. OHCTpO-
IelicTBHE NpPH HMCHOOJH3OBAHHE IBYXBXOIOBHX JIOTHYECKHX BJIEMEHTOB
COBNANIEHNS, MHHUMANBHOE YHUCJO MHBEPTOPOB B 3KOHOMUYHOCTE.

QyHKIME BO3CYRINEHHA ¥ BHXONOB IO NAHHOMYy METONy oGpa-
3yDTCsA B COOTBETCTBMM C Talj.2 M MUHMMUSKEDYDTCA HO 3aBUCHMOCTAM

M -Q,, /11/
i VR = VN, : /12/
oo ied ek
rze VMy mpencrammser oproromansmyn samich dyurumn _VJu-' :
a 3“*y ¥ - menepecexammecs momMHOXecTBa BHYTpeHHHX

cocrosmm#t apromara, mpuuem JUK =A .

U3 coorHomenwit /II/ u /I2/ BHEHO, YTO IpH IAHHOM Me-
TOZE OTHanaeT HEOOXONUMOCTH PelleHHs 3amad KOMMPOBAHHMA, CTPYK-
TYPHOT'O ¥ KOMOHHAUMOHHOI'O CHHTE3a, KAK OHM [OHMMAKTCH B Tpalu-—
OMOHHOM CMHCJE, UTO NeJaeT METOX NPHTOIHHM IJIA ONTHMAIBHOTO
CHHTE3a aBTOMATOB IOPOM3BOJBHO! CHIOXKHOCTH HA JWHOHX (QyHKIMOHAIB-
HO NOJIHHX CHUCTEMaX TeXHHYECKHX BJIEMEHTOB. 6e3 HeoGXOIMMOCTH
OPUMEHATH NEKOMIO3HIMOHHHE IPUEMH.

B 3arInYeREE CHeLyeT OTMeTHTH, YTO JOCTOMHCTBA IIpenya-
raemMoro moizxona aBTOMATH3AIMM NpoLecca CHHTe3a KOHEYHHX aBTOMa-
TOB ONpPENEJSNTCA B 3HAUATEJNBHO# Mepe HCIOJB30BAHMEM HOBOI'O
CTPYKTYPHOTO SISHK& - fA3HK CTPYKTYPHHX (yHKUHE BOBCYRIEHHA H
BHXOJOB. Pa3paGoTaHHHEe H& €r0 OCHOBE AJT'OPHTMH ONTHAMAJIBHOTO
CHHTE3a aBTOMATOB XapaKTepU3UpyRTCH CleIymummy HamdoJee Cyle-
CTBEHHHMH OCOGEHOCTSMH :

I. VMewT axTUBHH} XapakTep /NPAJOXMMH IJS ONTMMAIBHOI'O
CHHTE3a JIOOHX THIOB ABTOMATOB MPOM3BOJBHO# CJIOXHOCTH, Dpeasn-
3yeMHX Ha MTPOM3BOJBHHX (YHKUMOHANBHO IOJHHX Hadopax SJEMeHTOB/,

2. Ix sPdexTMBHOCT® CpaBHMMa WIM IpeBhmaeT 3fPeKTHBHOCTS
U3BECTHHX SHAJNOTVYHHX AJTOPUTMOB.
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3. JIOGHH IJA HCHOONB30BAHUA B MHEEHEDHO! OpakTuke /B Hpo-
[lecCe CHETe3a 0THmamaeT HeoGXONUMOCTH HNOCTPOEHHSA I'DOMO3IKUX KO-
IHDOBAHHHX Ta0JMII IEepeXONOB M BHXOIOB aBTOMaTa ¥ yueTa COGCTBEH-
HHX [I€PEXONOB 3JEMEHTADHHX aBTOMATOB; IO3BOJADT OPOBONATE ONITH-
MaJbHH# CHHTE3 C yYeTOM pas3JMYHHX TpeCoBaHH], OpUYeM nepecop
SapHaHTOB Ha 3Talle KOIOMPOBAHMSA CYHMECTBEHHO COKpalleH IO CpaBHe-
HAD C HaubojJee DacCHPOCTPAHEHHHMH &JTODHTMAME KONWMDOBAHUA; fAB-
JSOTCS INOCTATOYHO fOpMAaNM30BaHHHME/ .

4. OcoGeHHO yUOOHH IJII aBTOMATH3allMM [pollecca CHHTEe3a KO-
HEeYHHX aBTOMAaTOB ¢ momomsi JI[BM.

v
I

AHTHDPDOBAHHAAA JHETeparTypa:

I. E.H.Basmwios, [.B.[llumkoB - AHaJu3 E CHHTE3 aBTOMATOB,
3alaHHHX cucTeMot dyHkuM# BOSGYyRIEHMS H BHXOINOB - KuGepHeTHEKa,
1967, k& 4. ' |

2. K.Bepx - Teopus rpafoB X ee IOpUMEHEeHHA - /3maTeabCTBO
MHOCTDaHHO# JuTepaTypH, Mockpa, I962.

3. I.B.llmmxoB - VxOHOMMYHO KOIMpaHe Ha yCTONuMBHM KpailH: :
aBTOMaTH - V3BecTus Ha MHCTHUTYTa MO TeXHMYEeCKa KUGEpDHETHKA IPH
DrarapckaTa akanemus Ha Haykure, Cofma, I967, T.7.

4, I.B.lvmxoB - HekOTOpHEe BONPOCH aHAIW3&8 E CHHTe3a IHC-
KPETHHX aBTOMATOB, Iuccepramus, Codma - Kaem, I967.

5. I.B.llmmkoB - ONTEMaJHY DENEHUS OpPU CEHTE3 Ha GBP30-
IelicTByBamu aBTOMaTH - TexHWYecKa muCHI, 1968, % 3.

6. I.B.lrmmxoB - JeKOMOO3MIIMA aBTOMATOB B BUIE Hepapxude-
CKMX M KaCKalHHX CTPYKTYD - lokaamy Boarapckoil akanemus Hayx, l
1968, T.20, & I.
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HOMOMORPHISMS AND CODES FOR SEQUENTIAL

MACHINES

by Pierre TISON, Saint-Avolc, FRANCE

- REPRESENTATIVE FUNCTIONS OF SEQUENTIAL MACHINES

Let us associate to the set of twe lines i and ! of the flow-tacle

[

T 1y
of a given sequential machine, a degree of freedom =’ < of which the

will be 1, if we accept the possibility of merging these two lines an:
otherwise. The aggregation of these variables f-r every pair of states

{l, 2} " il, }}, Sk i 2, }}, 2_2, 43, «+s glves a primary variable g, called
a grouping variable. Its values express some freedom allowed to the linec

merging. Thus the value 111010 of g represents for a 4-stated nachine the
set of the groupings equal to or smaller than %124, 13; : 112, 13; 41,
B, ... 1.8, 35, AL, ~

Likewise, we associate to each pair {i, j} a degree of freeaom of
which the value will be 1 if and only if we accept the possibility of partiing
the states i and j, that is to say of not merging the lines i and j. Tne
aggregation of these elementary variables gives a primary variable called
the parting variable of which each value expresses some freedom in the
parting of the states set. Thus the value 000101 represents the set of the
partings equal to or smaller than {124, 13} : {124, 123}, ..., 1234} .

We call morphism variable the secondary variable constructed by

aggregating a grouping variable associated to the present time(beginning
of 2 transition from a state to another state)and a parting variable
associated to the next time (end of a transition).

A truth function can express a flow-table in the following way :
Let us consider an elementa.ry value of the morphism variable (having only
one 1 per component). The 1 of the grouping variable represents the freedon
to merge the two corresponding present states, whereas the 1 of the parting
variable represents the freedom to part the two corresponding next states.
If and only if, these two freedoms are compatible one with the other, the

given term is a canonical implicant of the representative function of the

machine.



n
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Let us consider for instance the machine Ml given by the flow=table
T1 and the value 100-100 of the associated morphism variable. We represent
by arrows on figure 1 the transitions from the present states to the next
states. The merging of the present states 1 and 2 requires the merging of
the next states 1 and 3, what is not inconsistent with the parting of the
next states 1 and 2. Therefore 100-100 is not an impliquant. We find through

_this process the canonical implicator 1100-100, 100-001, 010-100, 010-001,

001-100, 001-010, 001-001 } of Fl, representative function of Ml.

The set of the canonical implicants implies the representative
function of the machine. We can determine whether a value of the morphism
variable is or is not an implicant : given any implicant, every merging of
oresent states equal to or smaller than the first component must be compa-
tible with every parting of the next states equal to or smaller than the

seccond component,

We can compute all the implicants of a machine from the canonical
implicator by carrying out the algorithm of successive concentrations 3 .
We operate, first with respect to the parting component, then to the
grouping one. We get likewise at the end of the first step the primitive
implicants which are directly deducible from the flow-table. An implicant,
orime with respect to its second component,Kis called a morphene for the

machine, The computaticn of the morphenes for M1 is shown on figure 2.

We get, in addition to the trivial morphenes 000-111, the primitive
ones 100-101, 010-101 and 00l-111l which are l-concentrates, the non-
primitive ones 110-101, 101-101, 011-101 and 111-101 (2-concentrates).

The prime implicants are morphenes (marked ® on figure 2).

RESEARCH OF HOMOMORPHISMS 4

Given an implicant m(i) = g(1i) p(i), we may compare the groupings
g(1) and p(1)' (the grouping p(i)' has the same writting as the parting
5(1) ). Suppose we have g(i)> p(i)'. Let us propose the performing, first
the present states of all the mergings allowed by g(i), second on the
next states of all the partitions allowed by the parting g(i)'. These two
verations are compatible one with the other since g(i)' € p(i). As a

result g(1i) is an homomorphic grouping and the supposed condition

\

z(1) > p(1)') is sufficient.
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Conversely, suppose we have an homomorphism corresponding to the
grouping g(J). Let be g(k) an elementary grouping (having only one 1 in
its writting) equal to or smaller than g(J)) and m(k) = g(k) p(k) the
corresponding morphene. We have p(k) » g(Jj)° since each 1 in g(J)' is compa-
tible with every 1 in g(Jj), therefore compatible with g(k). The morphene
g(J) p(h) relative to g(j) is the 2-concentrate of all the m(k)'s.
p(h) is the product of the p(k)'s. As each term of the product is equal to
or greater than g(J)', p(h) is equal:to or greater than g(Jj)'.
[p(h) > S(J)':] is a proposition equivalent to [g(j)) p(h)'] . Therefore
the condition is necessary.

THEOREM 1 - A grouping g(1) gives an homomarphism if and only if the
morphene m(1) = g(1) p(1) relative to g(i) is so that g(1) > p(1)'.

Such a morphene is called a homomarphene. It may be computed by
l-concentrating the primitive morphenes.

The algorithm is carried out through successive steps, each of
them carresponding to a primitive implicant, taken by increasing rank to
form the concentrate. We may cancel, in the course of this computation,
each term such that 101000-001111 since it is impossible, from this value
to form implicants having a 1 in the second position of the first component
by logical sum of values having 1 only after the third position. The
presence of O in the second position of the second member would impose
the O on any term ulteriorly formed since we perform a logical product on
the second component. We would obtain terms .0eese = .0.... for which it
would be impossible to get the relation g(i) } p(1)', since p(1)' would
be .l..ee

Far the machine M2 (table T2) we have 6 primitive implicants (see
figure 3). :

.'B‘Ae computation of homomorphenes is performed -arough successive
steps, each of them being devoted to a primitive term. We form, in the
course of any step, new terms by l-concentration (with respect to the
grouping variable) on the pairs { primitive implicant characteristic of
‘the step, one of the implicants known at the beginning of the step} .

At the beginning of the computation, we deal with the trivial implicant
000000-111111 which corresponds to the isomorphism. At the end of the
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computation, we get the second trivial morphene 1111ll-...... which corres--
ponds to the total merging of the states.

Figure 4 shows the computation for M2, The 7 homomorphenes are
marxed (#). In addition to the two trivial terms, we get 5 homomorphisms
corresponding to the groupings {14, 2; 3}, 114, 23}, i124, l}},

1123, 124} and {124, 134} .

The value of the output corresponding to a state may be represented
by a term of a primary variable expressing some freedom. 2 states are
equivalent if and only if the corresponding values of the output are compa-
tible one with the other, that is to say the product of the corresponding
values of the output variable is not null. We get thus an algorithm for

determining the states equivalence .

DETERMINATION GRAPHS

A coding variable is a variable which parts the set of states into
two disjoined blocks. The corresponding grouping 4is called its effect.
A code is a set of coding variables. Its effect is\gthe product of the
effects of its elements. A complete code has for effect the set of the
states disjoined each one to the other. A code both complete and irredundant
is called an assignment 5.

There are 3 coding variables for machine M1 : ¢y of which the effect
12, 3} what may be written g(l) = 100, ey, — il}, 2}—9 g(2) = 010
o, —> i 1% 23} —» g(3) = 001, We have 3 assignments : icl, cz} F

is

~n

Ve, ¢ _} and {c g e } (see figure 6). The present value of a coding

L 8 3 2 3

variable is a Boolean function of the present state. Its next value is

a sequential function of the input, that is to say a combinatory function

of the present values of the coding variables and of the input. We say that
a coding variable is determinable from a code icd, v ck} if and only if
e may ceduce withoul any ambiguousness the next value of ¢ 1 from the

present values of C,, eee, ey and of the next input.
v

THEOREM 2 - A ccding variable ey is determinable from a code
%: 5 B c,{} if and only if the morphene g(h) p(h) that we form with

§
fz{n), product of the effects g(Jj), ..., g(%) of the coding variables

":- s wusy 3< is so that p(h)' is a zrcuping equal to or smaller than the
ljleffect g(i) of ¢,.

{ 3
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The condition is necessary. We suppose that the next value of ci is
computable from the present values of c [UIRRRE ¢, and the next input. Let us
show that p(h)'\< g(i). To say that [p(h)' £ g(il)j
to say that there is in the grouping p(h)' at least one 1 which is not in g(i),
that is to say that on the one hand, there are two states s and t of the machine

is a true proposition is

which are separated by ¢, and at every time take distinct values and on the
other hand, it was impos;ible toc put a 1 in p(h) what means that there is in
g(h) 2 1 representating the pos.sible mergings of the states u and v, and that,
by the same transition in the flow-table, we go from the present states u and =
to the next states s and t, what indicates that from the same block of g(h) we
g0, by the same transition to £ and t. Therefore there is no determinability
of ci from {c:, Ty ck} what is inconsistent with. the hypothesis and prooves
that p(h)'  &(i).

The condition is sufficient. Let us suppose that the morphene g(h) p(h)
is such that : p(h)'< g(1). From two states belonging to the same block of
g(h) we may go into the same block of p(h)', therefore a fortiori into the same
block of g(i). The next value of ¢ N combinatorily depends upon the input anc
5 s ck, what prooves that the coding variable c, is
determinable from the code § Sy wems e}

the present values of ¢

We have thus settled a method to point out to the determinations of the
coding variables among themselves : given the determining set {cl, cses cm} »
we compute the product g(1l) * ... * g(m) of the effects which gives the first
component g(h). We look for the corresponding morphene g(h) p(h) and find each

determinable coding variable ¢, by testing the relation p(h)' g g(i).

i

A coding variable c 1 is irredundantly determinable from the code
icj, P ck} if and only if it is not determinable from any subset of this
code. We write this irredundant determinability by the term i-j...k which will
be called a segment relative to i, a n-ary segment if there are n elements

Js eees k in the second member. We get easily the set of segments since, if there
is a segment i-j...k, on the one hand there is no segment relative to i which
may be got from the preceding one by cancelling any one of the second component

elements, and on the other hand, ci is determinable from ic,l, PRSP ck} .

After the computing of the morphenes, we proceed through successive

steps, the (ni!-l)th step being devoted to the searching of the n-ary segments.
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Let us compute for instance the‘segments relative to M1 (see

figure 59.

1) We take no coding variable. The determining set is empty. Its effect is
111, the corresponding morphene 111-101. We have the relation 010 = g(2)
which gives the segment 2 - @. The second component is empty and c2 is
jeterminable from the inputs only.

2) There are 3 possible codes icl.g = S_ez} and {03} . For the third of
them, the relations 000 « g(1), 000 £ g(2), 000 < g(3) give 3 possibili-
ties. From the 5 terms which where formed through this step remains only
two since 2-1, 2-2, 2-3 are reduced by 2-g.

%) The 3 possible codes have the same effect 000. Therefore we get only
one morphene and 3 relations. For each of them, we have 3 cases corres-
ponding to the possible codes. We get thus 9 terms of which only 2 are

segments.

=

WNe cannot go further than the effect 000. The computation is finished.
We have got 5 segments for M1 : 2-@, 1-3, 3-3, 1-12 and 3-12.

The determination graph of a code has a vertex i for each coding

variable CH and oriented branches from each vertex i to j, ..., k so that

i-j.esk is a segment. Figure 7 gives for M1l the determination graph and

the usual coding equations. The graph visualizes the complexity of the
coding equations.

PRINCIPAL CODES

The relation p(h)' 4 g(1) is the more easily verified the smaller
p(n)' is, that is to say the greater p(h) is. We deduce from this a
neuristic for selecting the most interesting coding variables.

We call princigal coding variable any c, of which the effect g(i)

i
leads to a morphene g(1) p(i) so that p(i) is not null. We call principal

grouping the effect of a principal coding variable. g(i) p(i) is then a
principal morphene. Each principal grouping is formed by two blocks of

states, We call left-hand block the one containing the state of minimal

ran< (O or 1). The right-hand block is the other one.
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The principal groupings computation is performed through 3 successive
steps : the first step for the left-hand blocks, the second one for the right-
hand blocks, the last one for the principal groupings. For machine M3 given by
T3, we have :

1) We start with the block 1 and increase it in every possible way. We keep the
18 left-hand blocks for which the corresponding morphenes do not have a null
second component.

2) We have, a priori, 18 possible right-hand blocks which are the complements
of the 18 left-hand blocks. After computation of the morphenes, only
13 right-hand blocks remain.

3) We concentrate the morphenes associated to every pair of complementary
blocks. -At last we get 7 principal groupings.

Figure 8 shows the useful morphenes : sﬁggested grouping as first
members, minimal groupings for allowing these suggested groupings as second

members.

We have 7 principal coding variables which lead to the assignments
1ci, s c3}, ... which we note in a simpler way 123, 124, 126, 127, 135, 13€,
137, 145, 146, 147, 156, 157, 234, 235, 237, 245, 246, 256, 257, 267, 345, 346,
347, 356, 367, 467 and 567. Let us compute the principal segments.

- order 1 : 1-3, 2-7, 3-4, 4-1, 5-5, 6-2 and 7-6.

- order 2 : 1-14, 1-26, 1-57, 2-16, 2-24, 2-35, 3-13, 3-27, 3-56, 4-25, 4-34,
4-67, 5-12, 5-37, 5-46, 6-15, 6-36, 6-47, T-17, T-23 and 7-45.

- order 3 : 1-125, 1-127, 1-256.

With these principal segments we may part the set of the graphs cor-
responding to the 27 principal assignments into 10 classes. This points out to
interesting properties of M3 : circular determination (code 267), decompositions
(codes 135, 145 and 345), clocks (codes 157, 452, 356).

CONCILUSION

We have shown that the n-valued logic algebra introduced for the
processing of combinatory functions is alsc available in sequential algebra

for the computation of homomorphisms and codes.
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The representation of figure 8 points out to the fact that a morphene
is comparable to a partition pair. Hartmanis'theory 6,7 may be considered as a
particular case of our n-ary algebra, which appears as an interesting and
powerful tool, unifies different logics and brings original results in these

domains.

r It is interesting to notice that Boolean algebra is the particular

case for n = 1 of this n-ary algebra. This must not surprise, since Boole
worked only one true propositions where the veracity is indeed a 1-valued
object. The falsity of a true proposition is the trivial impossible case
allowing without any constraint any logical speculation.

The considering of degrees of freedom is more normal than the consi-
dering of states since there is a correspondence between each hypothesis we
may arbitrarily state on a systém and the constraints this hypothese requires
which may be easily deduced from the expression of the problem.
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RECOGNITION OF TOTAL OR PARTIAL SYMMETRY
IN A COMPLETELY OR INCOMPLETELY

SPECIFIED SWITCHING FUNCTICN

by

Ryszard S. Michalski
Instytut Automatyki PAN,Warszawa, Poland

1. Introduction

At the stage of the structural synthesis of a switching cir-
cuit, knowledge of the symmetry properties of the switching
function has proved to be very valuable. First, if we do not
limit the structure of the circuit, the methods of designing
the switchi.nﬁ circuits that realize symmetric functions are
very simple -3 3 especially when a circuit is constructed on
such elements as relays or threshold elements 3 « If we are
interested. in obtaining a minimal-cost +two-level switching
circuit, constructed on conventional gate-type switching ele-
ments "or", "and", "not" the problem arises of determining the
minimal normal sum-of-products form.

Resolving of this problem can be '*° essentially simplified,
once we have the information that the function is symmetric.
This fact is particularly significant, because as a result of
Kazakov’s work 6, the class of switching functions possibly
pProcessing a maximal number of prime implicants, potentially
the most difficult to minimize, is included in the class of
symmetric functions ®. Symmetry information is also useful for
showing equivalence between two multiple output switching func-
tions. And most of the gaf:es used today to realize switching
circuits produce symmetric functioms. )

A number of works have been devoted to the problem of re-
cognizing symmetry in switching functions 7'12. The majority

. = Assuming that the class of symmetric <functions includes
the functions symmetric with respect to +the literals, i. e.
unprimed or primed variables (or functions £f£(x) = x and

£(x) = ).
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of these works deal with recognizing total symmetry in a
switching function. anhopadhyay describes a method for
determining the total or partial symmetry sets of a completely
specified switching function which uses n or (g) respect-
ively so-called "decomposition charts". Schneider and Diet-
meyer " describe a computer-oriented method for recognizing
symmetry in a completely or incompletely specified (multiple
ohtput) switching function which involves performing certain
operations on the rows of an array which represents the given
function. This method deals with recognizing symmetry with re-

spect to (unprimed) variables.

"™he present paper describes a method for recognizing total
or partial symmetry with respect to the literals in a (single
or multiple output) switching function which may be completely
or incompletely specified. The method represents a new ap-
proach which is based on the use a certain two-dimensional to-
pological model of a function, the so-called function image
T(£). The use of this model allows the method to be easily ap-
plied in hand (for n ( 7-8) as well as machine calculations.

2, Notation and Definitions of the Basic Terms

Let SEJ = (Cl.)1, L) wn)’d ([ {0, 1’ eeey zn- 1}, (Die
€ {0, 1}, i=1,...,n,denote a sequence of values of the input

variables X4, «c.y X

n
and assume further that j =§::u) o D
n i i

Let 2 = { 93} be the set of all such sequences Q. .

Tot . Yy = (Pqr eoor. Jds K &40, 1, ooy 3“-1}, ¥y €
€ {O, 1, =2 , i =1, «es, n , where = represents an unspeci-
fied ("don’t care") value, denote a sequence of values of the
output variables 22 ceey Ts and assume further that k=

n
=Z ?'f-i.where §i={?i'u wi=o’1.LetY { }
i=1 2 ,if ¥ ==
be the set of all such sequences Yj .

A multiple output switching function f is then defined as
a mapping from 2 into Y (f ! R - Y). For our considera-



111

tions now we assume that m = 1, but later we will show how to
extend the method for the case when m > 1 .

Let Qo, Q', Q* denote the sets of sequences R 3 for which
£( Q;j) =0, 1, ®# respectively. If Q¥ = o, where © is the
empty set, then the function f is completely specified and
if R%# 0 then f is incompletely specified. An incompletely
specified function f determines a set ¢ (£) -={f;_" } of com-

pletely specified functions f;_" sik s Y. avns 2°(9*) -1,
where c¢(R%*) is the cardinality of the set R¥. These func -
tions f; are determined by all possible partitions of the
set ©*into subset 2*’ and @*', such that ¥ (R*0) = {o}
and £ (2*') = {1}.

Definition 1: A function :t(x1, eoey ’h) is said to be sym-

metric with respect to the set of literals X =‘{xf‘}151
where I E{‘l,...,n}, 616{0, 1} and xfi =4 %5 it 6, = 3
H

(1) it %= @ , then the function is invariant with respect
to any permutation of the literals of the set X 3

(2) it Q*# © , then in the set & (£) ='{f; there is at
least one function £ which satisfies condition (1).

A set of literals X with respect to which the function £
is symmetric we will call a symmetry set of £ . If X is a
symmetry set of £ and X is maximal under inclusion among
the symmetry sets of X , then we will say simply that X is
a maximal s set. Symmetry sets of f of largest cardi-
nality among the symmetry sets of f will be denoted xm. e 4
c(x.) = n , the function £ is said to be totally symmetric,
if 1 < o(xn) <n, f is said to be partially symmetric.

If X= {xk6k, xfl} is a symmetry set of the function f ,

then, according to definition 1, xkék can be permuted with xf 1

end x5l with xPX without changing the function £ , if 2
is completely specifioﬁ or if f is incompletely specified,
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without changing some functions f’; in the set ¢ (£).We will
denote the set of all such functions f; by Qk,l « The rela-

tion saying that the literal x]fk is permutable with x1

without changing the function f is written (xgk ~ x$1)..If

f is incompletely specified then (x](: k ~ x:(f ) will be writ-

ten to mean that the set ¢k,l defined above is not empty.

If functions of +the set ¢k, i @are determined we write
Ok A, x1 lati is

(xk ~ Xy )¢k'1. It 1is easy to prove that the relation ~~

reflexive, symmetric and transitive, but in the case R*4£0
transitivity is understood as

("t ~ X )4>kl A (x‘f‘~xm ¢1m (x k~x'?'m)4’k,lnq’l.m ¥

When X = {x.f’ S valoly (’"'} is a symmetry set, a relation

]

(x A S8 A xg'“) ¢ can be defined analogously to the above.

The elementary symmetric functions are:
_G o4 -
So x,é‘, ,xﬁ“) = x: ! xg 62, x'"n

Sy (xf",...,x‘?“) =x$ x1-62  x176ny x1761 x62 163 d-ény

S (x ..,xéﬂ) = x$' x£2 ... x%n

Each totally symmetric function is a sum of a set of ele-
mentary symmetric functions and can therefore be written in

the form 8§,(X), where X ={ f
set of the function, and A = {

Y ity 10 o sty

ai} 121,2,... is the set of

indices of the elementary symmetric functions whose sum is the
given function (the so-called a-numbers set). It is also well
known that:

5,(X) = 83(X) S
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here X gi} e & 1% 2
where ‘{xi v 65=1~ 6, and ‘=‘{ai}i=1,2,...' oy F
=D -a . The function SA(X1, sv oy xn) is written Sﬁ ’

Any switching function may be written in the form of the
following matrix:

A 2}
(L) = [tv,h]v=0,‘l,...,2 2l _4

~ [
h=0,1’noo,2 ‘1

2

where t B £( Qj)’ J=ve2

n 2
- + h and &ﬂ is the entire

part of g o To the matrix T(f) +there correspond in a one-

-to-one fashion a certain topological model called the image
T(£) of the function. The image T(f) is determined with the

use of the n-variable logical diagram defined below.
n

= 1o | 2

Let us divide any rectangle into 2 : rows and 2 y col-
umns accerding to the rules:

(1) In the first step we divide a rectangle into two rows
with a horizontal line. In step m each row obtained in step
m-1 we divide into two rows. We execute % steps.

(2) The steps EE + 1, «0oey n are executed similarly as
it was done in rule (1), but by division of the rectangle into
columns with vertical lines.

The lines which divide the rectangle in step i (i=1,...,n)
we call the axes of the variable Xy - The intersection of any
row with any column we call a cell of the logical diagram, as-
suming that the cell does not include the points ' belonging to
any axis or the perimeter of the rectangle. To set of cells
lying above X axis we assign the literal 21 and to those
lying below the axis the literal Xq . The axes X 9XpgeaesEyy
d =29y Ry sy 81 - 1, divide the rectangle into Zi sets of
cells.To the set consisting of the cells of all the top halves
of these sets described above we assign the literal §i+1 and
to set consisting of the cells of all the bottom halves we as-
sign the literal X501 °
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2
we assign the literal i[ ] 3 and to the set of those lying
+

To the set of cells lying on the left of the axis x[n]_
. = + 1

n

2
on the right the literal x[B] 5 . The axes xE] < 1, cos

2
into 21 set of cells. To the set consisting of the cells of

all the left halves of those sets described above we assign
the literal X 5 and to the set consisting of the cells
[§]+i+‘|

of all the right halves we assign the literal X541 °

Definition 2: The figure described above we call an n-var-
iable logical diagram (see Fig. 1 '!).

The n-variable logical diagrem is similar to the "tables
of Venn 13 s, "charts™ of Veitech 14, "maps”™ of Karnaugh 15 and
other diagrams. To the logical operations on the literals
there correspond set-theoretic operations on the sets of cells
assigned to these literals: to the product of literals there
corresponds the intersection of sets of cells, to the sum of
literals the union of sets of cells. The set of cells corre-
sponding to a product o of literals we will denote by L(o).

To a product of n 1literals o = x,f“, ev ey n corresponds
in a one-to-one fashion one cell e of the diagram. We have
o = 1, when the variables X4 i=1 ¢y n, take values
w; = Gi . Then the cell e corresponds uniquely to the se-

quence 523. = (W4 eeey W, ), where wy = 6

= i w izn‘i .
i=1

Definition 3. The number of the cell e in an n-variable
logical diagram is the number ¥ (e) = j , where j is the in-
dex of the sequence @. to which corresponds the cell e .

The cell numbers y(e) are distributed in the logical di-

reey P n ) 1= 1’2'00., n - [‘E] = 1, divide the 1‘9013&381@
[] + 1 2

oI

i and J —

* In this figure a given variable x; 1is written beside
only one of the 9 variable axes.

* Not to be confused with the "diagrams" of Venn.
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agram in an ordered manner.For instance in Fig. 2 is shown the
distribution of cell numbers in a 6-variable logical diagram.
Definition 4: The weight of the cell e in an n-variable

logical diagram is the number &(e) =Zwi y Where w,, i =
=7
=1, ...y D, are elements of the sequence Qa*(e)'

The weights of the cells are located in the logical diagram
in a certain characteristic order. Fig. 3 presents the example
of the distribution of weights in a 6-variable logical diagram.

To each cell e in an n-variable 1logical diagram 1let us
assign the value f( 9‘8(3)) where f(x1, ;.., x,) is a given
function.

Definition 5: The set of all cells of an n-variable logic-
al diagram with values assigned as described above we call the
image of the function £ and denote by T(£)

If e is a cell in T(f) to which was assigned the value
P , we will say simply that e € T(f) has value p .We define
P = {e € T(f) : e has value p} , where p=0, 1, = . Let
x, = /\ x:: and oy = FAN xig

iel, iel,
where I, = I, < {1, ceey n} i
Definition 6: A pair of cells (e ’ ej) s Where ej E L(o )

S s
and ej € L( ®,) are called a pair of corresponding cells in i.n

Lo, =md I(0) if (e - ¥(e = p (6] - ¢H
where I = I1 = 12. ielI

It can beseen that corresponding cells in L(otq) and L(o(a),
if I1 = IZ' we can make coincide by a parallel shift (see
Fig. 4).

3. Recognition of Symmetry in Completely Specified Functions

3.1, Recognition of Total Symmetry

A given function is totally symmetric if c(Xm) = n. Detec-
tion of that fact is based on the following theorem:
Theorem 1: A necessary and sufficient condition that a func-
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tion f(x,l, ooy xn) be totally symmetric is the existence of
a sequence OG= ( 62, 63, ceey G, Gi e{O, 1} , sSuch that

A4 (i€ {2, eeey 1)), (x4~ x?i)f

Proof: Sufficiency: This results immediately from the fact
that the relation ~ is transitive. Necessity: According to

formula (2), if the set {i,], xg’z, B v xg“} is a symmetry set

then the set {x,‘, x12_62, ooy x;_éﬂ}is also a symmetry set.
Therefore if the function is totally symmetric, there exists
the symmetry set including the literal x4 .Suppose then £ is

totally symmetric and {x,', xgz, s xs“} is a symmetry set
of f . Then clearly 62, PR én is a sequence with the
desired property. Q.E.D,

This theorem is also valid if we permute in any way the in-

dices i € {1, 2y w9y n} of the literals xfi.

Theorem ‘1 shows that testing whether the function £ is to-
symmetric consists of testing for symmetry with respect to
certain pairs of literals. The minimal number of pairs to test
is n -1 and maximal 2(n - 1).

Let us expand the function f(x,‘, coey 7?1) with respect to
the variables x, and X k,1 e{'l, o s's'y n} o £ £ 8

= =0 - 1 = o2
£(Xqy coey Xp) = BETL GV Bxfy qV 0Xfe 1V xkxlf?:,k &

where fi,l - f(x,],...,xk_,‘,wi,xkﬂ,...,xl_,',mi,xlm,...,xn),‘

, . i
1w 0, 15 25 3,1=2wk+wi.

Theorem 2: A. (x]fkm x.fl)f where 61: P 61; Gk,éle{o,‘l}
if and only i £ | =£2 (a)

9 :
Bs (xlfkm xi’l)f where Gk £ 61; Gk, 61 € {0,1}

o 5 O = ¢0
if and only if fk,l_ fk,l (b)
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Proof:
4. If (a) is satisfied by transformation of the formula (3)
we obtain:

TEye cees X) = BEL LV @D V BENG V nnt
This equation shows that permutations <xk'xl> and <— ’fl\ do
® ' X9k /
not change the function £ , that is (xCk~ x1), in case
6y = 61. If (a) is not satisfied, then the above permuta -
tions change £ , proving the necessity of (a).
B, This can be proved analogously. Q.E.L.
Conditions (a) and (b) can be easily checked usiang the im-
age T(£) . The images T( k,l)’ i=0,1,2,3, are determined
by the subsets of the image T(f) consisting of the cells of

xk 2 1) where i = 26; + 63’_ .Such subsets of T(f)
we will denote by mli{ 1(£)- Condition (a), (b) is then equiva-
lent to the relation Tk 1(:E') ¥ T12: l(f), (T l(:t) = '1‘15{ 1(f)) ’
where by = we mean that corresponding cells in T1 J‘E:f:‘) and
!l‘i l(f) (!"’k l(:f) and Ti ) have the same value.'hen the con-
dition (a) 19 satisfied ve say that f has symmetry of the
first kind and when condition (b) is satisfied that £ has
symmetry of the second kind with respect +to the pair of var-
iables {xk, xl} ¢

Fig. 5 presents algorithm S <for testing the total symme-
try of the function f based on theorems 1 and 2. The sign
t= is used as in Algol (it denotes that the variable on the
left of the sign takes the new value resulting from the opera-
tion written on the right).is a result of algorithm S, we ob-
tain the answer whether the function f is totally symmetric
and in the case of a positive answer, a symmetry set xm is de-
termined. In general the function f may have a number of al-
ternative symmetry sets é s 1i=1, 2, «o., whose difference
from one another is that contain different 1litterals of the

E P P
By corresponding cells in Tkjl(f) and Tk?l (pq =10,

P P
Pp = 2,3) we mean corresponding cells in L 1 and L 2 .
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same variables. To determine all sets Zi, we modify algorithm
S , so that both condition (a) and(b) are tested for each pair
of variables (xﬁ, xi) 20 122 3, ooy B
In the case of hand realization of the algorithm it is more
convenient to adopt a different order of testing <for symmetry
with respect to pairs of variables, namely to test for symme-
try with respect to pairs: (x1, Xy )y (11, Xy s ses 3
=|+1 =142
2 H
(11! xn)v (xzs IB]+1)v (x3’ x[%]+1)9 seey (I[%], 1[92']4'1). In
this case the sets of cells whose values we compare to test
for symmetry are characteristically located in the diagram and
are easy to define (see Fig. 6).

3.2. Determination of the a-numbers Set

If we have determined that a function £ is totally symme-
tric then we can represent it in the form S‘(X), where A is
the set of a-numbers and X is the symmetry set. Having de-
termined that f is totally symmetric, we will also have
found a symmetry set X = xm. Thus we need only to determine
the set A in order to find the form SA(X) = f.Determination
of this set is helped by the following theorem:

Theorem 3: Let f Dbe a function such that £= 8§ (X), X =
= {xgs X5 +oe» X} & €{0, 1, ..., n}. The set ¥’ is the set
of all cells e ¢ T(f) having weights dJd(e) e A .

Proof: Recall that F1 is the set of all cells in T(f) with
value 1. Let A= {a}i_,,a _+ Because S,(X)=f then f =
- V S. (X). Afunction’" (D e eA has (%)  com-

J€4 %4 s |
ponents, each including ay literals x; and n-a; literals
ii . To each component there corresponds the sequence S in-
cluding ay ones ‘and n - a; zeros, so the weights of the
cells corresponding to those sequences are §(e) = - As the
function £ is a sum of Sai y1i=1,2, ees, then F! con-
sists of all cells, which have weights {(e) € A. Q.E.D.

Theorem 3 is illustrated by Fig. 6, which shows +the image
of the function Sg (the cells of B are dark). Due to this
theorem the determination of the a-numbers in case the symme -

~
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try set is {xi} si =1, ..., n, may be accomplished hy the next
operations:

1. Determination of a certain minimal set of cells E = {e,}
such that the weights 6(01) exhaust the set of all possible
values of the e-numbers i.e. the set {0, 1, ..., n}.

2. The test showing which cells e, belong to Fl.Ir e € ¥
then a; = 4&(e;j)e 4.

It can be easily proved that E = Ehu Ev’ where xh consists

of the cells e , which have numbers y(e) =2k-1, k= 0,1,

seey N = 2 and consists of the cells e , which have
n-[Z)+k ;

numbers y(e) = 2 -1y k=1 24 eeey [-4] «The set Eh

2
is included in the set H = I.(i.,, S ey i[ ]) consisting of the

n

2

cellslying in the top row of the diasrém. The set l' is in-

cluded in the set V = L(x[:] 1, T xn) consisting of the
=+

cells lying in the right hand column of the diagram. Figure 7
shows the set E = khu !v in the 6-variable logical diagram.

Let us now assume that the symmetry set X, ={xfi} FA S
=1, 2, veey n, includes at least one literal ii . To reduce
the present case to the previous one.we might construct an im-
age T°(f) which consists of the cells of a logical diagram,

whose variable axes are xj'_ sy i=1, «e., n, where xi: xfi.

The image T°(f) can be comstructed from T(f) by success-
ively replacing the sets of cells in T(f) which were assign-
ed the literal xy by those which were assigned the 1literal
il and vice versa, for each i such that &5 = O.

For determination of the set A we need only test the val-
ues of the cells of E , which are included in the set of
cells of top row H and right hand column V of T°(f).There-
fore it is enough to perform replacements described above in-

e n

- n 5
side the set L(xy yeees xﬁ[ﬂ)for literals X;€ X, [‘2’]” <
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n

2
iie X , €A1 -g] «» The sets so obtained will be the top
row and right hand column respectively of the image (L)
which we seek in order to determine A .

<i<n and inside the set L(x[ ] » ooy X0 for literals
) +1

3.3. Recognition of Partial Symmetry

A given function f(x,,, cesny xn) is partially symmetric if
1 <e(Xy) <n . Determination of all the maximal symmetry sets
s on s, i=1, 2, ¢o., of function f may be easily accomplished
when all symmetry pairs are known. The following implication
is helpful here:

G~ N &y~ 0> F~ Ey~ D, )

where X, Trepresents a literal x or a sequence of liter -

a

als connected by sign ~ : x:“‘-m xi’ 42.,... and 'ib - analo-

gously. 1 2

This implication results immediately from the tramsitivity of
the relation ~ . Fig. 9 presents algorithm SP for the de-
termination of all the symmetry pairs of the function £f. Be-.
cause the relation ~ is transitive, certain operations of

6

this algorithm may be omitted: if (xium xib ) £ and(x(;ﬂfv x.°)

then also b A, xéc) and testing for symmetry with respect
b c ‘L

to the pair {x%b, xfc} is superfluous. When f is totally sym-
metri¢, algorithm SP is equivalent to algorithm S, in which
for each pair of variables both conditions (a) and (b) are test-
ed.

2.4, Determination of an Algebraic Form of a Partially
Symmetric Function

Let X = {xgi}ieI where I c{’!, cesy n} be a symmetry
set of the function f(xq, cosy xn). Let us assume,without loss
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of generality that I = {1, B8 oy m}, 1 < m < n. Generalizing
Shannon’s 16 formula to the case of symmetry with respect to
literals, the function f(x1, Sry xn) may be written:

2(xqy eos Tp) = \/ 85(D2 (X g0 Tpuo0 oees Tp) (5)

=1
where fj(xmm’ Lt *7ee ) = w4, cee s @WpaXpyqr Ty oo
) {1’ﬁ W 5 swierand, 2
--.'H,wi O'ji iiex 9’ or = '] ’o.',j’ mi—

0, if . € X ‘
={ ¢ 1 , for 1= 31, #2, ..., m,

1, It ii eX
If we have found the maximal symmetry sets X‘1 of the func-
tion f(xq, ceoy xn) for Ii we can determine the form (5) .

Functions f.‘i may be determined from any algebraic form of the
function £ .

4, Reco tion of S e in Incomplete Specifies Functions

Let f(x1, aneiy xn) be an incompletely specified function.

The function f is symmetric with respect to the pair (:l:cl"“,xéll

if there exists a non-empty set ¢k 1 € ®(£), such that for
each t! € ¢k |

(a) T?;,l(f? Ti,l(f:) y if b6y = 6,

or

) WD 5 B ED i 6 4 6
Let us assume that 6, = ©,. Let {eg, e?}'} JryE) B,

sisvia 2n—2, e]; € T;‘: 1(f:), el.' € 'l'i l(f:) be the sets correspond-
ing cells in T (£ end 5 J(ED . The set ¢y ; is detern-
ined (with a certa.in restriction - see row 3 in the table below)
by an unspecified function fk 10 whose image T(fk l) kresglts
from the image T(£) by reallzation on each pair ej, ej

of the following operations which depend on the values of the
cells of this pair:
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k[ 1
31"
1100 } values of °§ and e-]j' are not changed
211 (1
3|= | = | values are not changed, but for each fr ¢ . .,
k a1 i k,1
93 and ed must have the same value O or 1
410 | =
5|= 1|0 values =% are changed to O or 1 to obtain equa-
61 | = lity of values of e§ and e%
71= |1
8lo |1 contradiction, ¢k 1= <]
9(1 (0 ?

From this table we see, that a necessary condition <for symme-

try with Tespect to the pair {xLX, x{1} is that the cells of
no pair {elj:’ 9%} have values O and 1 or 1 and O respectively.
In case 6, # 6, the symmetry condition is a.nalogouso, but
with respect to the pairs of corresponding cells in Tk,l(f)
and T3 1 (£).

From the above considerations it follows that for a given
image T(f) and values of 6, and 6, ‘the get ¢k,1 can be
uniquelyodetermined from the ordered triple (Ck’l,Ci‘:, s Bk,l)
where ck 1 is the set of cells whose values change from =
(in T(.f.)s to 0 (in T(fk’l)), 01'1 is the set of cells whose
values change from = +to 1 and Rk,l is the family of sets
{eg, e%} such that cells eg and e% of each set have in
T(£) value = . The cells of every set {eg, eg} € Rk 1 in
the image of each ff € ¢k’1 nust have the same value O or
1.

Let us assume that (xf:" ~ xil)f, (xg’_lrv xi’l“‘)f and that the

0 1 o} 1
triples (ck,l’ ck',l’ Rk,l) and (cl,m’ cl,m’ Rl,m) have been

determined.

Theorem 4: (xé’kN xflv)fl\ (xgl’“ xﬁm)f = (’:k"‘ x{“"’ x:m)f.
if and oxc:;.ly if ghe following are true:
(0) Oy 1N 01 o = ©

1 )
(®) C¢ 1N Cpn = ©
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) 3(o°. ) e (€ of yu e xcl o .
Elcctenx,lu ,.Mc %,6" ¢ o}
Proof:

Necessity: Let us assume that ( xll~xn"')t. Then there
exists a non-empty ¢k,1,n 4>(f) such that for each f‘e

€ ‘k,l,n the set {4“, xll, x:"“}is a symmetry set. Accord-
ing to (1) ¢k,1,n = ¢k,l n ¢1,n . If (a) or (b) is not

true, there exists e,vhiohintheiugeofevory e‘bkl
hastheoponunlutminthemgeofeveryf‘e ¢1m
Prom this it follows that 4>k1n ¢1n=6 and ¢k,1m

= 0 , contrary to our assumption. If (¢) is not true,there ex-
ists a pair of cells, which for each fj € ¢y 1 bave oppo-
site and for each f: € ¢1 n have egual va.lues or vice versa.,

From this also follows that = Q.
Sufficiency: The sufficiency o?k St b () 459 ,160) - we
will prove by the comstruction of ¢k, .

0 0 0 H 1 1 1
Let °k1,n‘°k,1“ Cy,mY Op amd Cp g 5 =0Cp 1Y C x¥ Cp

where CQ is the set of all cells 32 sach that
03,0, 0 0
AvA Jeeze o v cf ;) {‘1' °2} €R 1Y By p
C] is the set of all cells e} such that
1 A 1 1
Wei Jege oy ¢ Cy,m)? {°1' °2}e % e

(¢)
Let Rk,l' Rk,ls Rk,l denote the sets containing those mem-

bers of Rk,l which contain the cells eg and eg respec-

tively. Let Rg " and R;_ 4 denote analogous subsets of B‘.I.,m‘

Let Ry= B\ (B, U By g) amd By= Ry o\ () LUR] ).

Let ’ where 1y denotes the following two
step ﬁ;é%é::.omk" Rz

1. The set R U By is determined.

2. Any pair of members of R4qU R, whose intersection is
non-empty we combine to form a new single member which is the
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sum of these members. We then repeat this operation on the
newly obtained set in successive such steps until we obtain a
set each two of whose members have void intersection. (In the
case we now consider thisoprocesg ends a;f;l‘:er one1s1;ep).

If (a) and (b) than (Ck’lu Cl,m) n <ck,1U cl,m) =0 (@A)

0 1 1 1 00
i K o (c) than C, N (Ck,lu Cl,m) =0 (ii) and C,N (ck,l U

U Cl m) = 6 (iii).
Because the members of Rk 1Y Rl 7 including any cells of

1 0
cg LV Cp Y og v 1 o @re disjoint then 2 n ¢l = o (iv).
From (1) - (iv) 11: follows thaj‘;
Cx,2," Ck,1,m = ©

Let T(f 1 m) denote the image of f k,1,m we get after

changing in P(£) +the values of cells Cg 1,m from = +to

0 and values of cells Ck ,1,m from = to 1.Let {?}ie Ik 1, m’

Ie,1,m € {0’ Ty 25 eeny 20(2%) 1} be a set of completely

specified functions whose images T(f?) we get by changing

the values = of cells of T(f, , m) in every possible way to
’

0 or 1, but assuming that to celi.s of every set of the family
By 1.m e assign the same value O or 1.For each function f?,
t R ]

ie Ik,l,m we have the relations (xk X )f’; and (:::L .
Sm) .+ From this it follows that (xik'\' xil o 1,(;"') -Then
fi ﬁ

we have ¢k,1,m = {fﬂie P If there are no cells in
Py

T(£y,;,n) baving value = than ¢k,l,m consists of only one

function fk,l,m . Q.E.D.

From the above-proof of sufficiency of theorem 4 it results
that the set ¢k,l,m is uniquely determined by the triple
(C s ‘G ’ ). Theorem 4 gives conditions for ob-
taljfz’l:{z’lg thgéé,zleigﬁ%’gymmetry sets from two two element sym-
metry sets whose intersection is non-void. We now generalize
this theorem as shown below.

Let A = {a,‘,...,ap}, B = {b,‘:---;br}, 4,B ¢ {1,...,n},p,r>/
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22, and AN B Q{k}. Let ”X‘A and ’iB be sequences of 1lit-

erals connected by : x%M, ... ~x%P ang x.g’b1~...~ xgbr
1

o %

respectively. Let us assume w:.thout loss of generality that

a,y = b1 = k. Now assume that (xA)f and (x.)?)f and that ve have

determined the corresponding triples (c‘,cA,R‘) and (cB'cB’RZB)
heoren 5: (X)), A ), = &, p)p 1f and only if

(a) 02n cg =6

() cjncy =o
() 3((c°, checfxcjucdxch Jcfe ru ry ,
[ e o
Theorem 5 can be proved analogously to theorem 4. As in the
proof of su:t’ficlency in theorem 4 we can determine a triple
(cAu s Ci,p» By, p)+ This triple describes the set
€ & (£) of completely specified functions for which (xAuB)Qa

As we have seen above it is easy to determine the symmetry
pairs (x?_i, xgj) and their corresponding triples (Cg’d, cI'J,
Ri,j) using the image T(f). Once knowing all such pairs and
triples for f we can by virtue of Theorem 5 compute all max-
imal symmetry sets of £ and their corresponding triples. It
is also possible to compute the maximal symmetry sets of f
using only the image T(f) (by meking the proper assigments
of the values = in T(f) for each symmetry pair we test in
using algorithm sP ). But in this case we must use one “cop§
of the image T(f) for each maximal symmetry set so obtained.

Let us assume now that £ is an m-output incompletely spe-
cified function. It is then equivalent to the set of one —out-
put functions {ya.} = {fj(x1,...,x'_l)}, J=1,e0eym. If we de-
termineathe symmetry sets {xj} then, as it is easy to
prove , all symmetry sets of f are the intersections of
symmetry sets picked in all possible ways from each {X?j‘}, d =
=1, seey Me
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. C ons

The method for recognition of symmetry described in this
paper may be easily performed by hand calculations for comple-
tely specified functions up to 7-8 variables. In the case of
incompletely specified functions because in addition we must
assign values for = , the p:mctica.lly of this method depends
also on the cardinality of Q=

In machine calculations this nathod can be carried out by
the use of matrices and submatrices corresponding to the im-
ages T(f) snd Ty 4(£), 1 =0, 1, 2, 3 respectively. Opera-
tions involﬂ.nstheoo-puimotntrim which are used in
this method are suitable for digital computers, especially of
the parallell type.

At the end it is worth noting that the notion of the image
P(£) described in this paper is useful also for analysis and
synthesis of any type of :'itchins circuits, in particular (as
was partly shown in work )foer the synthesis of minimal
forms of switching functiomns.
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