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Abstract

The method for reduction of the number of programmable array logic
macrocells in a microprogrammed Moore finite state machine circuit is
proposed. It is based on representation of the state code as a concatenation
of a code for the class of pseudoequivalent states and a code of states
inside this class. Such an approach allows eliminating the dependence
between states and microoperations. The special code converter is used for
formation of microoperations. As a result, both circuits for generation of
input memory functions and microoperations are optimized. An example
of the proposed method application is given.

Keywords: Moore FSM, CPLD, pseudoequivalent states, classes, PAL
macrocells, hardware reduction.

Synteza skonczonego automatu stanu typu
Moore'a z transformacjg rozszerzonej
przestrzeni kodowej

Streszczenie

Model skonczonego automatu stanu typu Moore’a jest czesto stosowany
w jednostkach sterujacych [1]. Postgp w technologii pétprzewodnikowe;j
powoduje pojawienie si¢ coraz bardziej ztozonych uktadow cyfrowych,
takich jak ztozone programowalne uktady cyfrowe, gdzie funkcje logiczne
sa implementowane przy uzyciu programowalnych blokow logicznych
(ang. Programmable Array Logic, PAL). Jedng z osobliwosci PAL jest
ograniczona ilo$¢ termow [6, 7]. Dla tego jest potrzebna minimalizacja
realizowanych funkcji. Uktad automatu Moore'a sktada si¢ z bloku funkcji
wzbudzenia pamigci (BFWP) i bloku mikrooperacji (BMO) (rys. 1), ktore
sa implementowane przy uzyciu makrokomoérek PAL. Znane metody
syntezy automatu Moore'a moga optymalizowac tylko jeden z blokow.
W artykule proponowana jest metoda zorientowana na redukcje¢ ilosci
makrokomoérek PAL potrzebnych do implementacji skonczonego automatu
stanu typu Moore'a. Ta metoda bazuje na przedstawieniu kodu stanu jako
konkatenacji kodu klasy stanow pseudo-rownowaznych i kodu stanow
wewnatrz tej klasy. Takie podejscie pozwala usungé zalezno$¢ migdzy
stanami oraz mikrooperacjami. Dla formowania mikrooperacji zostal uzyty
specjalny przetwornik kodow (rys. 2). Zaproponowane podejscie pozwala
zoptymalizowaé blok wejsciowych funkcji pamieci i blok mikrooperaciji .
Artykut przedstawia takze przyktad zastosowania proponowanej metody.

Stowa kluczowe: automat typu Moore'a, CPLD, stany pseudoréwnowazne,
makrokomorka PAL.

1. Introduction

The Moore finite state machine (FSM) model [1] is often used
during design of digital control systems [2, 3]. The development
of microelectronics has led to appearance of different
programmable logic devices [4], one of which is CPLD (complex
programmable logic devices) [4, 5]. The basis of CPLD is
a macrocell PAL (programmable array logic). The cells are
connected by the programmable array of interconnections.

One of PAL singularities is a limited number of terms that
necessitates minimization of implemented functions [6, 7]. The
Moore FSM logic circuit consists of block of input memory
functions and a block of microoperations that are implemented on
PAL. The known methods of synthesis of Moore FSM allow
optimizing only one of FSM blocks. In this work an optimization
method is proposed. It is based on introduction of an additional
code converter (CC) and nonstandard representation of the Moore
FSM state code.

2. The general aspects and the basic idea
of a proposed method

Let Moore FSM be represented by the structure table (ST) with
columns [1]: a,,, K(a,,), a,, K(ay), X}, ®;, h.Here a,

is an initial state of FSM; K(a,,) is a code of state a,, € A of
capacity R = |—log2 M -‘, to code the states the internal variables
from the set T = {Tl,..,TR} are used; a,, K(a,) are a state of
transition and its code respectively; X, is an input, which
determines the transition <a mo as> , and is equal to conjunction

of some elements (or their complements) of a set of logic
conditions X = {Xl pes XL }; @, is a set of input memory functions

for flip-flops of FSM memory, which are equal to 1 for memory
switching from K(a,,) to K(a;), O,c®= {(01,..,¢)R};

h=1, ..., H is the number of transitions. In the column a,,
a set of microoperations Y, is written. It is generated in the state
g=1,..,0. This table is

a basis for forming the system of functions

ap €A, where ¥, c Yz{yl,..,yN},

®=d(T, X), (D

Y =Y(T), 2
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which determines an FSM logic circuit. Systems (1)-(2) describe
the model of Moore FSM U, shown in Fig.1. In this model
a block of input memory functions (BIM) realizes the system (1),

a register RG keeps states’ codes, block of microoperations
(BMO) realizes the system (2).

x
Block of nput| D T sk of v
FE:Q?DWM RG Microoperations *

Start

Clock

Fig. 1. Structural diagram of Moore FSM U

Rys. 1. Struktura diagramu automatu Moore’a U

In the Moore FSM the number of transitions H exceeds
considerably this number of the equivalent Mealy FSM H, [2].

However, the appropriate encoding of states allows reducing this
parameter, which leads to minimizing the number of PAL
macrocells in BIM [8]. Various methods of states encoding for
reduction macrocells PAL in BMO are used [3, 8]. But an
effective method for optimizing both part of logic circuit FSM
does not exist.

In this paper a method for reduction of hardware amount in both
parts of the Moore finite state machine logic circuit is proposed.

One of Moore FSM features is the existence of
pseudoequivalent states [2], which are the states with the same
transitions by the effect of the same inputs. Such states correspond
to the control algorithm operator vertices [1], outputs of which are
connected with an input of the same vertex.

Let IT, = {B, ,..,B]}be a partition of a set A on the classes of

pseudoequivalent states. Let us code classes B; eIT, by binary
codes K(B;) having R, bits, where

Rl = (logz [—| . (3)
Let wuse variables 7,er for encoding classes of
pseudoequivalent states, where |r| =R,.
Let classes B; € IT 4, have M; states and let
MozmaX(M],...,M]). (4)

Let us code state a,, € B; by binary codes C(a,,) having R,

bits, where
R, =[log, My |, (&)

and let us use variables T, e T for it, where |T | =R,.

In this case state a,, € A is unambiguously determined by the
following expanded code

K(a,)=K(B;)*C(a,,), (6)
where * is a concatenation sign, m = 1,_M s z'=1,_1 .

Let initial GSA T include Q different collections of
microoperations (CMO) Y, c Y. Let us code set ¥, with binary

code K(Y,) having Ry bits, where

Ry =[log, 0. %)
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Let us use variables z,eZ for encoding CMO, where
|Z| = R; . In this case model of Moore FSM U, for interpretation

of GSA T is offered (Fig.2).
In FSM U, the block BIM realizes functions

O =d(r, X) (8)

that include R, + R, elements. The block CC forms variables

z,. € Z and the functions
Z=2(1.T) ©)

are generated. The block BMO generates microoperations y, €Y
as functions

Y=Y(2). (10)
BIM —» R
Y
BMO >

Fig. 2.  Structural diagram of Moore FSM U,

Rys. 2. Struktura diagramu automatu Moore’a U,

The offered approach has the following advantages:
1. The number of terms in system (8) is always equal to H, for

any coding of classes B; €I .
2. The encoding of sets ¥, =Y can be done so that to minimize

numbers of PAL macrocells in BMO.
The evident disadvantages of FSM U, are increase in the

number of functions @ if the following condition
Ri+R, >R (11)

is fulfilled and existence of the block CC. It should be noted that
encoding of the classes B; € I1, and states a,, € B; can be done

so that to minimize the numbers of PAL macrocells in the block
CC. If the block BMO is implemented on customized matrices [9]
or memory macrocells [3] and the following condition

Ry <R (12)
Is fulfilled, then the reduction in the hardware amount occurs.
3. Synthesis method of Moore FSM U,

In this work a method of Moore FSM U, synthesis using

a GSA T is proposed. The method includes the next stages:

. Marking of the GSA I" and creation of the set A.

. Partition of the set A on classes of pseudoequivalent states.
. Construction of microoperation collections Yq cY.

. Optimal coding of microoperation collections ¥, c Y.

. Coding of the classes B; € I, and states a,, € B; .

AN AW~

. Construction of the transformed structure table of Moore FSM
U,.

. Construction of the functions (8) — (9).

. The synthesis of FSM logic circuit with given logic elements.

[e BN
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Let us discuss an example for a Moore FSM U, (I})
synthesis, where a GSA I is shown in Fig.3. The symbol U;(I';)
stands for interpretation of a GSA I'; with an FSM model U; . As
follows from Fig.3, the set A4 includes M =10 elements
distributed among /=4 classes B = {al }, B, = {az,a3,a4},
By = {a5,...,a8}, B, = {ag,alo}. So R=4, R =2.

There are Q=7 different collections of microoperations in the
operator vertices of the GSA Iy, namely ¥ =Y(¢)=9,

Yy = {n.v2.07} Yy ={y3. 75,76} Yy =yt
Ys={nr2vevs)s Yo={mynysh, Yr={nm.00p6). It is
enough R; =3 variables for coding these collections, it means
that Z ={z,2,,23}. Note that condition (12) holds.

Let us call the “optimal” coding such a coding of
microoperation collections that function (10) has minimal possible
number of terms. One of the variants of the optimal coding is
presented in Fig. 4.

Ny

a6

a7

ag

B O ] R e R e
I I ]

Fig. 3. Initial GSA I}
Rys. 3. Sie¢ dziatan I3

777
N 00 o 11 10
1

0 Y, Y3 Y, *

1 Y, Ys Y, Ys

Fig. 4. Optimal codes of microoperation collections
Rys. 4. Kodowanie optymalne zbioru mikrooperacji

Subject to these codes we can get that

=L VvYVvYs=zyy, =L, vYgvYsVvY; =z
v3=Y3vYy=21z5; 4 =Yg VY, = 2125 (13)
ys=Y3vYs =223,y = Y3 VY5 v Y =212,23 v 2123

y1 =Y v Yy =223 28 = ¥s = 2,73

Classes B; €Il and states a,, € B; should be encoded so that

to reduce number of terms in functions (9). It leads to optimization
of the number of PAL macrocells in the block CC. Let us
construct the table that shows connection between the codes of
microoperation collections and the codes of states of Moore FSM
U,(I7) (Table 1).
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Tab. 1. The connection between the codes Yq and the states a,,

Tab. 1. Zwiazek migdzy kodami zbioréw mikrooperacji Yq istanami @,

K(,) 001 011 100 101 110 111
ay as a>dy ag - a a; s az- a6
Y, Y; Y, Y, Y Ys Y,

In each column of Table 1 the first position of code K(Y,)
corresponds to z;, the second corresponds to z, and the third

corresponds to z3 . It allows constructing the next function system

Zy=apVvasVdag\Vay\Vag\Va,
Zy=ay VayVag\V ag; (14)

Zy=apNvayVvdagVagVarVdg.

The states a,, € A should be encoded so that the code K(B))
is the same for all a,, € B; .

Optimization of the system (14) is a typical task of symbolic
encoding. Methods for solving the similar tasks are described in
[1]. One of the variants of optimal encoding the classes B; €I1,

and the states a,, € B; is shown in Fig. 5.

T,T,
00 01 11 10

00 a * * *

Ty

01 * a, a | a

W1 as | ag | a7 | ag

10 * * ag a

Fig. 5. Encoding the classes and states of Moore FSM U, (I7)

Rys. 5. Kodowanie klaséw i stanow automatu Moore’a U, (I7)

The following system of equations can be obtained using the
system (14) and the codes of Fig. 5

a =0l van vohih;
5 =T vhh; (15)

z3 =T2 VZ_']T2.

If PALs with ¢ =3 terms are used for realization of the block
CC, then each function z.eZ is implemented in one PAL
macrocell.

The system of generalized formulae of transitions is needed for
construction of the transformed structure table [3]. In the case of
U,(T}) this system is

Bl —> Xjdp vV )_clx2a3 \ flf2a4;
Bz —> XpX3d5 V x2373a6 \2 E2X4a7 \ .;2)_(,'4618; (16)

By — x3a9 V XpX301( V X)X3dg;
B4 —>a.

This system leads to the transformed table of transitions for
FSM U, (I;) (Table 2).

The system (8) can be obtained from Table 2.Then it should be
minimized for realization on PAL macrocells. Let F,, be a term
that corresponds to the line 4 of the transformed table of

transitions. For example, F =77,x, Fo=07X%,. The

function D;=F,v...v F can be found from Table 2. After
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minimization the final function D, =7, is received. Similarly, it
is possible to receive remaining functions of the system (8)

The last stage of synthesis is connected with implementation of
circuits of the Moore FSM blocks on the obtained systems of
functions. This stage is thoroughly discussed in the literature [6,
7]. There are the industrial packets [4, 5] oriented on solving the
similar tasks. This stage is beyond the scope of this paper.

It should be noted that the transformed table of transitions for
FSM U,(I;) has H =23 lines and each function D, e D will

have till 23 terms. Application of the proposed method reduces
parameter H in 2,3 times and the number of functions D, € ¢

will be the same for U;(T}) and U,(T,) because the condition
(11) does not take place.

Tab. 2. Transformed table of transitions for FSM U, (I7)
Tab. 2. Tabela przej$¢ automatu Moore’a U, (I7)

B; K(B;) ag K(ay) X D, h
a 0101 X D,D, 1
By 00 aj 0110 X1x) D,Ds 2
ay o111 X% D,D3D, 3
as 1100 Xy X3 DD, 4
B, o1 ag 1101 )?)?3 D\D,D, 5
az 1111 Xy Xy DyD,D3D, 6
ag 1110 X)Xy DDy D5 7
ay 1011 X3 D\DyD, 8
5 11 ag 1010 XXy DD, 9
ag 1110 )?3)?2 D\D,D; 10

4. Conclusion

The proposed method of transformation of extended state codes
is oriented on decrease in the hardware amount under
implementation of the Moore FSM logic circuit. This approach
guarantees the decrease in the number of PAL macrocells in the
blocks of input memory function and microoperations. However,
it is connected with implementation of additional block CC, which
results in consumption of some resources of a CPLD crystal and
adding delay in the Moore FSM logic circuit. These disadvantages
can be reduced due to the optimal encoding of extended state
codes.

Investigations of the proposed method effectiveness on standard
examples [10] show that the proposed method allows chip space
decrease to 37% (on average) for 98,2% of examples. Thus
performance of FSM U, practically coincides with this parameter

in FSN U, .It is because the number of levels in the circuit of the
Moore FSM U, blocks is decreased.

The further direction of our research is application of the
proposed method to cases of FPGA and customized matrices.
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