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Abstract

Method of decrease of number of PAL macrocells in the circuit of Moore
FSM is proposed. Method is based on usage of free outputs of embedded
memory blocks to represent the code of the class of the pseudoequivalent
states. Proposed approach permits to decrease the hardware amount
without decrease of digital system performance. An example of application
of proposed method is given.

Keywords: Moore finite-state-machine, PAL macrocells, CPLD,
embedded memory blocks, flow-chart of algorithm.

Optymalizacja skonczonych automatéw
Moore’a w uktadach CPLD

Streszczenie

W pracy przedstawiona zostala metoda zmniejszania ilosci makro-
komoérek w uktadach typu PAL przy pomocy automatéow Moore’a FSM.
Metoda ta jest oparta na wykorzystaniu nieuzywanych wyjs¢ osadzonych
obszaréw pamigci w celu reprezentacji kodu klasy pseudo-réwnowaznych
standw. Zaproponowane podejscie pozwala zmniejszy¢ ilos¢ wymaganego
zuzycia sprzgtowego bez zmniejszenia wydajnosci systemow cyfrowych.
Podany réwniez jest przyktad aplikacji zaproponowanego rozwiazania.

Stlowa Kkluczowe: automat Moore’a, PAL makro-komérka, CPLD,
wbudowany blok pamigci, schemat blokowy algorytmu.

1. Introduction

A control unit is very important block of any digital system, its
function is coordination of other blocks interplay [1, 7]. A model
of Moore finite-state-machine (FSM) is used very often to
represent the control unit [5, 6]. The current state of
microelectronics permits to implement a complex digital system
using single chip of the “system-on-a-chip” (SoC) type [11, 12].
An arbitrary logic of a digital system can be implemented using
PAL (programmable array logic) macrocells of SoC, if they used
CPLD (complex programmable logic devices) approach [8]. The
tabular functions can be implemented using embedded memory
blocks of the SoC [5]. One of actual problems is decrease of the
hardware amount in the logic circuit of control unit [6].

The solution of this problem permits to decrease the chip area
occupied by circuit of control unit and it gives the potential
possibility to increase the amount of digital system functions
inside single chip. The peculiarities of both PAL macrocells and
model of control unit should be taking into account to solve this
problem [5]. The peculiarities of PAL are wide fan-in of
macrocells and very limited number of terms per macrocell
[10, 12]. The peculiarities of Moore FSM are existence of
pseudoequivalent states and regular character of system of
microoperations that permits its implementation using embedded
memory blocks [2, 3]. In this article we propose the method of
optimization of the amount of PAL macrocells in the logic circuit
of Moore FSM using the above mentioned peculiarities.

2. Background of Moore FSM design

Let control algorithm of digital system is specified by
flow-chart of algorithm (FCA) [6] ' =T ( B, E ), where B = {b,,
b} UEUE, is set of the vertices and E is set of the edges. Here by
is initial vertex, bg is final vertex, E| is set of operational vertices,
E, is set of conditional vertices. The vertex b, € E; contains
a collection of microoperations ¥(b,) — ¥, where ¥ = {yy, ..., yn}
is set of microoperations of data-path [7] of digital system. The
vertex b, € E, contains a logic condition x, € X, where X= {x|, ...,
x.} is set of logic conditions (flags) [1]. The initial and final
vertices of FCA correspond to initial state a; € 4, where 4 = {a;,
..., ayry 1s set of internal states of Moore FSM. Each operational
vertex b, € E; corresponds to unique state a,, € 4 and collection
Y(b,) = Y(a,). The logic circuit of Moore FSM U, set up by
systems of Boolean functions:

O=0(TX), (M
Y=Y(T), )
where T = {T), ..., Tg} is set of internal variables to encode the

states a,,€4, R = JlogyM [; ® = {D,, ..., Dy} is set of excitation
functions of the FSM memory.
The structural diagram of Moore FSM U, is shown in Fig. 1.

cc RG CMO ——
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Fig. 1. Structural diagram of Moore FSM U,
Rys. 1. Struktura diagramu Moore’a FSM U,

Here combinational circuit CC forms functions (1), which are
the excitation functions of D flip-flops of register RG. Circuit
CMO forms microoperations (2). The pulse Start is used to load
the code of initial state into RG, pulse Clock is used to change the
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content of RG from code K(a,) of current state a,,€4 to code
K(as) of the next state ageA. In case of CPLD-based SoC circuit
CC is implemented using PAL macrocells and circuit CMO is
implemented using embedded memory blocks [12].

The base to form the systems (1)-(2) is the direct structural table
(DST) [7] with columns: a,, is current state of FSM; K(a,,) is code
of current state having R bits; ag is state of transition, K(ag) is code
of this state, X, is conjunction of some elements of the state X (or
their complements), that causes transition <a,, as>;, @, < Dis
collection of excitation functions that are equal to 1 to switch RG
from K(a,) into K(as); h is a number of transition (h = 1, ..,
H\(I')). The column a,, contains the collection Y(a,,) C Y.

As a rule, the number of transitions H(I') exceeds the number
of transitions Hy(I') of equivalent Mealy FSM [2]. It leads to
increase of the amount of PAL macrocells (hardware amount) and
sometimes number of levels in the circuit CC of Moore FSM in
comparison with these characteristics of equivalent Mealy FSM
[5]. The value H{(T') can be decreased by taking into account the
existence of pseudoequivalent states of Moore FSM [1]. The states
a,, aseA are pseudoequivalent states, if the outputs of
corresponding operational vertices are connected with the input of
the same vertex of FCA T'. Let 1, = {B), ..., B;} is partition of the
set A by the classes of pseudoequivalent states (/ < M). Let us
encode the class B;ell, by binary code K(B;) with R; = Jlogy/ [
bits. Let us use the variables 7.7 for such encoding, where
|7 =R

In this case special code transformer TC can be introduced into
circuit of U;. It forms the codes K(B;) on the base of the codes
K(a,,), where a,, eB,. Now circuit CC forms functions

O=d (1, X), 3)
and circuit TC forms functions
t=1(T). “4)

The circuit TC is implemented using embedded memory blocks
of SoC [5].

It is proved, that system (3) has Hy(') terms [2]. But such
approach has one drawback: it consumes additional resource of
embedded memory blocks to implement the circuit of TC.

In this work we propose the design method that permits to
decrease the hardware amount in the circuit CC without code
transformer. The proposed method is based on the following
peculiarities of CPDL [8, 10, 12]:

- the fan-in of PAL macrocells exceeds significantly the maximal
possible number of literals in the terms of the system (1), that is
equal to L+R;

- the number of outputs of embedded memory block can be
chosen from some restricted area {1, 2,4, 8 }.

3. Main idea of proposed method

Let #r is fixed number of outputs of the embedded memory
block and let ¢ is amount of its words, if 7= = 1. The value 7 for
FSM U, is determined as

tr=1q/ M. (5)

The total amount of the outputs zg of all embedded memory
blocks in the circuit CMO is determined as

ts=1N/tp[ * 1 (6)

In this case
A =ts—N (7)

outputs are not in use to represent the microoperations y, €Y.
Let us represent the set 1, as [1, = [1z U I1¢, where B; € I3,
if condition
|Bil > 1 ®
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holds, and B; € I, if condition (8) is violated. It is clear that
block TC should forms only the codes of the classes B; € II. Let
us encode each class B; € 1 by binary code K(B;) with

Ry=llogy (M, + 1) ©)
bits, where |M,| = I1z and “1” is added to indicate the case, when
B;¢I1p. Let us use the variables z,.eZ for such encoding, where
|Z| = R,. Let us discuss the case, when condition

AR, (10)

holds. In this case FCA T" can be interpreted by proposed Moore
FSM U, (Fig. 2).

R .

X J cc ® | Re T . cmoc y
_stant |
Clock
Fig. 2.  Structural diagram of Moore FSM U,
Rys.2. Struktura diagramu Moore’a FSM U,
Here circuit CC forms functions
O=0(T,ZX), an
circuit CMOC forms functions (2) and functions
Z=Z(T). (12)

The variables 7,eT represent the codes K(a,,), where a,,€B; and
B;eIlc. Such approach permits to decrease the number of terms in
the system @ up to H,(I') and number of embedded memory
blocks are equal for both CMO and CMOC. As we can see, circuit
U, does not include TC. The number of inputs in the PAL
macrocells of U, is increased up to L+R+R,, but it does not affect
the hardware amount in the circuit CC in comparison with Moore
FSM with TC. The cycle time of both U, and U, is the same in the
worst case. In the best case, if circuit CC of U, has less levels,
than circuit CC of U, the time of cycle of U, is less, that time of
cycle of U,. Therefore, the proposed approach permits to decrease
hardware amount without decrease of digital system performance.

The method of design of logic circuit of U, differs from design
method of U; [6] only in some details. They are connected with
estimations of values (7), (9), (10) and construction of modified
DST (MDST) to form the functions (11). Let us discuss an
example of design of Moore FSM U,(I'y), where symbol U(T) stays
for interpretation of FCA T'; by Moore FSM with structure U;.

4. Example of proposed method application

Let control algorithm of a digital system is represented by
marked FCA I'}, where M = 16. Let FCA T'; is set up by system of
formulae of transitions [6], where vertices b, € E, are replaced by
corresponding states a,, € 4:

a) 2 @y, ay P az; a; P ag; ays P dig; dig P Ay,

as > X1Xoas V X]/Xzas \ /X]Xj,aé \ /XI/X307;

dy, ds, dg > X3XqagV X3/X4£19 \ /X3X5(110 \ /X3/X5a7;

ag, ag, ayg > X4X3d1; V X4/X3a12 V [X4Xsa13 V X4/X5a14;

ap, A, Az, A= ags. (13)

It is follows from (13) that M =16, R = |T] = |®| =4, [1, = {B;,
...» Bo}, where By = {a}, B, = {a2}, Bs = {a3}, B4 = {ay, as, a},
Bs = {a7}, Bs = {as, as, ao}, By = {a11,a12, a13,a14}, By = {ais},
By = {ajs}. Let N = 14, tr = 4, it means ¢ = 64. An analysis of T1,
gives us HB = {B4, B(,, B7} and HC = {B|, Bz, B3, BSa Bg, Bg}
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Therefore, M; =3, R, = |Z] = 2 as it follows from (9). The condition
(10) holds and application of proposed method has sense.

Let microoperations y, € Y are distributed among the states of
FSM in the following order: Y(a)) = &, Y(a) = Y(ag) = {1, v3}»
Y(a3) = Y(ai6) = {2, Vs> Y6} Yas) = Y(ag) = Y(ain) = {y1, ¥, ¥s}»
Yas) = {3, ¥s5, ¥o}, Y(a7) = {10 y11}, V@) = {12, yia}, Yaw) =
W Y13, Yias Yan) = Yais) = (v, iz}, Yaz) = 7, yo}, Y(aw) =
{»2, y12}. Let us encode the classes B; € Ilg in the following
manner: K(B;) = 01, K(B¢) = 10, K(B;) = 11. The code <00>
corresponds to all blocks B; € Il¢. Let states of FSM are encoded
in a trivial way: K(a;) = 0000, ..., K(a;g) = 1111. Let code K(B;),
where B; € I, is equal to code K(a,,), where a,, € B;.

To form the MDST of Moore FSM U, the states a,, €B; should
be replaced by classes B;ell, in the left parts of all formulae of
transitions. Such transformation of the system (13) leads to system
(14):

B| > ay, B2 > as, B3 > X1 Xoau V X]/Xz(l5 \" /X]Xj,aé \ /X]/X3a7;
B, > X3Xgag V X3/X4(19 Vv /X3X501() \ /X}/X5a7;

BS > ag, B() > X4Xzay VvV X4/X3(1|2 v /X4X5@]3 \% /X4/X5(114;

879 a15;389a16;B99a1. (14)

The MDST includes the columns: B;, K(B;), K(a,,), as, K(as), Xj,
@,, h. In case of Moore FSM U,(I'y) this table has UyT';) = 18
lines. The first 6 lines of MDST are shown in Table 1.

Tab. 1. Fragment of MDST of Moore FSM U,(T'y)
Tab. 1. Fragment tabeli MDST Moore’a FSM U(I'y)

B; K(B)) K(an) ag K(as) Xh D, h
B, 00 0000 a 0001 1 Dy 1
B, 00 0001 a3 0010 1 D; 2
B; 01 - ay 0011 X1Xa D;D, 3
as 0100 X1/X5 D, 4
ag 0101 /X1X3 D,D, 5
az 0110 /X1/X3 D,D; 6

This table is the base to form the system (11). For example,
from Table 1 we can get the part of disjuntional normal form of
excitation function Dj, where

Ds;= /Z] /Zz/Tl /TQ/T3 s /Z]ZzXIXZU /Z] Zz/xl /X3.

The PAL implementation of the function Ds is shown in Fig. 3.

L % X x, x T, T, T

vIVIVYIY[YIYIYIY

Fig. 3. Implementation of function D;
Rys. 3. Implementacja funkcji Ds

The table of CMOC includes the columns a,, K(a,), Y(a,),
K(B)), m. It is formed in a trivial way and in case of FSM U,(T")) it
has M= 16 lines. The first 8 lines are shown in the Table 2.

Tab. 2. Fragment of table of CMOC of Moore FSM U,(T'})
Tab. 2. Fragment tabeli CMOC Moore’a FSM Uy(T'))

ag K(am) Y(am) K(By) m
a, 0000 - 00 1
a 0001 y1¥3 00 2
a3 0010 Y2Y4¥s 00 3
ay 0011 Y1y7ys 01 4
as 0100 Y3Y¥sY9 01 5
ag 0101 y1¥3 01 6
a; 0110 YioYui 00 7
ag 0111 Y1y7ys 10 8

In case of Uy(I')) this table has N + R, = 16 outputs, each output
corresponds to single bit of the output word of embedded memory
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block. The code K(a,,) is treated as an address of embedded
memory block word with one-hot codes of microoperations [3]
and maximal codes of the classes B; € I1,. To implement the
systems (2) and (12) it is enough

nu=1N/tr[ (15)

blocks embedded memory block with ¢ > M. In case of U,(I';) we
have 1, = 3.

The implementation of logic circuit of Moore FSM U, is
reduced to implementation of system (11) using PAL macrocells
and implementation of systems (2) and (12) using embedded
memory blocks. There are effective methods of these tasks’
solution [10,12], but they are out the scope of our article.

5. Conclusion

Experiments were performed using probability based method,
which is presented in [4]. Because the actual experiment is quite
complicated, it is beyond the scope of this article. The proposed
method permits to decrease the amount of PAL macrocells in the
circuit that forms excitation functions of FSM memory. The
researches of the authors show that this decrease is proportional to
coefficient

n=H\(I')/Hy(TI"). (16)

Let us point out that value Hy(I) is equal to the number of
transitions of equivalent Mealy FSM. The application of proposed
method is possible only, if condition (10) holds. Our researches
shown that in this case the hardware amount in the circuit of FSM
U,(T") can be up to 26-28% less, than in circuit of FSM U, (I'). The
main direction of the future research is comparison the proposed
methods with known methods from [9, 10, 12, 13].
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