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Abstract

Method of decrease in the number of PAL macrocells in logic circuit of Moore
FSM is proposed. The method is based on simultaneous application of refined
state assignment and transformation of the codes of pseudoequivalent states into
codes of their classes. The proposed approach permits to decrease the hardware
amount without decrease of digital system performance. The results of
experiments are shown.
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Streszczenie

W pracy przedstawiona zostala metoda zmniejszania ilo$ci makro-komorek
w uktadach typu PAL przy pomocy automatow Moore’a FSM. Metoda ta
bazuje na wykorzystaniu wyznaczonych standéw i przeksztatceniu kodu klasy
pseudo-rownowaznych stanéw w odpowiedni kod danej klasy. Zaproponowane
podejscie pozwala zmniejszy¢ ilos¢ wymaganego zuzycia sprzgtowego bez
zmnigjszenia wydajno$ci systeméw cyfrowych. Podany réwniez jest przyktad
aplikacji zaproponowanego rozwiazania.

1. Introduction

Control unit of any digital system can be implemented of Moore
finite-state-machine (FSM) [1]. Rapid evolution in semiconductor
technology has resulted in appearance of sophisticated VLSI such
as complex programmable logic devices (CPLD) where logic
functions are implemented using programmable array logic (PAL)
macrocells [2,3,4]. One of the issues of the day in case of FSM
implementation using CPLD is decrease in the number of PAL
macrocells in logic circuit of control unit [S5]. A proper state
assignment [6] can be used to solve this problem. Let us point out
that such characteristics of FSM as cost/area, power consumption
and maximum frequency depend heavily on this step outcome.
Because of their importance, state assignment methods are
continually developed. There are effective methods based on
symbolic minimization [7,8,9], genetic algorithms [10,11] and
other heuristics [12,13]. In this article we propose some method of
decrease in the number of PAL macrocells where state assignment
is oriented on optimization of microoperation block of FSM.
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Block of input memory functions is optimized due to
transformation of the codes of pseudoequivalent states [12] into
codes of their classes and use of wide fan-in of PAL macrocells
[14,15].

2. Background of Moore FSM

Let Moore FSM is represented by structure table [1] with the
columns: a,, is a current state, a,, € 4, where 4= {al,...,aM}

is a set of internal states; K(a,, ) is a code of state a,, having
R= |—Iog2 M—| bits; ag is a state of transition; K(ag ) is a code
of state ag € 4; X, is a conjunction of some elements of the set
of logical conditions X (or their complements) determining the
transition <am,as> where X = {x;,..,x; }, @} is a collection of
input memory functions from set @ = {D 7o D R} which are
equal to / to switch the automaton memory from K(a,,) into
K(ag); h=1, ...

contains collection of microoperations Y(am)gY, which are

, H is number of line. The column a,,

generated in the state a,, € 4, where ¥ = {yl,..‘,yN } . Such table
determines Moore FSM U; shown in Fig. 1.

X
Block of Input CD . T Block of Y
Memory RG . Y S
F . Microoperations
unctions
Start
Clock

Fig. 1. Structural diagram of Moore FSM U;
Rys. 1. Struktura diagramu Moore’a FSM U

In case of U;, block of input memory functions (BIMF)
generates functions

@=0(T, X) )
and block of microoperations (BMO) generates functions
Yy =Y(T). 2)

Here T = {T LT R} is a set of state variables used to encode
the states a,, € 4. Pulse Start is used to load the code of initial
state a; € 4 into register RG. Pulse Clock causes change of RG

content.
The hardware amount in logic circuit of FSM U; can be

decreased using one of the following state assignment approaches
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[2,12]. In the case of optimal state assignment [2] classes of
pseudoequivalent states are represented by generalized intervals of
R-dimensional Boolean space. It decreases the number of terms in
system (1) up to the number of transitions of equivalent Mealy
FSM. Let us remind that states a,, a; € 4 are pseudoequivalent
states if identical inputs result in identical next states for both a,,
and a,. In the case of refined state assignment [12] each
microoperation y, €Y is represented by generalized interval of
R-dimensional Boolean space. It decreases the number of terms in
system (2) up to N . In both cases, such well-known method as
ESPRESSO [6] can be used for state assignment. Obviously, it is
impossible to apply both methods simultaneously. It means that
hardware amount can by decreased either for BIMF, or for BMO.
In our article we propose some method allowing hardware
decrease for both combinational blocks of Moore FSM U, .

3. Main idea of proposed method

Let 77, ={BI,...,B,} be a partition of the set 4 by the
classes of pseudoequivalent states. Let /7 4 =11 U [1-, where
B, elly if |Bi|22 and otherwise B; € [1-. Let us encode

classes B; € [1p by binary codes K(B;) using
R; =[log, 1] 3)

variables 7, €7, where Ip =|]7 B| . Due to wide fan-in of PAL

macrocells [3,4], it is possible to use more than one source of state
code for block of input memory functions [14,15]. It makes
possible Moore FSM U, shown in Fig. 2

L

Block of QJ
Input RG T Block of Y
X Memory Microoperations
Functions

M Block of Code

Clock Transformer
T

T

Fig. 2. Structural diagram of Moore FSM U,
Rys. 2. Struktura diagramu Moore’a FSM U,

In FSM U, , BIMF implements functions
@ =2(T,7,X), “)

block of code (BCT) codes of
pseudoequivalent states a,, € B; into codes of the classes K(B;).

transformer transforms

To do it, BCT generates functions
r=7(T). )

The refined state assignment allows decrease of the numbers
of PAL macrocells in both BMO and BCT.

Let control algorithm to be interpreted is represented by
graph-scheme of algorithm [1]. In this case proposed design
method includes the following steps:

1. Construction of Moore FSM transition table (without

codes of states).
2. Construction of partitions /7 4, /15 and /7.

3. Encoding of the classes B; € [Tp.

4. Refined state assignment minimizing the total number of
terms in systems (2) and (5).

5. Construction of transformed structure table where current
states a,, € B; are replaced by corresponding classes
B;jell, and K(a, ) are
corresponding codes K(B; ) .

6. Construction of table for block BCT and system (5).

codes replaced by

7. Construction of systems (2) and (4).
8. Implementation of Moore FSM U, logic circuit using

systems (2), (4) and (5) and some CPLD chips.

4. Example of proposed method application

Let some Moore FSM §; is represented by its structure table,

from which the following information can be obtained: M =13,
N=8, [1,=1{B;,..B,;}, where B;=1{a;}, B,=1{as,a;},

By ={a,}, By=las.as.a;}, Bs=lag.ap}, Bs=laj} and
B7:{a”,a12,a13}. Let system (2) be represented as the
following one:

Y]=A4\/A8\/A9\/AI(); Y2=A5\/A”;
Y3 =A2\/A3VA]2§ Y4:A6\/A7VA8;
Ys =A3VA7\/A8\/A]I; Y6:A3VA7;

Y, =AyvAg v Ajg; Ys=A3v A7 v 455, (6)

In this system variables A,, correspond to conjunctions of state
T.eT K(a,,)
(m = IM) Let transitions for classes B,,B; € [T, are the

variables determined by state codes

following ones:

By — x3ay V)_c3x4a7 V)_c3)_c4a6 3

B3 > ag. )

In discussed case R=4, T = {TI,...,T4} , @= {DI,...,D4}.
Using the algorithm ESPRESSO [6] the following refined state
assignment can be obtained in case of Moore FSM S, (Fig. 3).

T4
60 o1 11 10

TiTz
o al aZ * a4
o1 a5 * a() al 0
" al 1 a3 a7 aX
0las|a, * |4

Fig. 3. Refined state assignment for Moore FSM S,
Rys. 3. Stany automatu Moore’a FSM S,

Using these codes and insignificant state assignments marked
by *, we can transform the system (6) into the following system:

Y1=T3;4;Y2 =T2T3?4;Y3 =;3T4;
Yy=T3Ty v TT3;Ys =TT ;

Ys =TyT>Ty:Y; =T T3 Yg =TiTy. (8)

In practice, each PAL macrocell has not less than 8 inputs [3,4].
It means that each function from (8) can be implemented using
only one macrocell. Obviously, there is no solution with less
hardware amount.

An analysis of Fig. 3 shows that the codes K(ag) and K(ay)
belong to single generalized interval of Karnaugh map. It means
that class Bs € /1y, because states ag,ag € Bs . Thus, there are
the partitions /75 ={B,, B;,Bs,Bs}, I1c=1{B;,B; B;}, it
means that /o =3, R, =2 and 7={r;,7,}.

B; ell- can be encoded using algorithm
ESPRESSO [6], but in our simple case they can be encoded in the

The classes
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following way: K(B,)=01, K(B,)=10, K(B;)=11. Let us
point out that code 00 is used as a pointer that B; ¢ /7.

Transformed structure table of Moore FSM includes the
following columns: B;, K(Bi), ag, K(as), Xy, @, h.In
our case the following part of this table (Table 1) correspond to
system (7).

Tab. 1. Fragment of transformed structure table for S;
Tab. 1. Fragment tabeli z przeksztatceniem dla S;

Bi | KB) | K(am) | K(as) | X, @y h
B, | 10%%%% | _ | 0010 | x, D, 1
1111 /X3X4 D]D2D3D4 2
0111 /X3/X4 D2D3D4 3
B; | 00001* | 0001 1010 1 D,Ds 4

In this table the first R; bits in column K (B,-) correspond to
variables 7, € 7 and the last R bitsto 7. €T . If 7, =7, =0,
then register RG is a source of the codes K (B,«) . Otherwise, these

codes are taken from block BCT. From this table we can get
system (4). For example, Table 1 gives the following equation:

D, =t;72x3xy v;1;2717"2T3.
Table of BCT includes the columns a,,, K(am) , B;, K(B,-) ,

t,,, m . Here the column 7, includes variables 7, €z, which

m o
are equal to / for code K (Bl-) from m-th line of the table. In our
case table of BCT includes /,, =7 lines (Table 2).

Tab. 2. Table of block BCT for Moore FSM S,
Tab. 2. Fragment tabeli BCT Moore’a FSM S

m | K@w) | B | KB) | tw | m
2 0001 B, | 10 7 1
a3 1101 2
as 0100 B, 01 T 3
2 0111 4
a 1111 5
ar 1100 B7 11 TTy 6
an 1001 7

This table is used for construction of system (5). For example
the following equation can be derived from Table 2:

r, =T3TyvT,T,T3.
Implementation of logic circuit for Moore FSM U, is reduced

to implementation of systems (2), (4) and (5) using some standard
package [3,4].

5. Conclusion

The proposed method is based on use of transformation of state
codes into codes of the classes of pseudoequivalent states of
Moore FSM. It is oriented toward decrease in the number of terms
in each from the input memory functions. In the same time it
allows application of refined state assignment leading to hardware
amount decrease for blocks of microoperations and code
transformation. Our experiments show that proposed method
always produces logic circuits with fewer amounts of PAL
macrocells than any known methods for Moore FSM design.

Let us point out, that decrease in hardware amount is very often
connected with decrease in combinational circuit levels. It results
in decrease of FSM cycle time and, therefore, increase of its
performance. Because code transformation is executed in the same
time when system data-path executes some operation, it does not
lead to slowing down of digital system operation.

Our future research is connected with exploration of possibility
for the proposed method application when a control unit is
implemented using technology of FPGA. In this case we are going
to use some standard benchmarks from [16].
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