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1999 p. nepioAMYHICTIO YOTHPU HOMEPH HA PIK.

BapeectpoBaHo y MinicreperBi roctumii  Ykpainm 19.11.2019 p.
(CBimouTBO NpoO JEpXKaBHY PEECTPAIlil0 JPYKOBAaHOrO 3aco0y MacoBoi
indopwmariii cepis KB Ne 24220-14060 TIP.)

ISSN 1607-3274 (npyxoBauuii), ISSN 2313-688X (enekTpoHHUIA).

Hakazom MiHictepcTBa ocBith i Hayku Ykpainu Ne 409 Big 17.03.2020 p.
«[Ipo 3arBepmkeHHs pimeHb ArtecTaniiiHoi Kkonerii MiHicTepcTBa 1010
JUSsUTBHOCTI CIeniaiizoBaHuX BYeHHX paj Bix 06 Oepesns 2020 poky» :KypHAI
BKJIIOYEHHIi 10 nmepetiKy HayKoBHX (axoBHX BHIAHb YKpaiHH B KaTeroii
«A» (HalBHIIIK piBeHb), B SAKHX MOXYTh IyONIKyBaTHCSA pPE3yJIbTaTH
JMcepTaliifHuX pobiT Ha 3100y TTs HAYKOBUX CTYTICHIB JIOKTOpa HayK i JOKTOpa
¢inocodii (kanauIaTa HAYK).

Kypuan Brmouenuit 10 monschkoro Ileperniky HayKOBHX >KypHAIiB Ta
PCLICH30BaHHX ~MaTepiaiB  MDKHApOAHHX KOH(EPEHIil 3 MPHUCBOECHOIO
KiIBbKICTIO GaniB (H0oAaToK 40 oronomeHHs MiHicTpa HayKd Ta BHIIOI OCBITH
Pecny6umixu ITombmia Big 31 st 2019 p.: Ne 16981).

B sxypHami 6e3k0IITOBHO MyOIIKYIOTHCSI HAyKOBI CTATTi aHIIIHACHKOIO,
pociiichkoI0 Ta yKpaTHCHKOI MOBaMHU.

IIpaBuia odopmieHHs crarei
http://ric.zntu.edu.ua/information/authors.

XKypnan 3abe3neuye 6e3k0IITOBHUII BiAKPHTHII OH-1aiiH KocTyn 10
MMOBHOTEKCTOBHX ITyOJIiKaIlii.

JKypHnan no3Boiisie aBTOpaM MaTH aBTOPCHKI IpaBa i 30epiraT rmpasa Ha
BUJaHHA ©Oe3 oOMexeHb. JKypHanm J03BOJsIE KOPHUCTYBayaM YHTATH,
3aBaHTA)KyBaTH, KOIIIOBATH, IOLIMPIOBATH, JPYKyBaTH, IIyKaTH abo
MOCHJIATHCS Ha TOBHI TEKCTH CBOIX crareil. JKypHan 103BOJISE MOBTOpHE
BUKOPHCTaHHA iforo Bmicty y Biamosiguocti Creative Commons JireH3iero
CCBY-SA..

OmnyOmiKOBaHUM CTAaTTSM IIPUCBOIOETHCS YHIKalbHHIl iIeHTH]iKaTOp
mudposoro 06’exra DOL

7KypHaj BxoauTh 10 HayKkoMeTpuuHoi 6a3u Web of Science.

JKypnai pedepyerbest Ta iHAEKCYETBCS Y IPOBITHUX MDKHAPOJHUX Ta
Hal[iOHAJIBHUX pe)epPaTUBHHUX JKypHAIaX i HAyKOMETPUYHHUX 0a3ax JIaHHX, a
TaKOX PO3MIILYeThCsl Y IndpoBuX apxiBax Ta 6i6iioTekax 3 6E3KOIITOBHUM
JOCTYIIOM y pexuMi on-line, MOBHHI mHepelik SKMX MOJAHO Ha CaifTi:
http://ric.zntu.edu.ua/about/editorialPolicies#custom-0.

JKypnana po3noscrokyeTbesi 3a KaranoroMm nepiofnyHuX BUJIaHb
VYkpaiuu (nepearuiatHui inaekc — 22914).

TemaTuka KypHAJXy: TeleKOMyHIKalii Ta  pajioelieKTpoHiKa,
nporpaMHa iHmkeHepis (BKIIOUaloud TEOPilo alrOpUTMIB i MPOrpaMyBaHHs),
KOMIT'IOTEpHI Haykd (MaTeMaTH4YHE 1 KOMIT'IOTepHE MOJICTIOBAHHS,
ONTHUMI3alis 1 JOCTi/KEHHs Omepaliif, ynpaBlliHHs B TEXHIYHHX CHCTEMax,
MDKMallMHHA 1 JIIOAWHO-MalIMHHA — B3a€MOJIS, I[ITyYHUH  1HTEJEKT,
BKJIIOYAIOYM CHCTEMH, 3aCHOBaHI Ha 3HAHHAX, 1 CKCIEPTHI CHCTEMH,
iHTENeKTyalbHUI aHAIi3 JaHHUX, PO3Mi3HABaHHS O00pa3iB, IITYy4YHi HEHPOHHI
i Hefipo-HeuiTKi ~ Mepexi, HeUiTKy JIOTiKy, KOJICKTHBHHI  IHTEIEKT
i MyJIBTHAr€HTHI CHCTEMHM, TiOpHIHI CHCTEMH), KOMII'IOTEpHA IiHXKEHEepis
(amaparHe 3a0e3neyeHHsT 00YNCIIOBANTBHOT TEXHIKH, KOMII FOTEPHI MEpexi),
iHdopMalliiiHi CHCTEMHU Ta TEXHOJOTIT (CTPYKTYpH Ta 0a3 JaHUX, CHCTEMH,
3aCHOBaHI Ha 3HAHHSX Ta CKCIEPTHI CHCTEMH, 00poOKa JaHHX | CUTHAIB).

Vei crarri, nmpornoHoBaHi 0 myOuikarii, OZEpKYIOTh 006’€KTHBHMIl
PO3rIsii, IO OLIHIOEThCS 3a CYTTIO 0e3 ypaxyBaHHsS pacd, CTarTi,
BIPOCIIOBIIaHHS, €THIYHOTO IIOXOJDKEHHS, IPOMajssHCTBAa ab0 IMOTITHYHOT
¢inocodii aBropa(is).

VYci cTaTTi NpoXoAsaTh ABOCTYIIHYACTE 3aKpUTE (AaHOHIMHE ISl aBTOPA)
Pe3eH3yBaHHS IUTATHUMH PENAKTOPAMH i HE3ANCKHUMH PELCH3CHTAMH —
NIPOBITHUMH BUCHHMH 3a NpodineM xKypHaiy.
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Bipmenist;

PyGeas Ouier BosionMMHpPOBMY — KaHIUAAT TEXHIYHUX HAyK, JOLEHT
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Hlyasy Iitep — qokTOp TeXHIUHMX HayK, mpodecop, mpodecop GakyabTeTy
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ABSTRACT

Context. The problem of formalizing the description of a microprogram finite state machine based on the principle of operational
transformation of state codes with the help of a modified transition table is considered. The object of research was a model of a mi-
croprogram finite state machine with datapath of transitions.

Objective. The goal of the work is development and research of a method for formally specifying a microprogram finite state
machine with datapath of transitions in the form of a modified table of transitions containing sufficient information for synthesizing
the logic circuit of the finite state machine in the basis of programmable logic devices.

Method. A new way of representing the formal solution of the problem of algebraic synthesis of a microprogram finite state ma-
chine with datapath of transitions in the form of an operational table of transitions is proposed. This table is a modification of the
direct structural table traditionally used in the synthesis of microprogram finite state machines. The use of the previously known rep-
resentation of the formal solution of the problem of algebraic synthesis in the form of a system of isomorphisms of automaton alge-
bras is too formalized and makes it difficult to synthesize the logical circuit of the finite state machine due to the separate description
of the transition and output functions. It is shown that the structure of a microprogram finite state machine with datapath of transi-
tions requires information about the set of interpretations of state codes and the transition operations used to be entered into the tradi-
tional table of transitions. It is noted that the proposed operational table of transitions contains sufficient information for the synthesis
of the logical circuit of the finite state machine. An example of constructing an operational table of transitions for a finite state ma-
chine given by a graph-scheme of the implemented control algorithm is shown. The example demonstrates various ways to interpret
state codes. The procedure for synthesizing the circuit for generating codes of transition operations and the circuit for generating
microoperations according to the operational table of transitions is proposed.

Results. An example of the implementation of the main stages of the synthesis of a finite state machine with datapath of transi-
tions according to the operational table of transitions is considered. Examples of synthesized finite state machine models in the
VHDL language are given, which take into account the peculiarities of the representation of finite state machine models in Xilinx
Vivado CAD. The results of the synthesis of the finite state machine according to VHDL models in FPGA basis are shown.

Conclusions. The experiments carried out confirmed the sufficiency of the operational table of transitions for describing a mi-
croprogram finite state machine with operational transformation of state codes for the purpose of further synthesizing its logic circuit.
Prospects for further research are the use of the proposed operational table of transitions in the development of various methods for
the synthesis and optimization of microprogram finite state machine with operational transformation of state codes.

KEYWORDS: finite state machine, datapath of transitions, table of transitions, synthesis of logical circuit, graph-scheme of al-
gorithm.

ABBREVIATIONS OTT is an operational table of transitions;
FSM is a finite state machine; BMO is a block of microoperations;
DT is a datapath of transitions; PLD is a programmable logic device.

GSA is a graph-scheme of algorithm;
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NOMENCLATURE

a,, is a current FSM state;

K(a,,) is a current FSM state code;

a, is a transition state;

K(ay) is a transition state code;

X is a set of logic conditions;

x; 1s an element of set X;

L is a number of logic conditions (power of set X);

Y is a set of microoperations;

y;1s an element of set Y;

N is a number of microoperations (power of set Y);

@, is a set of input memory functions for switching
FSM memory from state a,, to state ay;

h is a number of FSM transition;

A is a set of FSM states;

a; is an element of set A4;

M is a number of FSM states (power of set 4);

B is a number of transitions of FSM;

O is a set of transition operations;

O, 1s an element of se O;

P is a number of transition operations (power of set
P);

W is e set of signals of code of transitions operation;

w; 1s an element of set 7

Ry is a digit capacity of code of transitions operation
(power of set I¥);

1 is a number of interpretations of state codes of FSM;

T'is a set of signals of curretnt state code of FSM;

T;is an element of set T;

R is a digit capacity of state code (power of set 7).

INTRODUCTION

Digital systems are widely used in various fields of
activity [1]. Structurally, the digital system can be consid-
ered as a combination of operational unit and control unit
[2-3]. The control unit is based on a formal description of
behavior and can be implemented in the form of a finite
state machine model [4-5]. There are two models of finite
state machines — the Mealy machine and the Moore ma-
chine [4-5]. The logic circuit of any FSM model is char-
acterized by such parameters as hardware expenses, clock
frequency and power consumption. As follows from [6],
there is a direct relationship between these characteristics.
Optimization of the characteristics of FSM circuits is an
important scientific and practical problem, the solution of
which is devoted to many scientific papers around the
world [1-7]. One of such characteristics, which focuses
on the finite state machine structure considered in this
paper, is the hardware expenses of implementing the logic
circuit of the FSM in a given element basis.

The object of study is the process of synthesis of the
logic circuit of a finite state machine with operational
transformation of state codes.

This process in the case of a canonical finite state ma-
chine is performed according to a direct structural table,
which is a formal description of the behavior of the FSM
and contains sufficient information for the synthesis of its
circuit. In the case of operational transformation of state
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codes, this table requires modifications taking into ac-
count the processes of information transformation that
takes place in this class of FSM.

The subject of study is the finite state machine with
operational transformation of state codes, in which the
transformation of state codes is carried out using a finite
set of arithmetical and logical operations.

The purpose of the work is formalization of the de-
scription of the finite state machine with operational
transformation of state codes in the form of the modified
direct structural table.

1 PROBLEM STATEMENT

Suppose given finite state machine, characterized by
the sets A={a1, . (ZM}, X:{)C], veey )CL}, Y:{)/], veey yN} and
implements a certain control algorithm. The synthesis of
the logic circuit of the FSM provides for the implementa-
tion of the function of transitions 7=7(X, T) and the func-
tion of outputs Y=Y(X, 7) in the given elementary basis.

The paper solves the problem of synthesizing a finite
state machine with datapath of transitions, in which the
transition function 7=7(7, W) depends on the code of the
current state and the code of transitions operation. To
solve the problem, it is necessary to develop a formalized
representation of the FSM with DT, which allows the
following stages of the synthesis of the logic circuit of the
FSM:

— synthesis of each structural blocks;

— construction of VHDL description of the synthe-
sized FSM;

— FSM synthesis using Xilinx Vivado CAD using
FPGA.

2 REVIEW OF THE LITERATURE

Various optimization methods for reducing of hard-
ware expenses of FSM circuit are known today. Such
methods include, for example, methods of structural de-
composition [7]. Their use leads to FSM circuits with
several levels of conversion of logic signals.

Another approach to reducing hardware amount, con-
sidered in this article, is to use the principle of operational
transformation of state codes [8]. According to it, the
transformation of state codes in an FSM is not carried out
with the help of a canonical system of Boolean equations,
but with using of a set of arithmetical and logicalal opera-
tions that form a special datapath of transitions. This
structure of FSM with DT shows a fairly high efficiency
in terms of hardware expenses [9].

In the work [10] considers an algebraic model of FSM
with DT, according to which this FSM can be represented
as a system of isomorphisms of partial algebras (transition
algebras). Each transition algebra describes the rule of
transformation of state codes for its subset of FSM transi-
tions and assumes its own scalar or vector interpretation
of state codes. The system of isomorphisms of algebras
today is the only formal way to specify the FSM with DT.
However, the synthesis of the FSM circuit directly by the
system of isomorphisms of algebras is complicated due to
different representations of FSM transitions.
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A direct structural table is traditionally used to specify
the FSM behavior [2, 7]. The method of synthesis of FSM
according to the table of transitions is widely known and
applied in practice [7]. This article proposes a new way to
specify the FSM with DT, based on a modified table of
transitions.

3 MATERIALS AND METHODS
The canonical FSM is usually set in the form of a di-
rect structural table (table of transitions), the format of
which is presented in Fig. 1 [2]. The purpose of columns
of the table of transitions and its use for the synthesis of
the FSM circuit are described in [7].

[ K(am) as K(as) )(h Yh

) h h

Figure 1 — Structure of the table of transitions

Let the FSM be given in the form of a GSA G, [7],
which is shown in Fig. 2, left. In the right part of Fig. 2
shows a description of GSA G in the kiss format, which is
used to describe finite state machines in the test collection
LGSynth93 [11]. GSA G is marked by the states of the
Moore FSM, contains M = 10 states ay — a9, L = 3 input
signals x; — x3, N = 4 output signals y; — y4 and B = 13
FSM transitions. To encode 10 states, it is sufficient to

use R = 4 binary digits.
START ) @o

>

| vy | &

Let’s synthesize for GSA G a finite state machine with
datapath of transitions. Suppose the next transitions op-
erations O; — O; are given:

01: K(as) = K(am) + 910; (1)
0»  K(a,) = K(a,) & 1000,; Q)
0y K(ay) = K(a,) ® 0100,. Q)

In operation O;, a decimal constant 9 is added to the
current state code K(a,,). This means that a scalar decimal
interpretation is used for the codes K(a,,) and K(a,) when
performing O;. In operations O, and O; over the code
K(a,,) bitwise logical operations with binary constant are
performed. Therefore, the codes K(a,) and K(a;) when
performing operations O,, O; are interpreted as binary
vectors. Thus, when using operations (1)—(3) for state
codes will be used two different interpretations: decimal
number and binary vector. Note that the arguments and
values of operations (1)—(3) are in the range [0; 15], i.e. in
the range of numbers specified by four-digit binary codes.
For example, in the circuit implementation of the opera-
tion “+9” the result is always modulo 16 (in fact, the
lower four binary digits of the result are taken).

V3

al
a2
a3
a6
a4
ab
a8
a2
ar
a8
al
ag
a0

0000
1100
0010
0010
0101
1000
0001
0110
0110
1001
0100
0100
1010

Figure 2 — Graph-scheme of algorithm G
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Let’s perform an algebraic synthesis of FSM with DT,
which is as follows:

— to each state of the FSM we will match the unique
four-digit binary vector having the corresponding decimal
interpretation;

— for each FSM transition we will match any operation
from (1) — (3), which for the given state codes transforms
the code K(a,,) into the code K(ay).

The result of algebraic synthesis in graphical form is
shown in Fig. 3. In each vertex, which is marked by the
Moore FSM state, the state code is shown in scalar (deci-
mal) and vector (binary) interpretations. Each FSM transi-
tion is marked by one of the operations (1) — (3): “+97,
“& 1000” or “® 0100”. Since the operational transforma-
tion of state codes affects only the function of the FSM
transitions and does not affect the function of the outputs,
the microoperations in Fig. 3 are not shown, although
they continue to correspond to Fig. 2.

As we can see, with the chosen values of state codes,
all transitions within the GSA G are implemented using of
operations (1)—(3). For example, the transition from state
a; with code K(a3) = 9,0 = 1001, to state a, with code
K(as) = 210 = 0010, is performed using the operation

“+9”, and from the result 18, = 10010, the lower four
digits 0010, were taken.

Let’s modify the table of transitions of the canonical
FSM as follows:

1. Instead of column K(a,) add columns Ki(a,),
Ky(ay), ..., Ki(a,), which correspond to all used interpreta-
tions of state codes for all / interpretations.

2. Do the same with column K(a,), adding columns
Ki(ay), Kx(ay), ..., K/(ay) instead.

3. Add a column W), containing information about the
code of transitions operation that implements current
FSM transition. The values of w; specified in this column
correspond to the values 1 in the binary code of the corre-
sponding operation. Filling in this column is preceded by
the step of encoding of transitions operations.

4. Remove the column @,, because the conversion of
state codes in the FSM with DT is carried out using a set
of transitions operations, rather than a system of canonical
equations of the transition function.

Let’s call the received table as the operational table of
transitions (OTT). In the general case, its structure corre-
sponds to Fig. 4.

510201012 aO

lip=

i

@ 0100
0001, | a1

& 1000 [«

Figure 3 — Result of algebraic synthesis for GSA G and operations (1)—(3)

ap K](am)

Kian) as

K 1 (a:)

Kiay) X W, Y, h

Figure 4 — Structure of operational table of transitions
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Let’s present in the form of OTT the results of alge-
braic synthesis of the FSM, shown in Fig. 3. To do this,
we encode the given transitions operations O; — O3 with
unique binary codes of bit size Ry = ] log, 3 [ =2, which
are formed by signals W = {wy, w,}. The result of coding
is presented in Table 1. Taking into account the coding of
transitions operations, the operational table of transitions,
hich corresponds to GSA G and Fig. 3, is presented by
Table 2.

Table 1 — Coding of operations O, — O;

O; Wi W,
0, 00
0, 01
0O; 10

In this example, the number of interpretations of the
state codes / = 2 (scalar decimal value and binary vector).
When using the transition operation Oy, the code K;(a,,) is
converted into the code K (a,); when using operations O,
and Os, the code K>(a,,) is converted into the code K (ay).
For example, the transition 4 = 5 is realized by operation
O,. Therefore, in this transition, the conversion of scalar
interpretations of codes is performed, i.e. the code
Ki(a,) =9 into the code K;(a,) =21¢. This transforma-
tion is performed using the adder circuit with the preser-
vation of four lower digits of the result.

Note that the dash in the column /7, means that for the
implementation of the corresponding transition, values
w; =1 are not formed, which corresponds to the code of
operation O; (w; =0, w, = 0).

4 EXPERIMENTS

Let’s show an example of Table 1, that the informa-
tion contained in the OTT is sufficient for the synthesis of
the logic circuit of the FSM with DT. The structural
model of the FSM with DT, corresponding to the Moore
FSM, is shown in Fig. 5 and contains the next synthesized
blocks:

— the block W generates a set of signals W with digit
capacity Ry = 1Pl according to formula (4), where P is
the number of transition operations; X is the set of L input
signals of the FSM corresponding to the logical condi-
tions xi, ..., x; of the given GSA; T — state code of the
FSM with digit capacity R

w=Ww(X,T); )

— the block DT corresponds to the datapath of transi-
tions and implements a set of transitions operations in the
form of a set of separate combinational circuits, the out-
puts of which are multiplexed by the signal ¥ and enter
the FSM memory register that is part of the DT [8];

— the block BMO corresponds to the cicruit of forma-
tion of microoperations and implements the output func-
tion of the Moore FSM in the form of a set of microopera-
tions Y= {y,, ..., y,} according to formula (5) by analogy
with [2, 7]

Y=Y (D). (&)

Let’s synthesize these blocks. Under the synthesis of
the logic circuit of the machine we will understand the
development of VHDL-model, which can be synthesized
in the element basis of Xilinx FPGA [12].

Table 2 — Operational table of transitions (GSA G)

ay K(an) Ki(an) ay K(ay) K>(ay) X W, Y h
ap 5 0101 a; 1 0001 1 w; - 1
a; 1 0001 a 0 0000 1 w; Vi, V2 2
a; 0 0000 as 9 1001 X; - V3 3

as 4 0100 X w; 4
as 9 1001 ay 2 0010 1 - V2, V4 5
ay 2 0010 as 11 1011 1 - Vi 6
as 11 1011 as 8 1000 1 w2 Vi 7
as 4 0100 a 0 0000 X w3 Y2, V3 8

a; 13 1101 X, - 9
a; 13 1101 as 8 1000 1 w2 Vis V4 10
as 8 1000 a; 1 0001 X3 - V2 11

ay 12 1100 X3 w; 12
ag 12 1100 ap 5 0101 1 - Vi, V3 13
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X > w
W DT

A 4

»
»

» BMO |, Y

Figure 5 — Structural model of FSM with DT

Block W

This block implements a system of Boolean equations
of function (4), in which each signal wi is formed in ac-
cordance with expression (6)

H
wi=V CpAl X, (=1, Ry) (6)

In this formula, C;;, is a Boolean variable equal to 1,
if and only if the function w; is written in the OTT line
number /; A,},l, is a conjunction of internal variables, cor-
responding to the binary representation of state code a,,
from the line number 4 (for example, A57 =N L,TTy);
X, is a conjunction of signals of logical conditions, writ-
ten in the column X, of the line number 2 (X, =1 for

unconditional transitions).
For this example, the system of equations of function
(4) is the next:

wy = T T3Ty v T TT,R v T TT,RS;
N _ _ _ (7
wy :T1T2T3T4 VT1T2T3T4 VT1T2T3T4)C2V7}T2T3T4.

In the general case for the system (7) it is possible to
carry out minimization in order to reduce the complexity
of the circuit [4, p. 269].

System (7) can be described in VHDL in different
ways, for example, as a separate process (Fig. 6) [12].

In this model, the description of the buses 7, X and W
corresponds to the same FSM signals and is discussed
below in the description of the architecture block.

Block DT

This block includes an operational part that imple-
ments operations (1) — (3) and their multiplexing, as well
as a memory register designed to store the current FSM
state. The functional diagram of these nodes is shown in
Fig. 7. Since for the considered example the circuit of DT

process (T, X) -- Block W

begin

consists of standard functional blocks, special synthesis of
this circuit is trivial and is not required.

In Fig. 8 VHDL-model of OAP, in which the opera-
tional part and the memory register are represented by
separate processes, is showed.

The first process corresponds to the operational part of
DT. The absence of the synchronization signal C in the
list of sensitivity of the process indicates the asynchro-
nous nature of the operation of this block. Within the
process transformation of the state code 7 is performed
using one of three transitions operations depending on the
value of the operation code . As will be shown below,
for the signal T used data type "unsigned", which allows
you to interpret this signal simultaneously as an unsigned
integer and as a binary vector.

The second process corresponds to the memory regis-
ter. Receiving data in the register, as well as the switching
to the initial state 0101, in the presence of the Reset signal
are carried out synchronously on the leading edge of the C
signal.

Block BMO

The synthesis of this block is performed in accordance
with the contents of column Y, of the operational table of
transitions (Table 2). In this case, to obtain a synthesized
VHDL model of the block, it is possible to use the
method considered for block W (build a system of Boo-
lean equations for generated microoperations), or use the
case operator belonging to the synthesized subset of the
VHDL language. We use the second method, as a result
of which we obtain the VHDL model of the BMO block,
shown in Fig. 9.

In this model, after the start of the process, all digits of
the output bus Y are given zero values. Then, depending
on the values of the signals on the bus 7, the required dis-
charges of the bus Y are set to 1. It is expected that state
code values not provided by the case operator should not
appear on the 7 bus.

W(1) <= (not(T(1)) and T(2) and not(T(3)) and T(4)) or
(not(T(1)) and not(T(2)) and not(T(3)) and not(T(4)) and not(X(1))) or
(T(1) and not(T(2)) and not(T(3)) and not(T(4)) and not(X(3)));

W(2) <= (not(T(1)) and not(T(2)) and not(T(3)) and T(4)) or
(T(@) and not(T(2)) and T(3) and T(4)) or
(not(T(1)) and T(2) and not(T(3)) and not(T(4)) and X(2)) or
(T() and T(2) and not(T(3)) and T(4));

end process;

Figure 6 — VHDL model of block W
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1001, Al SM g p,| MUX |
D,
— B D2
AND S
1000, A Q
— B Reset
C
0100, A | XOR g
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process (W, T)
begin

Figure 7 — Functional diagram of datapath of transitions

if W= "00" then

D<=T+ 9;

elsif W = "01" then

D <= T and "1000";

else

D <= T xor "0100";

end if;
end process;

process (C)
begin

-- Datapath of Transitions

-- State Register

if rising_edge(C) then

if Reset = "1" then
T <= "0101";
else
T <= D;
end if;
end if;

end process;

process (T)

begin

Y <= (others =>

case T is
when "0001"
when "0000"
when "1001"
when '0010"
when "1011"
when '0100"
when "1101"
when *1000"
when "1100"
when others

end case;

end process;

Figure 8 — VHDL model of datapath of transitions

"0);

-- Microoperations

= Y(1) <= "1%; Y(2) <= "17;
=> Y(3) <= "17;

=> Y(2) <= "1"; Y(4) <= "17;
= Y(1) <= "1°;

=> Y(4) <= "17;

=> Y(2) <= "17; Y(3) <= "17;
= Y(1) <= "17; Y(4) <= "17;
= Y(2) <= "1°;

= Y(1) <= "1%; Y(3) <= "1°7;
=> null;

Figure 9 — VHDL model of block BMO
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Let’s combine the considered VHDL descriptions into
a single object entity, resulting in a synthesized model of
FSM with DT (Fig. 10). A feature of this model is the
presence of the output port S, which displays the code of
the current state 7. This is done in order to analyze func-
tioning of the FSM in the process of behavioral modeling.

5 RESULTS
Synthesis of the VHDL model shown in Fig. 10, in
CAD Xilinx Vivado 2021.1 allowed to obtain hardware
expenses for implementation of the FSM, equal to 7 LUT-
elements (based on FPGA xc7al2ticsg325-1L FPGA of
Artix-7 series).

library I1EEE;
use IEEE.STD_LOGIC_1164_ALL;
use ieee.numeric_std.all;

To test the correctness of VHDL model of the FSM
with DT, a behavioral part was developed that imple-
ments the next functionality:

— single generation of the Reset signal in the range of
10-90 ns from the beginning of the simulation;

— regular signal C generation with a duration of 20 ns
with an interval of 100 ns;

— regular generation of input signals x; —x; with dif-
ferent values of lengths of 1 and 0 levels.

Fig. 10 shows a fragment of the time diagram of the
FSM in the process of behavioral modeling. This frag-
ment demonstrates the correctness of the transition func-
tion and the output function of the FSM. For example, at

entity OAP is
generic (R: integer := 4; L:
RW: integer := 2; N: integer

port (X: in std_logic_vector (1 to L);
C: in std_logic;
Reset: in std _logic;
S: out unsigned (1 to R);
Y: out std_logic_vector (1 to N));

end entity OAP;

integer := 3;

4)

architecture OAP_A of OAP is
signal T, D: unsigned (1 to R);
signal W: std_logic_vector (1 to RW);
begin

process (C) -- State register

|-3|-'(-)cess T, X) -- Block W
;-)l-'(-)cess w, T
[-)I-"(-)CGSS (@)

S <=T;
end architecture OAP_A;

-- For debugging

-- Datapath of transitions

-- Block of microoperations

Figure 10 — Synthesizable VHDL model of FSM with DT
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Figure 10 — Fragment of time diagram of behavioral
modelling of work of FSM with DT (in interval from 0 to 600 ns)
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time t = 380 ns, marked by a vertical marker, the FSM
performs transition from the state with the code T=0
(state &), analyzing value of signal X;. Since at this point
X; =1, the transition is carried out to a state with code
T =9 (state a;), which is consistent with Fig. 3. After the
transition to state a;, the formation of microoperations Y,
and Yy, is carried out, which is consistent with Fig. 2.
Thus, the synthesis of FSM with DT for this example is
performed correctly.

6 DISCUSSION

A finite state machine with datapath of transitions dif-
fers from a canonical finite state machine in that it uses a
set of arithmetical and logical operations (transitions op-
erations) to convert state codes, which form a datapath of
transitions. Each transitions operation involves a certain
interpretation of binary state codes and is formally speci-
fied on a set of interpreted values. One of the interpreta-
tions is a scalar representation in the form of an unsigned
integer, which allows to define on the set of state codes
operations of addition, subtraction, and so on. Interpreta-
tion of the state code in the form of a binary vector allows
to specify over the state codes bitwise logical operations,
shift operations and the others. Information about the used
operations and methods of interpretation of binary state
codes is necessary for the schematic implementation of
the transition function of the FSM.

The input data for the synthesis of the logic circuit of
the canonical FSM is a table of transitions (direct struc-
tural table), which contains information about the func-
tions of transitions and outputs of the FSM. However, its
use for FSM with DT is impossible due to the lack of in-
formation about the methods of interpretation of state
codes and transitions operations. In this paper, it is pro-
posed to use the so-called operational table of transitions
for specification the FSM with DT, which provides ex-
tended information about the function of transitions of the
FSM. The example considered in the paper showed that
specification of the FSM with DT in the form of an opera-
tional table of transitions is sufficient for the synthesis of
the logic circuit of the FSM in the form of VHDL model
focused on the use element basis of FPGA-type.

The possibility of obtaining with the help of VHDL
model numerical characteristics of hardware expenses for
the implementation of the FSM circuit allows us to rec-
ommend the use of the operational table of transitions as a
way to present the results of other known methods of
hardware expenses in FSM circuit.

CONCLUSIONS

The article proposes a solution of scientific problem of
formalizing the description of the processes of state codes
transformation in a finite state machine with datapath of
transitions, which allows to bring the description of this
class of finite state machine in line with traditional de-
scription of other classes of finite state machines.

The scientific novelty of the work is to modify the di-
rect structural table by adding to it information about al-

© Barkalov A. A., Titarenko L. A., Babakov R. M., 2022
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gebraic interpretation and methods of transformation of
state codes. The resulting operational table of transitions
is proposed for the first time and contains sufficient in-
formation for the synthesis of the logic circuit of the
FSM.

Practical use of the obtained results is possible in the
development of formal methods of structural synthesis of
finite state machines with operational transformation of
state codes.

Prospects for further research are to develop meth-
ods of synthesis of FSM circuit, based on the formal rep-
resentation of the FSM in the form of operational table of
transitions.
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CHHTE3 MIKPOITPOTPAMHOI'O ABTOMATA 3 OIEPAIIITHAM ABTOMATOM IEPEXO/IIB
3A ONEPAIIITHOIO TABJHIIEIO TEPEXO/IIB
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AHOTAIIA

AKTYyaJabHicTb. Po3risnyTo 3amady dopmarizamii omucy MiKpomporpaMHOTO aBTOMAaTa, 3aCHOBAHOTO Ha MPHHIINII OIlepaLiifHo-
r'0 IepETBOPEHHS KOJIIB CTaHIB, 32 TOMIOMOT0I0 Moau(ikoBaHO1 Tabmumi nepexonis. O0'eKToM HOoCTiKEeHHS Oyiia MOAETbh MiKpOIIPO-
IpaMHOTO aBTOMATa 3 OIEpallifHIM aBTOMATOM IepexoaiB. Mera poboTH — po3poOka Ta HOCTIKEHHs coco0y (opMaIbHOTO 3a-
BJIAHHS MIKpOIIPOTrpaMHOTO aBTOMATa 3 OIepaIifHIM aBTOMaTOM Iepexo/iB y BUIIILAI Moan(ikoBaHOT TabNuUIi IIepexoAiB, Mo Mic-
TUTh JOCTATHIO iHGOPMAIIIIO JIUIsl CHHTE3Y JIOTIYHOT CXEMH aBTOMAaTa B 0a3uci MporpaMyBabHUX JIOTIYHUX TPHUCTPOTB.

MeToa. 3anporoHOBaHO HOBHII cHoCi0 MpeAcTaBiIeHHsT (GOPMAIBHOTO PIIeHHS 3a/adi adreOpaiyHOro CHHTE3y MIKpOIporpam-
HOTO aBTOMATa 3 OMEpallifHMM aBTOMaTOM IMEPEeXOJiB y BUIIIAAL omepauiiHoi tabmuui nepexoniB. Lls Tabmuiyt € moaudikaiiero
MPsIMOT CTPYKTYPHOI TaOIIuLi, 3a3BU4ail BUKOPUCTOBYBAHOI P CHHTE31 MiKpOIIPOrpaMHHUX aBTOMATIB. BukopucTaHHs paHirie Bimo-
MOTO TpEeACTaBICHHA (HOPMATIBHOTO BUPILICHHS 3a/adi anreOpaitHOro CHHTE3y y BHIVIALI CUCTEMH 130MOP(i3MiB aBTOMAaTHHX aj-
re0p € HaATO GPOPMATI30BAHUM 1 YCKIAJHIOE CHHTE3 JIOTIYHOI CXEMHU aBTOMAaTa BHACIIIOK PO3AUTLHOTO OnMucy (YHKLIH HepexomiB i
BuxoiB. [lokazaHo, o CTpyKTypa MiKpOIIPOTpaMHOI'0 aBTOMATa 3 OIEpaI[ifHIM aBTOMATOM IIEPEXOiB BUMarae BHECCHHS 10 Tpa-
JMIIHHOT TabIHIi TepexoiB iHpopManii Ipo MHOXKHHY iHTepIpeTaliil KoIiB CTaHIB i BUKOPHCTOBYBaHI omeparii mepexois. 3a3Ha-
YEHO, 1[0 3aMPONOHOBaHA OlepalliiiHa TaOIHIl MEPEXOIiB MICTUTh JOCTATHIO iH(OPMAIIIO JJIs CHHTE3Y JIOTIYHOI CXEMH aBTOMATa.
HageneHo npukiiaz moOy10BU onepariitHol Tabuili Mepexo/IiB A aBTOMATA, 33J]aHOT0 Ipad-CXEMOI0 IMIUIEMEHTOBAHOTO aJITOPHUT-
My KepyBaHHs. Y HpHKIaAi [MOKa3aHi pi3HI METOAH iHTepHpeTallii KOIiB CTaHiB. 3apoONOHOBAHO MOPSIOK CHHTE3Yy cXeMH (opMy-
BaHHs KOJIIB omepaliiii mepexoiB ta cxeMu GopMyBaHHSI MiKpooIepalliii 3a onepauiifHo0 TabIHIeI0 epeXoIiB.

Pe3ysbraT. PO3risiHyTO NpHKIa BUKOHAHHS OCHOBHHUX €TaIliB CHHTE3Y MIiKpPOIPOrpaMHOTO aBTOMaTa 3 OnepauiiiHiM aBToMa-
TOM TIEPEXOIB 32 omepauiifHoo Tabnuiero nepexoniB. HaBeneno npukiaan Moneneii CHHTE30BaHOTO aBToMara MoBoto VHDL, siki
BPaXOBYIOTb OCOOJIMBOCTI IpecTaBiIeHHs Moaenel kiHmeBux aBromariB y CAIIP Xilinx Vivado. IToka3aHo pe3ynbTaTH CHHTE3Y
aBTomaTa 3a VHDL-monemsmu y 6a3uci IUIIC FPGA.

Bucnoskun. I[IpoBeneni excriepuMeHTH MiATBEPANIN JOCTATHICTD OllepaniiiHoi TabnuIi epexoiB ISl OIHCY MIKpOIpOrpaMHO-
ro aBTOMara 3 OlepaniifHuM [epeTBOPEHHSIM CTaHIB KOJIB 3 METOIO MOAANBIIOr0 CHHTE3Y ioro yoriyHoi cxemu. [lepcriexTrBu noaa-
JBIIMX JIOCII/DKEHb ITOJIIraloTh Y BUKOPUCTAHHI 3alPOIIOHOBAHOI ollepaiiifHoi Tabnuii nepexoiB Mpu po3podii pi3HUX METOAIB
CHHTE3y Ta ONTHMi3awii MiKpOIIPOrpaMHUX aBTOMATIB 3 ONepaLiiiHIM IEPETBOPEHHSIM KOJIiB CTaHiB.

KJIFOYOBI CJIOBA: wmikpornporpamuuii aBToMaT, ONepalliifHuii aBTOMAT MEepexo/iB, TAONHUIsL MEePexXo/iB, CHHTE3 JIOTiYHOI
CXeMH, rpad-cxeMa alropuTMy.
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CHUHTE3 MUKPOIIPOI'PAMMHOI'O ABTOMATA C ONIEPAIIUOHHBIM ABTOMATOM IHEPEXOJ0OB
IO ONNEPAITMOHHOM TABJIMIIE TEPEXOIOB

BapkanioB A. A. — 1-p TexH. HayK, podeccop, npodeccop MHCTUTYTa KOMITBIOTEPHBIX HAYK M JJIEKTPOHUKH YHUBEPCHTETA 3e-
JICHOTYpCKOTO, T. 3eneHa ['ypa, [Tonpma.

Turapenko JI. A. — 1-p TexH. HayK, mpodeccop, mpodeccop MHCTHTYTa KOMIBIOTEPHBIX HAYK M DICKTPOHUKH YHHUBEPCHTETA
3eneHorypckoro, r. 3eneHa ['ypa, [lonaba.

Bab6axos P. M. — 1-p TexH. HayK, IOLEHT, HOLEHT Kadeapbl MHPOPMAIUOHHBIX TEXHOJOTHH J[OHEKOro HAaIMOHAIBHOTO YHU-
Bepcutera uMeHH Bacwuia Cryca, r. Bunnuna, YkpauHa.

AHHOTALUA

AKTyanasHOCTB. PaccMoTpena 3aada (popManu3aluy ONMCAaHWS MUKPOIPOrPAaMMHOIO aBTOMAara, OCHOBAHHOTO Ha NpPHUHIIMIIE
OMEepPaMOHHOTO PeoOpa30BaHusI KOJOB COCTOSHUIA, C TOMOILIbI0 MOANMUIIMPOBAHHON TaOIHIEI TIepexogoB. OOBEKTOM HCCIIeI0Ba-
HHS SBIISUIACH MOJIENb MUKPOIIPOIPaMMHOTO aBTOMAaTa C ONEPALMOHHBIM aBTOMAaTOM IepexonoB. Llenb paboTel — pa3paboTka U Hc-
ciefoBaHue crocoda GopManbHOTO 3aaHHsT MUKPOIIPOrpaMMHOIO aBTOMAara C OIEPAIlMOHHBEIM aBTOMAaTOM IIEPEXOJI0B B BHJIE MO-
JU(UINPOBAHHON TaOIHIBI MEPEXOAO0B, COJIEpXKAIel JOCTATOYHYI0 MH(GOPMALUIO ISl CHHTE3a JIOTHYECKOH CXEMbI aBTOMaTa B
0asuce NPOrpaMMHUPYEMbIX JJOTHUECKUX YCTPOHCTB.

Mertoa. IIpemnoxen HOBBIA crnoco0 mpeacTaBieHHs (OPMAIBHOrO pELICHUS 3a[auyd aureOpanyeckoro CHHTE3a MUKPOIPO-
IPaMMHOTO aBTOMAaTa ¢ ONEPalliOHHBIM aBTOMATOM HEPEeXO0A0B B BHJE ONEPALMOHHON TaOJIHULbI IepexooB. JJaHHas Tabnuna sBiis-
ercst MoauUKauued npsAMOi CTPYKTYPHOH TabiuLbl, TPaJUIIMOHHO HCIIOIb3yEeMON NPH CHHTE3¢ MUKPOIPOTPAMMHBIX aBTOMATOB.
Vcnonp30BaHue paHee H3BECTHOTO MPEICTaBICHUs (OPMaTIbHOTO PEIICHHs 3aJa4u adreOpanyeckoro CHHTE3a B BUJE CHCTEMBbI H30-
MOpGHU3MOB aBTOMATHBIX anreOp SBISETCS CIMIIKOM (OopManu30BaHHBIM M 3aTPYIHSET CHHTE3 JIOTHYECKOH CXEMBbl aBTOMAaTa IO
MIPUYUHE Pa3[e]bHOr0 ONMUCAaHMs (YyHKIMH IepexoJoB U BEIXOAOB. [IokazaHO, 4TO CTPYKTypa MHKpPOIIPOrpaMMHOIO aBTOMAara C
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OIIepallMOHHEIM aBTOMATOM IIEPEX0JI0B TpeOyeT BHECEHHS B TPAAUIMOHHYIO TabIuIly epexonoB HHGOpPMAIy O MHOXKECTBE HHTEP-
IpeTanyii KOZOB COCTOSIHUM U MCHOJIB3YyEMBIX Oepalusix nepexonoB. OTMEYEHO, YTO NMpEeAIoKeHHas OlepanioHHas Tabiuma nepe-
XOJIOB COJICPIKHT JOCTATOYHYI0 HH(OPMALIMIO IS CHHTE3a JOTMYECKOH CXeMbl aBToMaTa. [IpuBesieH mpuMep MoCTPOSHHUS ONepaLy-
OHHOM TaOJUILIBI IEPEXO0B YIS aBTOMATa, 3aJaHHOTO Ipad)-cXeMOil UMILIEMEHTHPYEMOr'0 aJITOPUTMa YIpaBieHus. B npumepe npo-
JEMOHCTPUPOBAHBI PA3JINYHbIE CHOCOObI MHTEPHPETALMU KOJIOB COCTOAHMIL. [Ipenoxen NOPANOK CHHTE3a cXeMbl ()OPMUPOBAHUS
KOJIOB OMEPAIHH MIEPeX00B U CXeMBbI (POPMUPOBAHUS MHKPOOTIEPALIUH IO ONIEPAMOHHON TabIHIe TEPEXOI0B.

Pe3yabTathl. PaccMoTpeH mpuMep BBIIONHEHUS OCHOBHBIX 3TAlOB CHHTE3a MHKPOIPOTPAMMHOTO aBTOMAaTa C ONEPalMOHHBIM
aBTOMATOM IIEPEXOOB 10 ONEPAMOHHOI TabiuIe rmepexonoB. [laHbl IpHMEpHl MOAENCH CHHTE3MPOBAHHOTO aBTOMAaTa HA SI3BIKE
VHDL, KoTOpBble YYUTHIBAIOT OCOOCHHOCTH NPEACTaBIeHHsI Mozeneil koHeunslx aproMaroB B CAIIP Xilinx Vivado. [Toka3ans! pe-
3ynbTaThl cuHTe3a aBroMaTa no VHDL-mozensim B 6a3uce [TJIMC FPGA.

BeiBoabl. [IpoBeeHHbBIC 3KCIIEPUMEHTBI HOATBEPIUIN 10CTATOUHOCTh OIEPAllMOHHON TaONUIbl IEPEXOJI0B [Vl ONUCAHUS MHK-
PONPOrpaMMHOTO aBTOMATa C OMEPAlMOHHBIM MPeoOpa3oBaHHEM KOJOB COCTOSIHUM C IIEbI0 JalbHEHIIET0 CHHTE3a €ro JOTHUECKOM
cxeMbl. [lepcreKTuBE! TabHEUIINX HCCIeOBAaHUN 3aKIII0YAIOTCS B UCIIOJIB30BAHUH IPEATI0KEHHOH ONEpallMOHHONW TabIuLbl Iepe-
XOJIOB TIPH pa3pabOTKe Pa3INIHBIX METOJOB CHHTE3a W ONTHMHU3ALUH MUKPOIIPOTPaMMHBIX aBTOMATOB C OIIEPAllMOHHBIM Ipeodpa-
30BaHHUEM KOZIOB COCTOSHUM.

KJ/JIIOUEBBIE CJIOBA: MuxponporpaMMHBIA aBTOMAT, ONCPalMOHHEINA aBTOMAT MEPEX00B, TabINIa MepexoioB, CHHTE3 JIO-
THYECKOH CXEMBI, Tpad-cXeMa alropuTMa.
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