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Abstract

The method for reduction of the area of matrix implementation of the
Moore finite state machine (FSM) circuit is proposed. The method is based
on optimal state coding and decomposition of a matrix in two sub-
matrices. Thus, classes of the pseudoequivalent states are used. Such
approach allows reducing number of lines of the Moore FSM transition
table to that of the equivalent Mealy FSM. As a result, the area of the
matrices forming the excitation function of a states memory register is
optimized. An example of the proposed method application is given.

Keywords: Moore FSM, graph-scheme of algorithm, pseudoequivalent
states, customized matrices, logic circuit.

Optymalizacja macierzowego ukiadu
skonczonego automatu stanu typu Moore'a

Streszczenie

Model skonczonego automatu stanu typu Moore’a jest czgsto stosowany
w jednostkach sterujacych [1]. Postep technologii potprzewodnikowej
pozwala na tworzenie coraz bardziej ztozonych uktadéow cyfrowych.
W przypadku produkeji masowej szeroko stosowane sa uktady ASIC (ang.
Application-Specified Integrated Circuits). W uktadach ASIC automaty
skonczone sg projektowane przy uzyciu struktur macierzowych (rys. 1).
Jednym z glownych probleméw syntezy automatéw skonczonych ze
strukturami macierzowymi jest zmniejszenie powierzchni uktadu scalonego
zajmowanej przez uklad logiczny automatu Moore’a. W artykule
proponowana jest metoda, ktora jest ukierunkowana na redukcj¢ zasobow
sprzgtowych potrzebnych do implementacji skonczonego automatu stanu
typu Moore’a implementowanego w uktadach o strukturze macierzowej. Ta
metoda jest oparta na optymalnym kodowaniu stanéw i rozbijaniu macierzy
termow na dwie podmacierze (rys. 2). Takie podej$cie pozwala zmniejszy¢
liczbe linii w tabeli przej$¢ automatu Moore’a do liczby linii rownowaznej
automatowi z wyj$ciami typu Mealy’ego (tab. 2). Artykut przedstawia takze
przyktad zastosowania proponowanej metody.

Stowa Kkluczowe: automat typu Moore'a, sie¢ dziatan, stany
pseudoréwnowazne, uktad logiczny.

1. Introduction

The model of Moore finite state machine (FSM) [1] is often
used during the digital control systems realization [3, 7]. The

development of microelectronics has led to appearance of different
programmable logic devices [3] which are used for implementing
FSM logic circuit. But in the case of mass production of
microelectronics products, there are widely use so called
customized circuits called ASIC (Application-Specified Integrated
Circuits) [4]. In the case of ASIC, the logic circuits of FSM are
designed, as a rule, using so called matrix structures. In these
customized matrices, the principle of distributed logic is used [6].

One of the important problems of FSM synthesis with matrix
structures is the decrease in chip space occupied by FSM logic
circuit. In this work the optimization method is proposed. It is
based on using two sources of state codes.

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

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

an initial state of FSM; K(a,,) is a code of state a,, € 4 having
the capacity R :|—log2 M -‘ (to code the states the internal
variables from the set T:{T,,..,TR} are used); a,, K(ay), are
a state of transition and its code, respectively; X, is an input,
which determines the transition (am, as>, and it is equal to
conjunction of some elements (or their complements) of a set of
logic conditions X :{x,,..,xL}; @, is a set of input memory
functions for flip-flops of FSM memory, which are equal to 1 to
change the content of the memory from K(a,) to K(ay),
Oy c®=1{o;0p); h=1,
In the column a, a set of microoperations Y, is written,

.., H 1is a number of transition.

these  microoperations are  generated in the state
a,€A(Y,cY= {y[,..,yN}, g =1,...,0). This table is a basis to

form the following systems of functions
D =0(7,X), (1)
Y=Y(T). 2

These systems specify an FSM logic circuit. In the case of
matrix implementation, systems (1)-(2) determine the model of
Moore FSM Uy , shown in Fig. 1.

In the FSM U;, a conjunctive matrix M; implements the
system of terms F ={Fj,...,Fy}. Each term Fj corresponds to
one line of ST. Fj, is determined as

Fy=4,Xy,  (h=1Hy). €)
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Fig. 1.  Matrix circuit of Moore FSM U,
Rys. 1. Macierzowy uktad automatu Moore’a U,

R
In the equation (3) variable A4, = A Ter corresponds  to
r=1

conjunction of internal variables 7,. €T that is defined by code
K(a,,) of initial state for line 4 of ST. /,,,. €{0,1} is a value of

the r th position of code K(a,,), T,O = 7_"r , T,1 =T. (r =1,_R).

A disjunctive matrix M, implements system (1); a conjunctive
matrix M5 implements terms 4,, (m=1,...,M ), corresponding
to FSM states; a disjunctive matrix M, implements system (2).

The register RG keeps state codes; it is controlled by signals Start
(clearing) and Clock (changing content depending on functions
@ ). The matrices M; and M, determine the block of input
memory functions (BIM), whereas the matrices M3 and M,

determine the block of microoperations (BMO).
Complexity of each matrix is defined by the area S(M;) of

a crystal demanded for its implementation (izﬁ ). In theoretical
papers this area is defined in arbitrary units [1, 6]. Next
estimations can be obtained for FSM Uy :

S(My)=2(L+R)H\;S(M3) = H\R; @
S(M3)=2R-M;S(M,)=M-N.
The area S(U;) that is occupied by a logic circuit of FSM U,

is defined as a sum of the areas (4).

The evident disadvantage consists in the considerable excess of
parameter H defined by a number of ST lines of the equivalent
Mealy FSM. In addition the number of states of Moore FSM can
exceed appreciably number of states of the equivalent Mealy
FSM. Thus, it is frequent in practice that next conditions are taken
place:

Hy < Hy; Ry =[logy My |<R. )

One of Moore FSM features is 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 [3], outputs of which are connected with an input
of the same vertex. The known methods of optimization of the
matrix circuit U; are based on existence of pseudoequivalent states.

There are two main optimization methods.
Method of optimal state encoding. The state a;, € A is encoded

so that each class of pseudoequivalent states B; eIl is

represented by a single generalized interval of R -dimensional
Boolean space. It leads to Moore FSM U, . The structures of both

Uy, and U, are the same. But in U, M, realizes only
Hy=H, <H, terms. However, such coding that leads to
H, > Hy is not always possible [3].

Method of transformation of the states codes. The classes
B;ell, are encoded by the binary codes K(B;) with

R = ﬁogz IW bits. Let us point out that / = M, , where M, is the

number of the states of the equivalent Mealy FSM. The variables
7, € ¢ are used for such encoding, where |r| =R, . Next, a system

of the function is formed
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r=1(l). (6)

The system (6) specifies the law of transforming the codes
K(a,,) into the codes K(B;). ST is transformed in such way that

the states a,, € B; are replaced with the classes B; eIl , in the

column of the initial state. Such approach allows decreasing ST to
H and the number of variable feedback is reduced to R <R .

This approach leads to a Moore FSM Uj;, with a code

transformer (CT). The number of transitions of the Moore FSM
Us is equal to Hy. The drawback of Uj is the existence of

a block of the code transformer that consumes additional resources
of embedded memory blocks (in comparison with Uy ).

Let us encode states a,, € A so that the maximum possible
number of classes B; €I, is represented by single interval

R -dimensional Boolean space. Let us include such classes in set
ITpc and remaining classes in set ITor, where |HCT| =1;. Let

us encode classes B; €Il-r by binary codes K(B;) having
Ry = ﬁogz(ll + 1)—| bits. This approach leads to a Moore FSM U,

(Fig. 2).
L & F' [
L @ T

x| Ml M, — RG 1

& &
X ) Start Ms NE
X’ | & 2 Clock
F
2 iz 1A
Mj

Fig. 2. Matrix circuit of Moore FSM Uy,
Rys. 2. Macierzowy uktad automatu Moore’a Uy

In U, the matrix M 1' implements the system of terms (3) that
depends on variables 7, € T . Register RG is a source of the codes of
classes B; €eIlp; . The matrix M 12 realizes the system of terms

Rl
F,=(n 7l )- X, for which CT is a source of the codes. The matrix
r=1

M 5 realizes a system of terms Z and matrix M realizes function

(6). The set of terms is divided into classes F' ! and F?. Terms of

class F! are determined as

R
Fh:(/,\lTrir)'th @)

where /;,. €{0,1,*} is a value of the r th position of code K(B;),

=T, 7' =7, T"=1 (r=LR, hzl,‘Fl‘).
Such an approach allows decreasing the total number of terms
in the systems F! and F? till H, . Thus, the total area of

matrices Mll , M 12 and M, will be less than that of matrices M;
and M, in U;. As ST implements only the partial transformation
of the state codes (only for a, eB;, where B;ellr), it
occupies the smaller space than in Us.

Let us estimate the areas of the matrixes of U, (except Mj
and My):

S(M{)y=2(Ly +R)-HY; S(ME)=2(L, + Ry)- H{;

8
S(M,)=Hy-R;, S(Ms)=2R-H_; S(Mg)=H,-R,. ®)
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In the system (8) H(l):‘Fl‘, H(%:‘F2‘, LI:‘Xl‘, LZ:‘XZ‘,

Hy=|z|, Hy+Hy =H,y, X' 0X*=X.

3. Synthesis method of Moore FSM U,

In this paper there is proposed the following design method for
Moore FSM Uy :

1. Marking of the GSA T and creation of the set A.
. Partition of the set A on classes of pseudoequivalent states IT ;.

. Optimal encoding of the states and forming the sets Iz, o7 .
. Coding of the classes B; e [17 .
. Construction of CT for classes B; eI1z; and B; eIl .

. Construction of code transformation table.
. Formation of systems of functions setting matrices of Uy .

0 NN L A~ W N

. Implementation of FSM matrix circuit on customized matrices.
Let us for some control algorithm I assume A4 ={a,...,q;5},

X={x,...xg}, Y={y,...ypt that is M=15, L=8
and N=12, R=4 and T={T;,...,T4}. It can be found from
GSA I, that H;=53 and Hy=21. From the system
of functions (4) the following areas of GSA I can be found:
SU;)=1904; S(M1)=2(8+4)-53=1272; S(M,)=53-4=212;
S(M3)=2-8-15=240; S(M,4)=15-12=180. Thus, the matrices
M, and M, occupy 67 % of the total area of a crystal.

There is  the I, ={B,....,Bs},
By ={a)}, By={ay,a3,a4}, Bz=A{as,as}, By=1{as,a3,a9},
Bs ={ayg,a11,a1}, Bg ={aj3,a14,a15} . Let us encode the states

partition where

a,, € A in the optimal way (Fig. 3). The following codes can be
K(B;)=000,
K(By)=**10, K(B;)=10**, K(B,)=00%*1. Class Bs and
class By require two intervals of 4-dimensional Boolean space. It
can be found that H, =28 and S(M;)=2(8+4)-28=672,
S(M,)=28-4=112, S(U,)=1204. Now the matrices M; and
M, occupy 56 % of the total area of a crystal.

So Igg=1B,....B4} and Il ={Bs5,Bs}, I;=2 and
Ry, =2, 7 ={r;,75} . Let code 00 be used for identification of sign
B; ¢ and let K(Bs)=*1, K(Bg)=1%*.

The system of generalized formulae of transitions is needed for
construction of the transformed structure table. In the case of I}

found from the Karnaugh map (Fig. 3):

for classes B; e I1p this system is

Bl d Xiap v )_CIXZGS \2 )?12204; B2 = X3ds5 VvV )_c3x4a6 \2 )_C3)_C4a4;
B3 —> X4X5d7 V X4.¥5L18 \ 374x6a9 \4 774776“10; (9)

By = X1X3a11 V X\ X307 V X1X481) V X|X4d0.

T:Ts
T, 00 01 11 10

0 | o |G | ad) /o)

01 ajo ap a ( a3

11 a3 arg a) a

10 a ag ay *

Fig. 3.  The state codes for FSM U,
Rys. 3. Kody stanéw automatu Uy

In the case of T for classes B; e [1r this system is

Bs — X5x6a13 V X5Xga14 V X5X7015 V X5X7d10;

(10)

By = X3XgXga13 V X3XgXgd14 V X3Xga) V X341

Thus, H)=14 and H{ =8, S(M,)=(14+8)-4=88. As
X' = {x,..0x6) and X% = {x3,x5,%6,%7,%g}» [; =6 and L, =5.

Thus, S(Mll):2~(6+4)-14:280,S(M]Z):2-(5+2)-8:112 ,
whereas S(M3)+ S(M4)=240+180=420 (as in FSM U;).

In this case, the system (6) has H, =4 terms. Thus, there can
be found areas S(Ms)=2-4-4=32 and S(Mg)=4-2=8. For
implementation of matrices M; and My, it is necessary to
generate system (2). For example, yj=A4A,Vv A4V Asv Ay.

Implementation of the obtained systems of equations is a trivial
task and, as such, is not considered in this paper.

The analysis shows that the proposed method allows finding the
most efficient decision. Let us note that this conclusion remains valid
for 83 % FSMs presented in [4] as standard examples for comparison
of various synthesis methods. The models U, and U3 were the most

efficient for 11% and 6% examples from [4], respectively.

4. Conclusions

The offered method has two advantages. Firstly, the decrease in the
number of terms in the system of Moore FSM input memory
functions to that of the equivalent Mealy FSM is guaranteed.
Secondly, using two sources of state codes allows reducing
complexity of the state code transformer circuit (in comparison with
the circuit with one source). In addition, decomposition of the
transitions table in two sub-tables allows decreasing complexity of the
circuit of forming terms of the excitation function system. It is
connected with reduction in the number of the logical conditions
defining terms for each sub-table in comparison with the known
methods of implementation. The method is ineffective only at
approaching the result of optimum state coding to two extreme points.

In the first case all classes are represented as a single generalized
interval. Thus, the least area of implementation is ensured using the
model U, . In the second case all classes of pseudoequivalent states

are liable to transformation. Meanwhile the model Uz is more
efficient. Though it has been found that models U, and Uj are better
than model U, only for 17% of test examples from [4].

The further direction of our research is connected with application
of the proposed method for the cases when FSM logic circuits are
implemented using standard elements such as CPLD and FPGA.
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