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Abstract

A new two-stage method of FSMs synthesis for PAL-based CPLD is
proposed. It is based on both the wide fan-in of PAL cells and existence of
the classes of pseudoequivalent states of Moore FSM. The first step targets
decreasing for the number of PAL cells used for implementing the input
memory functions. The second step targets decreasing for the number of
PAL cells in the block of microoperations. An example of application of
the proposed method is given, as well as, results of experiments carried out
for standard benchmarks.
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Synteza skonczonych automatéw stanéw
z wykorzystaniem pseudorownowaznych stanéw

Streszczenie

W artykule przedstawiono metody syntezy mikroprogramowalnego uktadu
sterujacego z uzyciem wbudowanych blokow pamigci. Metody sa ukie-
runkowane na zmniejszenie rozmiaru ukladu sterujacego poprzez zastoso-
wanie transformacji kodéw klas pseudoréwnowaznych w pamigci. Podej-
Scie takie pozwala uzyskaé uproszczong forme¢ funkcji przejscia czesci
adresowej uktadu, dzigki ktéremu mozliwa jest redukcja zasobow sprzg-
towych potrzebnych do implementacji jednostki sterujacej w uktadach
programowalnych typu CPLD bez zmniejszenia wydajnosci systemu
cyfrowego. W artykule zamieszono wprowadzenie teoretyczne, przyktad
oraz wyniki badan uzyskanych podczas syntezy testowych sieci dziatan.
Stowa kluczowe: automat Moore’a, Synteza logiczna, CPLD

1. Introduction

The overwhelming majority of digital systems include a control
unit responsible for interplay of all other systems’ blocks [1]. In
many practical cases, the model of Moore finite state machine
(FSM) is used for representing a control unit [2]. Nowadays, two
families of programmable logic devices are used mostly for im-
plementing logic circuits of FSMs: the field programmable gate
arrays (FPGA) and the complex programmable logic devices
(CPLD) [3]. As a rule, FPGAs are used for implementing rather
complex FSMs, whereas CPLDs target fast FSMs [4,5].
The majority of CPLD are based on PAL cells connected with
programmable flip-flops [6,7]. Each cell can be viewed as ¢ s-
input AND gates connected with an OR gate. The general model
of the PAL — based cell is shown, for example, in [5].
The number ¢ determines the upper limit for product terms to be

implemented by a cell. This value is rather small, and ¢ <6 in the
most common cases [6,7]. Obviously, Boolean functions having
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more than ¢ terms in their sum-of-products (SOP) forms need

more than one cell for implementation. In the case of functions
with more than ¢ terms, the decomposition methods should be

applied [8,9,10]. It leads to increasing for the number of circuit
layers and, therefore, for the total delay of the resulting circuit’s
performance. To avoid this negative effect, it is important to de-
crease the numbers of terms in SOP of Boolean functions repre-
senting an FSM circuit. The next specific of PAL cells is their
wide fan-in (the number of cell inputs S > 20 ) [6,7].

2. Theoretical background
Let the control algorithm of a digital system be specified by a
GSA I'=(B,E), where B={b,,b,} UE , UE, is a set of the

vertices and E is a set of edges. Here b, is an initial vertex, b, is
a final vertex, E, is a set of operational vertices, and E, is a set
of conditional vertices. The logic circuit of the Moore FSM U, is
represented by the following systems of Boolean functions:
O=9(T,X), @)
Y=Y(T), @)
where T ={T,,...,T,} is a set of internal variables encoding the
states a, € A, ®={D,,...,D,} is a set of the FSM input memory
functions. The value of R is determined as
R=[log, M, 3
where (a—| is a minimum integer not less than « . The structure

diagram of Moore FSM U, is shown in Fig. 1.
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Fig. 1. Structure diagram of Moore FSM U,
Rys. 1. Schemat blokowy automatu Moore’a FSM U,

Let us consider a GSA I, (Fig. 2a) marked by the states of

Moore FSM using the rules [1].
a).

Start )a,

Fig. 2. [Initial GSA 1, (a) and corresponding state transition graph (b) of Moore FSM
Rys. 2. Sie¢ dziatani rq (a) graf (b) automatu Moore’a

The Moore FSM U,(I',) has the following characteristics:
Az{al,...,aé}, M=6, Xz{xl,xz,x3}, L=3, Yz{yl,...,y4},
and N =4.The FSM U, (I) can be represented by a state transi-
tion graph (STG) shown in Fig. 2b. This STG has U (I})=11
edges. Each edge corresponds to one row of the structure table [1].



In turn, each row of the structure table determines up to R product
terms in the system (1). So, it is important to diminish the number
ofrows, H,(T') . The states a,,a, € A are pseudoequivalent states

if identical inputs result in identical next states for both
a,,a,€ A. This is possible if the outputs of the operational verti-

ces marked by these states are connected with the input of the
same vertex of the GSA T [3]. Let IT, ={B,,...,B,} be a partition

of the set 4 by the classes of PSs(/ < M) .

In the case of FSM U, (T}), the partition IT, = {BI , 82,33} can be
found, where B, ={al}, B, ={a2,a3,a4}, and B, ={a5,a6}. Let us
replace the states g, € B, by blocks B,eIl, having M, :|B,-|

inputs. It allows transforming an initial GSA T into a block GSA
B(I') . The block GSA B(I) is shown in Fig. 3a. Obviously, the
initial STG of Moore FSM can be transformed, too. To transform
an STG, the vertices corresponding to a, € B, should be replaced

by a single vertex B,eIl,. Let us name the resulting STG as a

block transition graph (BTG) (Fig. 3b). This graph determines a
reduced structure table (RST) of Moore FSM.
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Fig. 3. Block GSA B(r) (a), block transition graph of Moore FSM U () (b) and
state transition graph of Mealy FSM Uy(r;) (c)
Rys. 3. Blok GSA B(ry) (a) blok potaczen automatu Moore’a (b) graf automatu
Mealy’ego (c)
Let us point out that there are only two states in the Mealy FSM
U,T,) (Fig. 3c). The comparison of graphs Fig. 3b and Fig. 3c
allows finding the following relations:
I=M,+1],
H,=H,+1.
In (4), M, is the number of states for Mealy FSM U (I}),
whereas H, is the number of edges for BTG B(T) .
Therefore, the replacement of internal states of Moore FSM by the
classes of PS leads to diminishing for the number of product terms
in the system (1) up to H, = H,, . It can result in decreasing for the
number of PAL cells in the logic circuit of BIMF.
Two methods can be used for representing the classes B, eIl

“)

[6]: optimal state assignment, transformation of the codes of states
into the codes of classes of pseudoequivalent states.
In the first case, the states @, € 4 are encoded in such a way that

the codes of the states a,e€ B, (i=1,...,I) belong to a single

generalized interval of the R-dimensional Boolean space. This
leads to a Moore FSM U, that has the same structure as the Moore
FSM U,. The algorithm from [11] can be used for such a state
assignment. In the case of U,(I), there are R=3 and

T= Z,TZ,T3}. One of the possible variants of state assignment
(optimal encoding) is shown in Fig. 4.
As follows from Fig. 4, the class B, is determined by the interval
*00, the class B, by **1, and the class B, by *10. These
intervals are treated as the class codes.
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Fig. 4. Optimal state codes for Moore FSM U(r;)
Rys. 4. Kodowanie stanéw automatu Moor’a Uy(ry)
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But such an encoding is not always possible [10]. In the second
case, the classes B,eI1, are encoded by the binary codes K(B,)

with R, = ﬁog2 1 —| bits. The variables 7, € 7 are used for such an
encoding, where |T| = R, . This approach leads to a Moore FSM U,
(Fig. 5) including a block of code transformer (BCT).
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Fig. 5. Structure diagram of Moore FSM Us without dotted line, U; with dotted line
Rys. 5. Schemat blokowy automatu Us bez linii kreskowanej, U4 z linig kreskowana
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In the FSM Us, the BIMF generates the functions

D =P(7,X) ®)
and the block of code transformer implements the functions
7=7(T). (6)

The number of transitions of Moore finite-state-machine Us is
equal to H,(I'). The drawback of FSM Uj is the existence of

BCT that consumes additional resources of a chip (in comparison

3. Conclusion

In this article, the design method is proposed targeting Moore
FSM logic circuit and PAL-based CPLD chips. The proposed
method is based on the wide fan-in of PAL cells, as well as on the
existence of pseudoequivalent states of Moore FSM. The main
idea of proposed method is using two sources of codes of the
classes of pseudoequivalent states.
Our strategy is oriented towards the area optimization. The posi-
tive back effect of the proposed method is possible decrease for
the number of layers of PAL cells in the FSM logic circuits. But
we did not research this property of the proposed method. The
method includes two stages. First of all, the optimal state assign-
ment is executed based of JEDI approach. Next, the codes are
rearranged to optimize the number of cells in the circuit imple-
menting the system of microoperations. We called the second
stage as “the refined state assignment”.
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