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ABSTRACT

Context. The problem of algebraic synthesis of finite state machine with datapath of transitions is considered. The circuit of this
state machine may require less hardware expenses and have a lower cost compared to circuits of other classes of digital control units.
The object of research is the process of finding complete and partial solutions of the problem of algebraic synthesis of finite state
machine using specialized algorithms. One of such algorithms is the previously known algorithm of complete sequential enumeration
of state coding variants with a fixed set of transition operations. In the vast majority of cases, complete sequential enumeration is
performed too long, which makes its practical application in the process of synthesizing of finite state machines with operational
transformation of state codes impossible. This paper proposes a new approach, which consists in replacing complete sequential
enumeration of state coding variants with pseudo-random coding. This allows you to increase the number of state codes that change
in each iteration of the algorithm and can contribute to a faster search for satisfactory solutions to the algebraic synthesis problem.

Objective. Development and research of an algorithm for finding solutions to the algebraic synthesis problem of a finite state
machine with datapath of transitions based on pseudo-random selection of state codes.

Method. The research is based on the structure of finite state machine with datapath of transitions. The synthesis of the finite
state machine circuit involves a mandatory stage of algebraic synthesis, the result of which is the combination of a certain way of
states encoding with the assignment of arithmetic-logical operations to state machine transitions. Such combination is called the
solution to the algebraic synthesis problem. In the general case, there are many solutions for a given finite state machine, each of
which can be either complete (when operations are mapped to all transitions) or partial (when part of transitions cannot be
implemented using any of the given operations). The more transitions are implemented by given operations, the less hardware
expenses will be required to implement the state machine circuit and the better solution found. The search for the best solution
requires consideration of a large number of possible variants of states encoding. The paper includes a modification of a previously
known algorithm, which consists in replacing the complete sequential enumeration of variants of states encoding with pseudo-
random code generation. Both algorithms were implemented in the form of software using the Python language and tested on the
example of a finite state machine that implements an abstract control algorithm. In the course of the experiments, it was investigated
which of the algorithms would find the best solution to algebraic synthesis problem in a fixed time. The experiments were repeated
for different sets of transition operations. The purpose of the experiments was to evaluate which of state code assignment strategies is
more effective: sequential enumeration of state codes or their pseudo-random generation.

Results. Using the example of an abstract control algorithm, it is demonstrated that in general, pseudo-random assignment of
state codes allows finding better solutions to the algebraic synthesis problem in the same time than sequential enumeration of state
codes. Factors such as computer speed or the method of pseudo-random generation of state codes do not have a significant impact on
the results of the experiments. The advantage of pseudo-random generation of state codes is preserved when using different sets of
transition operations.

Conclusions. The basis of the algebraic synthesis of finite state machine with datapath of transitions is an algorithm for finding
solutions to the algebraic synthesis problem. The article proposes an algorithm for finding such solutions based on pseudo-random
encoding of finite state machine states. The software implementation of this algorithm has proven that such approach is generally
better than sequential enumeration for state encoding variants, since it allows finding better solutions (solutions with fewer
operationally unimplemented transitions) in the same time. The pseudo-random assignment of state codes can be the basis of future
algorithms for the algebraic synthesis of finite state machines.

KEYWORDS: finite state machine, datapath of transitions, arithmetic and logical operations, algebraic synthesis algorithm,
sequential enumeration, pseudo-random generation of state codes.
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ABBREVIATIONS
FSM is a finite state machine;
CU is a control unit
DT is a datapath of transitions;
GSA is a graph-scheme of algorithm;
TO is a transition operation.

NOMENCLATURE
A is a sets of FSM states;
Xis a sets of logical conditions;
Y is a sets of microoperations;
M is a number of FSM states;
L is a number of logical conditions analyzed by FSM;
P is a number of microoperations formed by FSM;
R is a bit capacity of state code;
O is a set of transitions operations;
O; is an element of set O;
| is a number of TO;
B is a number of uncovered FSM transitions;
Bin 18 @ minimal number of uncovered transitions;

a' is a current state of FSM;

K(a") is a code of current state;

at*! is a state if transition;

K(a”l) is a code of state of transition;
G is
algorithm.

a graph-scheme of implemented control

INTRODUCTION

Any digital system includes a CU, which coordinates
the joint operation of all system blocks [1-3].
Structurally, CU can be implemented in the form of a
FSM, where a given control algorithm is implemented in
a circuit way [4-6]. The FSM circuit allows for FSM
transitions that depend on several input signals (the so-
called multidirectional transitions) to be performed in one
cycle of operation, while other types of CUs spend several
cycles on this. Due to this, FSM has the highest speed
among all types of CUs and is used in critical application
systems, where speed is a decisive factor. At the same
time, the FSM circuit is characterized by the highest
hardware expenses compared to other types of CUs. This
makes the scientific problem of reducing hardware
expenses in the FSM circuit relevant [4, 7]. Reducing
hardware expenses allows improving such characteristics
of the circuit as cost, dimensions, reliability, etc. [8—10].

In [11], an approach to constructing an FSM circuit is
proposed, which involves the transformation of state
codes during FSM transitions using a certain set of
arithmetic-logical operations. This approach, known as
operational transformation of state codes, leads to FSM
structure with datapath of transitions, in which some of
transitions are implemented using a set of operations, and
some are implemented in a canonical way using a system
of Boolean equations [12, 13]. Each arithmetic-logical
operation (called in this structure as transition operation)
is implemented in the datapath by a separate
combinational circuit with fixed hardware expenses. The
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structure of FSM with DT allows you to use any TO to
implement any number of FSM transitions (provided that
the states are appropriately coded). This allows not to
increase (or to increase to a lesser extent) the hardware
expenses while increasing the number of transitions
implemented by given TOs compared to other FSM
structures.

One of stages of synthesis of FSM with DT is so-
called algebraic synthesis, which involves a special
coding of states, which is coordinated in a certain way
with formation of set of transition operations [12]. The set
of state codes together with a given set of OPs is called a
formal solution to the algebraic synthesis problem. For a
given FSM with a fixed set of OPs, there are as many
formal solutions as there are different variants of states
encoding. If we consider a separate solution, we can
determine that part of FSM transitions can be
implemented using a given set of OPs (is covered by the
given OPs), and the other part cannot be implemented by
any of the given OPs (is not covered by the OPs) and
must be implemented in a canonical way using a system
of Boolean equations. Among the formal solutions found,
the best is the one that covers a larger number of FSM
transitions. Formal solutions to the algebraic synthesis
problem, in which all transitions are covered, are called as
complete solutions, otherwise they are called as partial
solutions [12, 13].

Currently, there are no known algorithms, rules, or
approaches that allow algebraic synthesis to be performed
in an optimal way in a short time. In [14], an algorithm
for algebraic synthesis is proposed, based on a complete
sequential enumeration for state coding options for a fixed
set of transition operations. The application of this
algorithm to FSM of even low complexity requires a lot
of time, which does not allow finding the best possible
formal solution. Therefore, the algorithm provides for a
time limit in its operation, during which it searches for a
formal solution with a minimal number of uncovered
FSM transitions. The result of the algorithm can be either
a complete or a partial solution to the algebraic synthesis
problem, but only within the range of solutions searched
for a certain time. Usually, the longer the complete
enumeration algorithm runs, the better solutions to the
algebraic synthesis problem will be found.

This article is devoted to the development and
research of the algorithm for finding formal solutions to
the problem of algebraic synthesis that uses other method
of states encoding than sequential enumeration of
variants.

The object of the study is the process of finding
complete and partial solutions to the problem of algebraic
synthesis of an FSM using specialized state coding
algorithms.

The subject of the study is algorithms for finding
complete and partial solutions to the problem of algebraic
synthesis of FSM with DT based on a complete sequential
enumeration or pseudo-random generation of FSM state

codes.
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The purpose of the work is to develop and study an
algorithm for finding solutions to the problem of algebraic
synthesis of finite state machine with datapath of
transitions based on a pseudo-random generation of state
codes.

1 PROBLEM STATEMENT
Let a finite state machine with datapath of transitions
be given in the form of GSA [10, 15, 16]. According to
GSA, a set of states A={ay,...,ay_1}, a set of input

signals

Y ={y,... Yp}
operations O ={0Oy,...,0,} is also given. Each element of

X ={Xgp,....,X} and a set of microoperations

are formed. The set of transition

O; € O represents a certain arithmetic-logical operation,

which implies the appropriate interpretation of the binary
codes of the machine states. The GSA and the set O are
the input data for the algebraic synthesis of the FSM with
DT.

This article solves the problem of developing and
studying algorithm for the algebraic synthesis of FSM
with DT according to a given GSA, which uses pseudo-
random generation of state codes.

2 REVIEW OF THE LITERATURE

The known methods of optimizing the logic circuit of
a finite state machine usually lead to changes in its
structure [3, 6, 10]. In this article, we consider the
structure of an FSM with DT [11]. In it, the transition
function is realized by datapath of transitions, which
implements arithmetic and logic operations to convert
state codes. The synthesis of FSM with DT based on a
given GSA is considered in [12].

In [14], the algorithm for finding formal solutions to
the problem of algebraic synthesis of FSM with DT
according to a given GSA was proposed. In this paper,
this algorithm will be denoted by Al. It assumes a fixed
set of transition operations and uses a sequential
enumeration of all possible state coding variants. For each
considered variant of state coding, the algorithm
determines the number of uncovered transitions. This
number allows the algorithm to choose the coding variant
in which the number of uncovered transitions is minimal
among all considered variants.

Let a given GSA be denoted by M states of a Mealy or
Moore finite state machine, for which R=|_10g2M-|

binary bits are sufficient to encode [3, 10]. In total, there

are 2% various codes that are usually interpreted in FSM
with DT as binary vectors (in logical operations) or as
scalar numbers without a sign (in arithmetic operations).

The number of variants for encoding M states by 27
codes is determined by the combinatorial formula for the
number of permutations in accordance with expression

(D).
N - Ry

- , 1
eR-m) )
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As an example, consider the GSA G shown in Fig. 1.
The GSA is abstract and is denoted by M =18 states
ay—a;7 of the Moore state machine. Since the

operational transformation of state codes concerns only
the transition function of the FSM and is not related to the
output function, the GSA in Fig. 1 does not contain
microoperations (output signals). Instead, the operational
nodes indicate the corresponding states of the Moore state
machine. The initial and final nodes are marked with a
same state a,, which indicates the cyclicity of the control

algorithm [3]. To encode M =18 states, R=5 binary

digits are sufficient. Five binary digits allow for 32

different codes that can be used to encode the states.
According to (1), when M =18, R=15, the number N

of state coding variants is approximately equal to 3x10**.
The authors have implemented algorithm A1l in Python,
which on i5-13500 processor allows analyzing about
200,000 variants in one second. Under such conditions, it

would take 50x10'" years to go through all 3x10*
variants sequentially. Even a theoretical increase in the
program’s performance by a million times would require
500,000 years for a complete search, which is unpleasant
for practical use. It should be understood that the GCA G
given as an example is relatively small, while the graph-
schemes of real control algorithms can have a number of
states several times or dozens of times larger.

Figure 1 -GSA G
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It should also be noted that the complete enumeration
is performed for a given set of transition operations. Even
if we do manage to perform complete enumeration of
state encoding options, there is no guarantee that a
complete solution to the algebraic synthesis problem will
be found (i.e., a solution with all transitions covered).
Indeed, the best way to encode states will be found, but it
may turn out to be a partial solution with a certain number
of uncovered transitions, and the resulting state machine
circuit may not have a gain in hardware expenses.

In this case, we will be forced to choose another set of
transition  operations and re-execute  complete
enumeration for state coding variants. We will repeat this
process until we select a set of TOs such that the found
solution to the algebraic synthesis problem will allow us
to obtain a state machine circuit with satisfactory
characteristics.

Thus, it is obvious that it is impossible to use
complete enumeration of state coding variants in practice.
In this aspect, the A1 algorithm proposed in [14] provides
for a time limit on execution. At the beginning of the
work, a certain time t, is set, upon reaching which the

algorithm stops working and produces the best solution to
the algebraic synthesis problem among the found
solutions. This can be either a complete solution or a
partial solution with a minimum number of uncovered
transitions among all solutions considered during time
ts - It is quite possible that the best solution found in a

limited time will allow you to design a state machine
circuit with better (lower) hardware expenses. Thus,
limiting the algorithm to the running time is currently the
only way to obtain practically useful results.

3 MATERIALS AND METHODS
During complete enumeration of coding variants, the
codes of some states change more often, the codes of
other states change less often. For example, in the case of
GSA G, states ay —a;7 initially acquire codes equal to

their indices:
0,1,2,3,4,5,6,7,8,9,10, 11, 12, 13, 14, 15, 16, 17
Next, a certain algorithm for permutation
(rearrangement) of state codes works. In the author’s
software implementation, the permutations function from
the itertools module of the Python language is used to
permute the codes. Here are the first few generated sets of
state codes:

0,1,2,3,4,5,6,7,8,9,10, 11,12, 13, 14, 15, 16, 17
0,1,2,3,4,5,6,7,8,9,10, 11, 12, 13, 14, 15, 16, 18
0,1,2,3,4,5,6,7,8,9,10, 11,12, 13, 14, 15, 16, 19

> 7

6,7,8,9,10, 11, 12,13, 14, 15, 16, 28
6,7,8,9,10,11,12,13, 14, 15, 16, 29
6,7,8,9,10,11,12,13, 14, 15, 16, 30

,6,7,8,9,10, 11, 12, 13, 14, 15, 16, 31
6,7,8,9, 1
6,7,8,9, 1
6,7,8,9, 1

-

s 15 O 7

-

s 19 Os 7>

0,11,12,13,14, 15,17, 16
0,11,12,13, 14, 15,17, 18
,9,10,11, 12,13, 14, 15, 17, 19
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-

s 15 Os 7

-

s 15 Os 7

0,1,2,3,4
0,1,2,3,4
0,1,2,3,4
0,1,2,3,4,
0,1,2,3,4
0,1,2,3,4
0,1,2,3,4
R.

34

0,1,2,3,4,5,6,7,8,9,10, 11, 12, 13, 14, 15, 17, 20
0,1,2,3,4,5,6,7,8,9,10, 11,12, 13, 14, 15, 17, 21
0,1,2,3,4,5,6,7,8,9,10, 11,12, 13, 14, 15, 17, 22
0,1,2,3,4,5,6,7,8,9,10, 11,12, 13, 14, 15, 17,23

s Oy 7y

s Oy Iy

On the sets shown, the code of the last state a;; is

continuously changing and the code of the penultimate
state a; is changing once. The other codes remain

unchanged. If we take any relatively short period of time
(a minute or an hour), we can assume that the state codes
hardly change during this time (except for the codes of the
last few states). This is especially true in the case of large-
sized GSAs (with tens or hundreds of states). The
algorithm repeatedly processes almost the same set of
codes for some period of time, repeatedly performing
almost the same work. As a result, during this time, the
algorithm will produce mostly similar results. It’s good if
the algorithm immediately finds a fairly “efficient”
solution (with zero or few uncovered transitions). But if
the first solutions found have a large number of
uncovered transitions, you should expect that in the near
future the algorithm will find solutions with
approximately the same number of uncovered transitions.

From the above, we can conclude that the algorithm of
complete sequential enumeration of state coding variants
is generally inefficient. Even if we modify the process of
code permutation so that the codes of the first rather than
the last states are changed most often, this will not lead to
any fundamental changes in the results, since within any
small period of time, the vast majority of state codes will
still remain unchanged.

The authors put forward the following hypothesis: an
increase in the number of states that change their codes
during each iteration of the process of enumeration for
state coding variants contributes to finding better
solutions (solutions with fewer uncovered transitions) for
a fixed algorithm running time. To test the hypothesis,
this article proposes a modification of algorithm Al, in
which instead of a complete sequential enumeration for
state coding variants, a pseudo-random selection of them
is used. The modified algorithm is shown in Fig. 2 and is
denoted by A2 in this article. Let us consider its features.

1. Similar to algorithm Al, algorithm A2 runs
continuously for the allotted time t, , after which it

terminates and returns a formal solution (a state encoding
variant and a set of transition operations) that has the
smallest number of uncovered transitions among all
solutions viewed during the runtime.

2. The algorithm can terminate ahead of schedule if a
complete solution to the algebraic synthesis problem is
found. Here, it is conventionally assumed that all
complete solutions (if there are several for a given GSA
and a set of TOs) lead to the same hardware expenses for
implementing the FSM circuit. Thus, finding the first
complete solution makes it unnecessary to search for
other complete solutions.
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Selecting the bit depth of binary state codes and
forming a set of admissible state codes

(o ons .. . N

Setting a set of transition operations and deter-
mining how to interpret state codes for each
TO
-

J/

(- .. )
The minimal number of uncovered transitions
Buin 1s taken equal to the total number of FSM
\transitions

J/

4 N\
Setting the allowable execution time of the
algorithm (time t, )

»
»

from the set of admissible codes

‘ Determining the number of uncovered

N
[ Pseudo-random selection of state codes

transitions B

Was a complete Yes

solution found (B = 0)

Select the current partial solution as the
best one and replace the value of B,,;, with B

No Time t,
has expired

Yes

End
Figure 2 — Block diagram of the algorithm A2

3. At each iteration of the algorithm, the codes of all
states are selected in a pseudo-random way among the set
of admissible state codes. In Python, for example, the
shuffle function of the standard np.random module can be
used for this purpose, applied to the list of admissible
state codes.
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4. The search for the best partial solution is similar to
algorithm Al. So, the number of uncovered transitions is
determined by the matrix method proposed in [13].

5. Unlike algorithm Al, algorithm A2 allows for the
re-generation of previously generated code sets. For
example, if a sequence of codes was generated:
15,5,6,25,9,0,26,28,2,18,11,3,1,7, 23,22, 10, 12,
nothing prevents this sequence from being generated
repeatedly later. This fact reduces the performance of the
algorithm to some extent, since the number of coding
variants considered by algorithm A2 in time t, will

generally be less than the number considered under the
same conditions by algorithm Al.

In practice, this can show itself as follows. Let’s
imagine a small GSA containing M = 8 states. To encode
them, R =3 binary digits are enough. With these values,
expression (1) gives N =40320 possible state encoding
variants. Algorithm A1, capable of processing up to
200,000 coding variants per second, will process 40320
variants in about 0.2 seconds. During this time, it will find
all complete solutions that exist for a given GSA and a set
of TOs.

Algorithm A2 will work differently under the same
conditions. Since the value of t, is given, the algorithm

will work for exactly that long, or until the first complete
solution is found. If, for example, there is only one
complete solution for a given GSA and a set of TOs,
algorithm A2, when randomly selecting for state coding
variants, may not generate the needed coding variant at all
and fail to find a complete solution in the allotted time t, .

In this case, the user will be provided with the best of the
partial solutions found, which may not be the absolutely
best.

So, sometimes algorithm A2 can produce a worse
result than algorithm A1l. For practical applications, it is
important to know which of these algorithms usually
produces a better result on the same input data for the
same running time. Since the answer to this question is
not obvious, the authors conducted experimental studies
of the comparative effectiveness of both algorithms. Let’s
consider these experiments.

4 EXPERIMENTS

The purpose of the experiments is to compare the
efficiency of the algorithm A2 proposed in this paper and
the prototype algorithm A1 considered in [14]. Since we
are interested in finding formal solutions with fewer
uncovered transitions, we will consider the algorithm that
finds a solution with fewer uncovered transitions in the
same time to be better. We will compare the algorithms
using their software implementations in Python. The
hardware used is a computer with i5-13500 processor
running the Windows 11 operating system.

As you know, the search for solutions is influenced by
a given GSA and a set of transition operations. When
designing an FSM, its graph-scheme of algorithm is
usually considered to be given and cannot be changed,
while the set of transition operations remains variable. So,

OPEN a ACCESS




p-ISSN 1607-3274 PagioenexrpoHika, iHpopmaTuka, ynpasainss. 2025. Ne 4
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2025. Ne 4

we will conduct experiments using the example of a GSA
G (Fig. 1), changing the set of transition operations in
each experiment.

The experiment includes the following stages:

1. Setting the set of transition operations and operation
time t, .

2. Continuous execution of algorithm Al for five
minutes with fixing the best solution found (solution with
minimal number of uncovered transitions).

3. Repeat step 2 for algorithm A2.

4. Printing the final results.

Let’s consider the result of the experiment for the
GSA G and five transition operations O; —O5 given by

expressions (2) — (6).

0: K@M =k(@")+3;; 2)
0,: K@"™M=K(@"H®10011,; 3)
0;: K@) =K(@")&01111,; (4)
0,: K@"™)=K(@"v01010,; (5)
Os: K@) =K(')+4,. (6)

In this experiment, all the TOs are chosen at random.
Each TO is a certain arithmetic or logic operation
performed between two operands: code of current state of
the FSM and a constant. In arithmetic operations
(0;,0;), operands and result are interpreted as unsigned

decimal numbers in range [0; 31]. In logical operations
(0, -0,), operands and result are interpreted as 5-bit

binary vectors. In order to shorten the writing, we will
denote these transition operations similarly to the notation
in [14]: “4+3”, “@©19”, “&15”, “v10”, “+4”.

Fig. 3 shows a screenshot of the program results. The
results of algorithm Al are located after the line
“Algorithm A1”, the results of algorithm A2 are located
after the line “Algorithm A2”. The result of each
algorithm contains the following information:

— a list of used transition operations (written by the
corresponding Python operators);

— the best solution found (state encoding variant);

— the number of uncovered transitions;

— the number of considered state encoding variants;

— the algorithm running time (300 seconds or 5
minutes).

Fig. 3 shows that in this case, algorithm A2 performed
better than algorithm Al. It found a solution with 10
uncovered transitions, while algorithm Al found a
solution with 14 uncovered transitions. It also can be seen
that algorithm A2 performs the state encoding variants
more slowly. In 300 seconds, it managed to process about
54 million variants, while algorithm A1l managed to
process about 62 million. This is probably due to the
slower speed of the pseudo-random state code mixing
function. Nevertheless, the slower speed did not prevent
algorithm A2 from finding a better solution to the
algebraic synthesis problem compared to algorithm Al.

© Babakov R. M., Barkalov A. A., Titarenko L. A., 2025
DOI 10.15588/1607-3274-2025-4-3

36

The software implementation of the algorithms is
designed so that slightly different results can be obtained
at each run. For algorithm Al, the number of considered
state encoding variants can differ, since in the conditions
of a multitasking operating system, the processor access
time allocated to the program will be slightly different
each time. For algorithm A2, a completely different result
can be obtained, since each time the program is run, the
initial state of the pseudorandom number generator of the
Python interpreter will be different. However, in terms of
the ratio of the number of uncovered transitions, each new
result of the program will be close to the one considered
above.

B IDLE Shell 3.120

File Edit Shell Debug Oplions Window Help
Python 3.12.0 (tags/v3.12.0:0fbl18b0, Oct 2 2023,
13:03:39) [MSC v.1935 64 bit (AMD64)] on win32
Type "help™, "copyright™, "credits™ or "license()
" for more information.

>
= RESTART: C:\Python312\Al A2.py

Operation +3 added.
Operation *19 added.
Operation &l15 added.
Operation |10 added.
operation /4 added.

Algorithm Al:

BEST SOLUTICON FOUND:

Operations: +3 *19 &15 |10 /4

a0=0 al=1 a2=2 a3=3 ab=4 a4=5 a8=6 a6=7 a7=8 a%=9
al0=10 al3=13 alb=11 all=26 al2=29 ald=16 al7=19
alé=14

Uncovered transitions: 14

Total permutations of state codes: 61670957

Finished in 300 seconds.

Algorithm A2:

BEST SOLUTION FOUND:

Operations: +3 *19 &15 |10 /4

a0=16 al=26 a2=2 a3=17 ab=0 a4=20 a8=23 a6=10 a7=
19 a9=31 al0=22 al3=25 al5=30 all=1 al2=14 al4=6
al7=3 al6=13

Uncovered transitions: 10

Total permutations of state codes: 54176186

Finished in 300 seconds.
S>>

Ln:34 Col:0

Figure 3 — Example of program results

5 RESULTS
The experiment considered above was repeated for 20
different sets of TOs. The number of uncovered
transitions obtained for each set of OPs by algorithms Al
and A2 is given in Table 1. Column “N” contains the row
numbers of the table; columns O, —O, contain used TOs

(one row of the table corresponds to one set of TOs);
columns Al, A2 contain the number of uncovered
transitions obtained by the corresponding algorithms for

each set of TOs.
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Among the values given in columns Al and A2 of
each row of the table, the smaller value is considered the
better. For clarity, the smaller values are highlighted in
bold and marked with a dark background. As can be seen,
algorithm A1 had an advantage over algorithm A2 only in
five cases, that is, in five out of twenty considered sets of
OPs. In most cases, algorithm A2 found solutions with
fewer uncovered transitions in the same running time.
This may indicate a higher overall efficiency of pseudo-
random encoding of states compared to continuous
sequential enumeration of encoding variants.

Table 1 — Comparison of algorithms Al and A2 by the number
of uncovered transitions for different sets of OPs

Number of

N Transition operations uncovered
transitions

O] Oz 03 04 05 Al A2

1 +3 +12 @19 & 10 vl 14 10
2 +2 +19 @6 @ 27 & 15 14 10
3 +5 +8 +17 @23 v 19 16 10
4 @1 D3 D6 @18 @29 7 10
5 +5 +12 +17 +25 +30 15 8
6 + 1 @12 @ 18 @25 @31 9 9
7 +2 +10 & 19 v 22 v 29 15 11
8 +3 ®9 @17 X2 +2 8 10
9 +1 +2 +3 +4 +5 7 8
10 | ®15 | ®28 +4 & 22 v 26 15 10
11 +2 +9 +15 +18 -7 14 9
12 +5 &7 & 23 v 13 v 23 18 11
13 | +14 | +15 @ 10 +2 x4 13 10
14 +1 +2 -1 -2 x 8 9 12
15 +10 +15 @11 @18 ® 26 17 10
16 | +17 -9 x4 & 20 v 25 17 10
17 +1 -1 X2 x 4 +2 6 11
18 | +21 -6 @ 14 v 10 v 21 17 10
19 -2 -5 —11 -20 -27 12 9
20 +2 -5 & 12 v 23 +4 14 11

In the experiment, algorithm Al performed a
sequential enumeration for state encoding variants for
each set of OPs, always starting from the initial variant
(when the state codes correspond to their indices):
0,1,2,3,4,5,6,7,8,9,10, 11, 12, 13, 14, 15, 16, 17

This allowed us to analyze only the very beginning of
the complete enumeration and did not allow us to “peek”
into its other intervals.

In order to investigate the efficiency of sequential
search of state encoding variants at different intervals of
complete enumeration, a modification of algorithm Al
was performed, which consists in the following. The
entire list of admissible state codes (in the case of GSA G,
these are codes 0, 1, 2, ..., 30, 31) is shuffled in a pseudo-
random manner once at the beginning of the algorithm.
Then the algorithm generates sequential state encoding
variants, starting from this pseudo-random set of codes.
This approach allows us to investigate the random
“lifetime” of a complete sequential enumeration of state
encoding variants and to evaluate the efficiency of
algorithm A1 regardless of the moment of its work.

Let us denote the modified algorithm A1 by A1" and
compare its efficiency with algorithm A2. To do this, we

© Babakov R. M., Barkalov A. A., Titarenko L. A., 2025
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will use the same sets of TOs and the same conditions as
in the previous experiment. The results obtained are given
in Table 2. As can be seen, in all cases considered,
algorithm A2 showed better results compared to
algorithm A1°. This is additional evidence of its
effectiveness.

Table 2 — Comparison of algorithms A1” and A2

Number of

N Transition operations uncoyfered
transitions

0, 0, [o} 0, 0Os Al" | A2

1 +3 +12 ® 19 & 10 vl 15 10
2 +2 +19 @6 ®27 & 15 14 11
3 +5 +8 +17 @23 v 19 14 9
4 @1 @3 @6 @ 18 @29 15 9
5 +5 +12 +17 +25 +30 14 8
6 +1 @12 @ 18 ® 25 @ 31 16 10
7 +2 +10 & 19 v 22 v 29 17 10
8 +3 @9 @17 x2 +2 14 10
9 +1 +2 +3 +4 +5 14 10
10 ®15 ® 28 +4 & 22 v 26 16 9
11 +2 +9 +15 +18 -7 13 9
12 +5 &7 & 23 v 13 v 23 17 12
13 + 14 +15 ® 10 +2 x 4 14 9
14 +1 +2 —1 -2 x 8 17 13
15] +10 +15 @11 @ 18 @ 26 15 8
16| +17 -9 x 4 & 20 v 25 15 10
17 +1 -1 x2 x4 +2 17 10
18 +21 -6 @ 14 v 10 v2l 14 10
19 -2 -5 —11 -20 -27 14 9
20 +2 -5 & 12 v 23 +4 14 9

6 DISCUSSION

The proposed algorithm for algebraic synthesis of
FSM with DT (algorithm A2) differs from the prototype
algorithm (algorithm Al) in the way of searching for
variants of FSM states encoding. Due to the pseudo-
random selection of state codes, the average number of
states whose codes change in each subsequent iteration of
searching increases. As a result, the new algorithm in
most of the analyzed situations allowed finding better
solutions to the algebraic synthesis problem compared to
the prototype algorithm.

The higher efficiency of algorithm A2 was proven
only experimentally and could not be predicted
theoretically. The results obtained were influenced by
factors such as the structure of the given GSA, the used
sets of transition operations and the program running
time. However, according to the authors, made
restrictions made it possible to determine the general
trend, which is the greater efficiency of algorithm A2
compared to algorithm Al when searching for solutions
with a smaller number of uncovered automaton
transitions.

The numbers in last two columns of Table 1 and Table
2 should be considered only in the context of their mutual
comparison. One should not look at the fact that no
complete solution was found in the experiments
conducted. This was not the goal, but if necessary, a
complete solution could perhaps be found by selecting
suitable TOs and increasing the algorithm runtime.
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CONCLUSIONS

The article proposes a new algorithm for algebraic
synthesis of finite state machine with datapath of
transitions. Its feature is the enumeration of state coding
variants by pseudo-random selection of codes. The goal
of the algorithm is to find complete or partial solutions to
the algebraic synthesis problem for a given graph-scheme
of algorithm and a set of transition operations.

The scientific novelty of the article lies in the fact
that for the first time an algorithm for searching for
complete and partial solutions to the algebraic synthesis
problem with pseudo-random generation of state codes
has been developed, implemented in software, and
studied. Experimental research of the test GSA had shown
that the new algorithm is generally capable of finding
more efficient solutions compared to the previously
known prototype algorithm based on a complete
sequential enumeration of state coding variants. This
proves the usefulness of its development and the
feasibility of using it as part of FSM synthesis algorithms.

The practical use of the obtained results is possible in
the development of methods and algorithms for the
synthesis of finite state machine with datapath of
transitions within the framework of specialized CADs of
digital control units.

Prospects for further research are to solve a range
of scientific and practical problems related to optimize the
running time of the proposed algorithm by parallelizing
the complete enumeration algorithm on multi-core
computing systems. Also, the authors see a separate
direction in studying the effectiveness of the algorithm on
large-sized GSAs, in particular on pseudo-randomly
generated GSAs. As a result, this will allow a more
accurate assessment of the effectiveness of FSM with
operational transformation of state codes according to the
criterion of hardware expenses in the device circuit by
modeling the synthesis of FSM circuits using hardware
description languages.
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AHOTANIA

AxTyanbHicTb. Po3risiHyTO 3amady anreOpaiyHOro CHHTE3y MIKpONpPOrPaMHOIO aBTOMAaTa 3 ONEpalifHMM aBTOMAaTOM
nepexoxiB. CxeMa IIbOr0 aBTOMara MOXe IMoTpeOyBaTH MEHIINX BUTPAT arapaTypH i MaTH MEHIIY BapTiCTh Y MOPIiBHSAHHI 3i
CXeMaMH IHIIUX KJaciB IM(POBUX MPUCTPOIB KepyBaHHA. OO’ €KTOM NOCIHIIIKEHHS € MpOLEC MOUIyKY MOBHHUX 1 4aCTKOBHX
PO3B’s3KIB 3a/aui areOpaiyHOro CUHTE3y aBTOMATa i3 BUKOPUCTAHHAM CIIEliali30BaHuX alropuTMiB. OJHUM i3 TaKUX alro-
PHUTMIB € paHilie BiJOMUI aJlTOPUTM MOBHOT'O TOCIIIZIOBHOTO Nepebopy BapiaHTIB KOJYBaHHS CTaHIB MPH (iKCOBaHIH MHOXKH-
Hi omepauiil mepexoniB. Y nepepaxHiil OLIbIIOCTI BUIAJKIB NOBHUN IOCIiNOBHUM NepeOip BUKOHYETHCS HAATO JOBrO, LIO0
YHEMOJKJIUBIIFOE HOTO MPaKTHYHE 3aCTOCYBaHHS B MPOILECi CHHTE3y aBTOMATIB 3 ONEPAalliiHUM IePETBOPEHHSM KOJIIB CTaHIB.
B paniil po60Ti NIPONOHY€eThCA HOBUM MiAXil, SIKMI HOJAra€e y 3aMiHi HOBHOI'O MOCIIJOBHOIO Nepedopy BapiaHTiB KOJAYBaHHS
CTaHIB Ha MCEBIOBUIAIKOBE KOAyBaHHS. Lle 103BOIIsIe 301IBIINTH KIIBKICTh KOJIB CTAHIB, 110 3MIHIOIOTHCS Yy KOXHIH iTepariil
QJIFOPUTMY, 1 MOXKE CIIPUSITU OLIBII IIBUIKOMY IOIIYKY 3a0BLIBHUX PO3B’A3KIB 3a/1aul anreOpaiduHOro CUHTE3Y.

Meta. Po3po0ka i 10CIiIKeHHST aITOPUTMY TOILIYKY PO3B’S3KiB 33/aui alreOpaivHOro CMHTE3y MIKpOIPOTrPaMHOI0 aBTO-
MaTa 3 olepauifHUM aBTOMAaTOM IEpeXo/1iB Ha OCHOBI I1CEBIOBUIIAJKOBOTO BUOOPY KOJIIB CTaHIB.

Metoa. B ocHOBY moCHikeHHSI OKITaAEHO CTPYKTYPY MIKpPOIIPOTPaMHOTO aBTOMATa 3 ONEPALlifHIM aBTOMAaTOM IIEpexo-
niB. CuHTe3 cxeMH aBTOMara nepejbadae 000B’I3KOBHIT eTal anreOpaidHOro CHHTE3Y, Pe3yIbTaTOM SIKOTO € IO€HAHHS IIeB-
HOTO c1toco0y KOJyBaHHS CTaHIB i3 3aCTaBJICHHSIM apU(METUKO-JOTIYHHUX OIEepalliii aBTOMaTHUM repexojaM. Take moeIHaH-
HSI Ha3WBA€THCS PO3B’I3KOM 3ajadi anreOpaidHoOro cHHTe3y. B 3aranmpHOMy BHIAJAKy IS 33aHOTO aBTOMATa iCHye 0Oarato
PO3B’S3KIB, KOXKEH 3 SKHX MOKe OyTH SIK OBHUM (KOJIM orepallii 3icTaBieHi yciM nepexoiam) abo 4aCTKOBUM (KOJIM YaCTHHA
nepexoliB He MoXe OyTH peaji3oBaHa 3a JONOMOIOI0 JKOAHOI i3 3aaHuX omnepauiil). YuM Oiblie mepexoiiB peani3yroThes
3aaHUMH OTepalisIMH, THM MEHIIEe arapaTypHUX BUTpPAT NOTpeOyBaTHMe peai3alis CXeMH aBToMarta i THM KpalluM € 3Haii-
JeHui po3B’a30k. [omyk kpanmx po3B’a3kiB HOTpeOye po3riIsaAy BENUKOI KiNbKOCTI MOMJIMBHUX BapiaHTIB KOJyBaHHS CTaHIB.
B poGorti 3ailicHeHO MoudiKallifo paHilie BiIOMOTO alfOPUTMY, K4 IMOJIATa€ y 3aMiHi MOBHOTO MOCIIJOBHOTO mepebopy
BapiaHTIB KOAYBaHHS CTaHIB Ha ICEBJOBUIAIKOBY reHepauito koiiB. OOuaBa anroputMu OyjM peali3oBaHi MPOrpamMHO 3a
nornoMororo MoBu Python i mporecroBaHi Ha MPHKIAAI MIKPOIIPOTPAMHOTO aBTOMATA, IO IMIUIEMEHTY€E a0CTPaKTHHUM airo-
PHUTM KepyBaHHA. Y Hpoleci eKCIEPUMEHTIB JOCIIKYBaIOCh, SKUH i3 aNropuTMiB 3Haiine Kpamuil po3s’s30K 3a1aui anreo-
paiuHOro cuHTe3y 3a (pikcoBaHMi yac. EKCIIEpUMEHTH MOBTOPIOBAIMCH JUIsl Pi3HUX HAOOpPIB omepalliii nepexonais. MeToro
eKCIIEPUMEHTIB OyJIO OLIHWUTH, SIKa 13 CTpaTeriii 3aBJaHHs KOXAIB CTaHIB € OLIbII e(eKTHBHOIO: MOCIiIOBHUIM nepedip Koais
CTaHIB YH X IICEBIOBUIIAJKOBA TeHEPAILIis.

Pe3yabTaTu. Ha npukiani abCcTpakTHOTO alropuTMy KepyBaHHS NPOAEMOHCTPOBAHO, 1110 3arajoM IICEBAOBUIIAIKOBE 3a-
BJIaHHS KOJIB CTaHIB J03BOJISIE 32 OJJHAKOBUI Yac 3HAWTH Kpallli po3B’sI3KK 3ajiaui alreOpaidHOro0 CUHTE3Y, HIXK MOCIITOBHUN
nepebip koniB ctaHiB. Taki (akTopy, K MIBUAKOAIS KOMIT IOTEpAa YM METOJ ICEBIOBMIIAJIKOBOI reHepallii KO/iB CTaHiB, HE
MalTh CYTTEBOTO BIUIMBY Ha pe3ysbTaT eKcleprMeHTiB. [lepeBara nceBIoBHIIAIKOBOI reHepallii KOJIB CTaHiB 30epiracTbes
IpY BUKOPHUCTAHHI Pi3HUX HAOOPiB omepaliii nepexonis.

BucHoBKkH. B 0CHOBI ainreOpalyHOro CHHTE3y MIKPOIPOrPaMHOTO aBTOMAara 3 OHEpaIlifHMM aBTOMAaTOM HEpeXOJiB Jie-
JKUTh &JITOPUTM TOIIYKY pO3B’S3KIB 3aaadi anreOpaiuHoro cHHTe3y. B poOOTI 3ampONOHOBAHO AJTOPUTM IOIIYKY TaKHX
PO3B’sI3KIB, OCHOBAHMII Ha TICEBJJOBHIIAIKOBOMY KOJXYBaHHI cTaHIiB aBToMara. [Iporpamna peanizamnisi IbOr0O alrOPHTMY JOBE-
Ja, 110 TaKW{ MigXif| B 3aralbHOMY BUIAJIKY € KpalliM 3a MOCIiIOBHUHN repedip BapiaHTiB KOJAyBaHHS CTaHIB, OCKUIBKU JI0-
3BOJISI€ 3HAWTH Kpallli po3B’A3KU (PO3B’SI3KH 3 MEHIIOO KiNbKICTIO ONepallifHO Hepeali30BaHUX MEPEX0iB) 3a TOM caMuil yac.
IceBnoBunaaKoBe 3aBAaHHS KOJIB CTaHIB MOXKe OyTH TOKJIaJeHe B OCHOBY MalOyTHIX aNrOpUTMIB anreOpaidHOTO CHHTE3Y
MIKpONPOTrpaMHUX aBTOMATIB.

KJIFOUOBI CJIOBA: MikponporpaMHuii aBTOMAT, OTEpaliiHUil aBTOMAT MEPEeXo/iB, apu(pMETUKO-JIOTIUHI oneparii,
aJIFOPUTM aNreOpaiuHOro CUHTE3Y, HOCIiAOBHUN Nepedip, NCEBIOBUMNAAKOBA FeHEPALlis KOAIB CTaHiB.
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