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REDUCING THE NUMBER OF PAL MACROCELLS IN MOORE FSM

A method of Moore’s circuit optimization is proposed. The method is based on the features of
CPLD architecture and Moore’s FSM model. The example of the offered method is given. The car-
ried out researches have shown that the method reduces hardware expenses up to 30%. The scien-
tific novelty of the proposed method is reduced to usage of peculiarities of both the Moore FSM
(the existence of pseudoequivalent states) and CPLD (the wide fan-in of PAL macrocells). These
peculiarities are used for decreasing the number of PAL macrocells in the Moore FSM’s logic
circuit. The practical meaning of the proposed method is determined by the diminishing the area of
SoC occupied by the logic circuit of a control unit in comparison with known approaches.
Keywords: Moore FSM, pseudoequivalent states, SoC, CPLD, PAL, macrocells.

Introduction. The systems-on-chips (SoC) are widely used for implementing digital systems.
Using this basis allows implementing a complex digital system using only a single chip [2]. Two
main elements can be found in CPLD-based SoC, namely, macrocells of programmable array logic
(PAL) and embedded memory blocks (EMB). The macrocells are used for implementing random
logic, whereas the EMBs for implementing tabular functions [3].

Control units (CU) are very often implanted as parts of SoC [4, 5]. These devices are very
important because they coordinate the interplay of all other system blocks. The model of Moore
finite state machine (FSM) is very popular for synthesis of CUs [6]. To improve many characteris-
tics of a digital system, it is necessary to optimize the number of PALs in the FSM’s logic circuit.

To solve this problem, it is necessary to take into account the specifics of both the Moore
FSM and a complex programmable logic device (CPLD) used for implementing a CU. Two pecu-
liarities of Moore FSM can be used for the pseudoequivalent states [7]. A regular nature of output
variables (microoperations) is the second specific. It allows using EMBs for implementing the
system of microoperations [3]. The main specific of CPLD is a wide fan-in of PAL macrocells
(up to 30) [8]. Also, the limited amount of product terms let a macrocells should be taken into
account  (up  to  8)  [4].  The  aim  of  research  is  the  reduction  of  the  number  PALs  into  the  Moore
FSM’s logic circuit. The main task of the research is development of synthesis method using more
than one source of state codes.

Peculiarities of Moore FSM. Let a control algorithm of a digital system be represented by a
graph-scheme of algorithm (GSA) )E,B(G=G  where 21E0 EE}b,b{B ÈÈ=  is a set of vertices,

}Bb,b|b,b{E tqtq Î><=  is a set of arcs. Here 0b  is a start vertex of GSA, Eb  is an end vertex,

1E  is a set of operator vertices, 2E  is a set of conditional vertices. Operator vertices 1q Eb Î  con-
tain collections of microoperations Y)b(Y q Í where }y...,,y{Y N1=  is a set of microoperations
[9]. Conditional vertices 2q Eb Î  include elements of the set of logical conditions }x...,,x{X L1= .

Both vertices 0b  and Eb  correspond to the initial state Aa1 Î , where }a...,,a{A M1=  is  a set  of
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internal states. Each operator vertex 1q Eb Î  corresponds to a single state Aam Î [5]. The logic
circuit of Moore FSM is represented by the following systems:

( )X,TF=F , (1)
( )TYY = . (2)

In (1)-(2) the set }T...,,T{T R1=  is a set of state variables used for state assignment
( é ùMlogR 2= ); the set }D...,,D{ R1=F  is a set of input memory functions. The systems (1)-(2)
are constructed on the base of structure table (ST). It has the following columns: ma  is a current
state; )a(K m  is a code of the state Aam Î ; sa  is a state of transition; )a(K s  is a code of the state

sa ; hX  is a conjunction of some elements Xx l Î  (or their complements) determining the
>< sm a,a ; hF  is a collection of input memory functions equal to 1 to replace the code )a(K m  by

the code )a(K s ; )(H,1h 1 G=  is the number of transition. The column ma  of ST includes the col-
lection Y)a(Y m Í  of microoperations generated in the state Aam Î . Naturally, it is

)b(Y)a(Y qm =  where the vertex 1q Eb Î  is marked by the state Aa m Î .
The number of transitions (ΓΓH1  is, as a rule, bigger than this number (ΓΓH2  for the equiva-

lent Mealy FSM [5]. It results in the increasing of the number of PALs in the logic circuit of Moore
FSM in comparison with its counterpart of equivalent Mealy FSM. The value of )(H1 G  could be
decreased due to the use of pseudoequivalent if outputs of operator vertices marked by these states
are connected with an input of the same vertex. Let }B...,,B{ I1A =P  be a partition of the set A by
classes of pseudoequivalent states (PES). Let us encode a class AiB PÎ  by a binary code )B(K i
having é ùIlogR 21 =  bits. Let us use the variables tÎtr  for the encoding, where 1R=t . In this,

the following model 1U  is used (Fig. 1).

Figure 1 – Structural diagram of Moore FSM 1U

In FSM 1U , the block of input memory functions (BIMF) implements the functions:

( )X,tF=F . (3)
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The block of microoperations (BMO) implements the system (2). The register RG represents
a state memory. If 1Start =  then zero code of the initial state Aa1Î   is loaded into RG. The pulse
Clock causes the changing of state codes into RG. The block of code transformer (BCT) imple-
ments the system:

( )Tt=t . (4)

So, the BCT generates a code )B(K i  on the base of codes im Ba Î .
At it is shown in [10], The number of transitions is existence of the BCT requiring some re-

sources  of  the  chip.  In 1U ,  the  circuit  of  BIMF is  implement  with  PALs,  whereas  the  circuits  of
BCT and BMO by EMBs. A method is proposed in this article allowing the hardware reductions in
the circuit of BCT.

Two specifics of CPLD are used in the proposed method [6, 7]:
- the fan-in of PAL macrocells exceeds tremendously the value L+R, which is equal the

maximal possible number of literals in terms of (1);
- the number of EMB outputs can be taken from some set }16,8,4,2,1{=u .
The main idea of proposed method. Let us use the method of optimal state assignment

from [10]. The main idea of the assignment is to represent each class AiB PÎ  by minimal possible
amount of generalized intervals of R-dimensional Boolean space. Let us represent the set AP  as

CBA PÈP=P , where Æ=PÇP CB . The class BiB PÎ  if the flowing condition takes place:

1Bi > . (5)

If the condition (5) is violated, then CiB PÎ . Obviously, the BCT should generate only the codes
of BiB PÎ .

Let us encode the state by optimal codes [10]. Let us represent the set BΠ  as EDB ΠΠΠ È= .
Let Di ΠB Î  if the codes of states im Ba Î  are represented by single generalized interval of R-
dimensional Boolean space. Only codes of states )A(Πa Em Î  should be transformed. Here the set

A)A(ΠE Í  states from the classes EiB PÎ .  It  is  enough 2R  bits for encoding of the classes

Ei ΠB Î :

é ù)1(logR E22 +P= . (6)

The variables Zz r Î  could be used for encoding of the classes, where 2RZ = .

Let us use the following symbols: Ft  is a fixed number of EMB; q is a the number of cells of
EMB for 1tF = . There are St  outputs in all EMBs of BMO:

é ù FFS tt/Nt ×= . (7)

The value of Ft  is determined for 1U  using the following expression:

é ùM/qt F = . (8)
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Obviously, the following amount of outputs are free:

0Δ t = . (9)

These outputs could be used for representing the variables Zz r Î . Let us discuss the case,
when the following condition takes place:

é ù)1(logR E22 +P= . (10)

In this case, we propose to use the model of Moore FSM 2U  (Fig. 2).

Figure 2 – Structural diagram of Moore FSM U2

The model 2U  has some distinguishing features:
- the BIMF implements the functions:

( );XZ,T,ΦΦ = ; (11)

- the BMO implements not only the system (2) but also the system

( );TZZ = (12)

- there is no a code transformer;
- the variables TTr Î  represent  the states )(Aa Cm PÎ ,  as  well  as  the  classes DiB PÎ .

The set )(A CP  includes the states im Ba Î  such that CiB PÎ .
In the case of 2U , the number of required inputs of macrocells is increased to 2RRL ++ . In

the case of 1U , only 1RL +  inputs are enough. But it does not cause the growth of hardware be-
cause of the high value of fan-in of modern CPLD (up to 30 [7]). The propagation times equal for
equivalent FSMs 1U  and 2U . Therefore, the proposed method allows the hardware reduction with-
out the loss of performance.

The proposed design method for 2U  includes the following steps:
1. Constructing the marked GSA Г.
2. Finding the partition CBA PÈP=P .
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3. Optimal state assignment and finding the sets DP , EP .
4. Encoding of the classes EiB PÎ .
5. Constructing the table of BMO.
6. Constructing the modified structure table of FSM 2U .
7. Implementing the FSMs logic circuit.
Example of application of proposed method. Let  us  form  the  sets }a,...,a{A 151=  and

}B,...,B{П 81A =  for  some  GSA 1Г .  Let  it  be { }11 aB = , { }4322 a,a,aB = , { }653 a,aB = ,
{ }9874 a,a,aB = , { }1211105 a,a,aB = , { }136 aB = , { }147 aB = , { }158 aB = . So, there are
{ }5432B B,B,B,B=P  and { }8761C B,B,B,B=P . Let us use the approach from [10] and encode the

states Aam Î  in the optimal manner (Fig. 3). In the discussed case, there is 4R =  and, therefore,
}T,...,T{T 41= .

00 01 11 10
00 a1 a5 a6 a7

01 a2 a3 a4 *
11 a10 a11 a12 a8

10 a13 a14 a15 a9

T3 T4
T1 T2

Figure 3 – Optimal state codes for Moore FSM )Г(U 12

The symbol )Г(U ji  means that the model iU  is used for designing the logic circuit for a

GSA iГ .  As  follows  from  Fig.  3,  there  are { }432D B,B,B=P  and }B{П 5E = . The codes of

DiB PÎ  are  the  following: **01)B(K 2 = , 1*00)B(K 3 = , 10**)B(K 4 = .  The  codes  of  classes

CiB PÎ  coincide with corresponding codes of the states im Ba Î . In the discussed example, there

are 0000)B(K 1 = , 1000)B(K 6 = , 1001)B(K 7 = , 1011)B(K 8 = . So, there are is 1ПE = . Using

(6), we can find that there are 1R 2 =  and }z{Z 1= .
Let it be 15N =  for the GSA 1Г . Let the EMBs in use have 4tF =  for 16q = . So, there are

1644tS =×=  and 11516t =-=D . It means that the condition (9) takes place. So, the proposed
design method can be applied. Let it be 1)B(K 5 = . If 0Z1 = , then the FSM is some state 5Bam Ï .

Let the interstate transitions be represented by the following system of generalized formula of
transitions [6]:

.axaxB;aB
;axaxB;axxaxxaxB
;axxaxxaxB;axaxB

;axxaxxaxB;aB

131038157

95856434334245

7316315141411313

12211121101221

Ú®®
Ú®ÚÚ®

ÚÚ®Ú®
ÚÚ®®

(13)

Let the microoperations Yyn Î  be distributed among the states of FSM )Г(U 12  in the fol-
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lowing manner: ( ) Æ=1aY , ( ) ( ) { }3162 y,yaYaY == , ( ) { }6423 y,y,yaY = , ( ) ( )== 84 aYaY
( ) { }1587112 y,y,y,yaY == , ( ) { }9535 y,y,yaY = , ( ) { }11107 y,yaY = , ( ) { }12109 y,yaY = ,

( ) { }1413110 y,y,yaY = , ( ) ( ) { }1341511 y,yaYaY == , ( ) { }9713 y,yaY = , ( ) { }12214 y,yaY = .
The table of BMO includes the columns ma , )a(K m , )a(Y m , )B(K i , m, where )a(K m  is an

address of some cell. In the case of )Г(U 12 , this table has 15M =  rows (Fig. 4). As follows from
Fig.4, the variable 1Z1 =  is added to the collections of microoperations for states 5m Ba Î .  It  is
connected with the relation E5 ПB Î . The modified structure table of FSM 2U  includes  the  col-
umns h,...Bi . The code of any class iB  is represented as iB , ( )iBK , sa , ( )saK , hX , hF , h . In
the case of FSM )Г(U 12 , the table includes 17)Г(H 12 =  rows. This number is determined by the
total amount of terms in the system (13). The transitions for classes 2B , 5B , 6B  are represented by
Table 1.

00 01 11 10
00 – y3y5y9 y1y3 y10y11

01 y1y3 y2y4y6 y1y7y8y15 *
11 y1y3y4z1 y4y13z1 y1y7y8y15z1 y1y7y8y15

10 y7y9 y2y12 y4y13 y10y12

Figure 4 – Content of cells for block BMO of FSM )Г(U 12

Table 1 – The part of modified ST of Moore FSM )Г(U 12

iB
( )iBK

Sa
( )SaK

hX hF h
1z 1T 2T 3T 4T 1T 2T 3T 4T

2B 0 0 1 * *
10a 1 1 0 0 1x 21DD 1

11a 1 1 0 1 21xx 321 DDD 2

12a 1 1 1 1 21xx 4321 DDDD 3

5B 1 * * * *
2a 0 1 0 0 4x 2D 4

2a 0 1 0 1 34xx 32DD 5

4a 0 1 1 1 34xx 432 DDD 6

6B 0 1 0 0 0 8a 1 1 1 0 5x 321 DDD 7

9a 1 0 1 1 5x 31DD 8

This table is the base for constructing the system (11). For example, the following part of eq-
uation  can  be  derived  from  the  Table  1: 43211341212113 TTTTzxxzxxTTzD ÚÚ= .  Let  us  point  out
that this equation is minimized. It is interesting that there are 37 rows in the structure table of
Moore FSM with the arbitrary state encoding (for the GSA 1Г ).

The  last  step  of  the  method is  connected  with  development  of  VHDL –  models  and  use  of
standard tools. These questions are thoroughly discussed in literature [1, 7]. We do not discuss this
step in our article.
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Conclusion. The proposed method allows decreasing the hardware amount in the logic circuit
of  CPLD  –  based  Moore  FSM.  The  comparison  is  made  with  the  Moore  FSM 1U  including the
transformer of state codes into the codes of classes of pseudoequivalent states. If the condition (10)
takes place, then there is no need in the BCT. If decreases the number of PALs in the logic circuit of
Moore FSM.

The scientific novelty of the proposed method is reduced to usage of peculiarities of both the
Moore FSM (the existence of pseudoequivalent states) and CPLD (the wide fan-in of PAL macro-
cells). These peculiarities are used for decreasing the number of PAL macrocells in the Moore
FSM’s logic circuit.

The practical meaning of the proposed method is determined by the diminishing the area of
SoC occupied by the logic circuit of a control unit in comparison with known approaches. We con-
ducted the investigations to compare the models U1 and U2. It turns out that the proposed approach
always  gives  the  gain  if  the  condition  (10)  takes  place.  The  maximal  gain  can  be  up  to  38%.
Besides, both FSMs have equal propagation times. Therefore, the proposed method gives a gain in
hardware without the loss of performance.
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Зменшення кількості макроосередків PAL у схемі МПА Мура при реалізації на CPLD.
Пристрій керування координує взаємодію всіх блоків цифрової системи і на практиці часто
реалізується з використанням моделі мікропрограмного автомата Мура. У наш час прогрес
в області мікроелектроніки привів до появи «систем-на-кристалі» (SoC, system-on-chip),
функціональні можливості яких є достатніми для реалізації складної цифрової системі на
одному кристалі. У SoC логіка може реалізовуватися з використанням макроосередків
Programmable Array Logic (PAL), а табличні функції реалізуються за допомогою блоків
пам'яті Embedded Memory Blocks (EMB). Однією з актуальних завдань в цьому випадку є
зменшення витрат апаратури в схемі мікропрограмного автомата Мура. Вирішення цього
завдання дозволяє зменшити площу кристала, яку займає схема пристрою керування, при
цьому можливо збільшення функціональних можливостей системи в рамках одного криста-
ла. В роботі запропоновано метод зменшення апаратурних витрат у схемі автомата Мура,
що заснований на використанні як особливостей елементного базису, так й можливих мо-
дифікацій структурної схеми мікропрограмного автомата Мура. Так, вільні виходи вбудо-
ваних блоків пам’яті можуть бути використані для представлення кодів класів псевдоекві-
валентних станів мікропрограмного автомата, при цьому зменшується кількість
макроосередків PAL завдяки великому коефіцієнту об’єднання за входом. Це дозволяє
уникнути використання перетворювача кодів при використанні псевдоеквівалентних станів
мікропрограмного автомата Мура. Сукупність цих підходів дозволяє зменшити площу
кристала SoC, що займає комбінаційна схема мікропрограмного автомата Мура та
отримати схему, яка володіє меншою вартістю, ніж відомі з літератури аналоги.
Ключові слова: CPLD, витрати апаратури, МПА Мура, PAL, макроосередки.

Л.А. Титаренко, С.А. Ковалев, С.А. Цололо
1Зеленогурский университет, 2Донецкий национальный технический университет
Уменьшение количества макроячеек PAL в схеме МПА Мура при реализации на CPLD.
Устройство управления координирует взаимодействие всех блоков цифровой системы и на
практике часто реализуется с использованием модели микропрограммного автомата Мура.
В настоящие время прогресс в области микроэлектроники привел к появлению «систем-
на-кристалле» (SoC, system-on-chip), функциональные возможности которых достаточны
для реализации сложной цифровой системы на одном кристалле. В SoC произвольная логика
может реализовываться с использованием макроячеек Programmable Array Logic (PAL), а
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табличные функции реализуются с помощью блоков памяти Embedded Memory Blocks
(EMB). Одной из актуальных задач в этом случае является уменьшение аппаратурных
затрат в схеме микропрограммного автомата Мура. Решение этой задачи позволяет
уменьшить площадь кристалла, занимаемую схемой устройства управления, при этом воз-
можно увеличение функциональных возможностей системы в рамках одного кристалла. В
работе предлагается метод, который позволяет уменьшить аппаратурные затраты в
схеме автомата Мура, реализуемого в базисе CPLD, по сравнению с МПА U1(Г), включаю-
щим преобразователь кодов псевдоэквивалентных состояний в коды классов псевдоэквива-
лентных состояний. При наличии достаточного количества свободных выходов блоков EMB
отпадает необходимость в использовании преобразователя, что уменьшает число блоков
EMB по сравнению с МПА U1(Г). Суть предложенного метода заключается в использовании
особенностей автомата Мура (наличие классов псевдоэквивалентных состояний) и
элементного базиса (большой коэффициент объединения по входу) для уменьшения числа
макроячеек PAL в логической схеме автомата. Это позволяет уменьшить площадь
кристалла SoC, занимаемую комбинационной схемой МПА U2(Г), и получить схему, которая
обладает меньшей стоимостью, чем известные из литературы аналоги. При этом
автоматы U1(Г) и U2(Г) имеют одинаковое быстродействие, то есть выигрыш по аппара-
туре не приводит к потере производительности.
Ключевые слова: CPLD, аппаратурные затраты, МПА Мура, PAL, макроячейки.
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