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Abstract 
 

A new two-stage method of FSMs synthesis for PAL-based CPLD is 

proposed. It is based on both wide fan-in of PAL cells and existence of the 
classes of pseudoequivalent states of Moore FSM. The first step aims at 

decreasing the number of PAL cells used for implementing the input 

memory functions. The purpose of the second step is decrease in the 
number of PAL cells in the block of microoperations. An example of 

application of the proposed method as well as the results of experiments 

carried out for standard benchmarks are given. 
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Synteza skończonych automatów stanów  
z wykorzystaniem pseudorównoważnych 
stanów 

 

Streszczenie 

 
W artykule przedstawiono metody syntezy mikroprogramowalnego układu 
sterującego z użyciem wbudowanych bloków pamięci. Postęp w technologii 
półprzewodnikowej powoduje pojawienie się coraz to bardziej złożonych 
układów cyfrowych VLSI, takich jak złożone programowalne układy 
cyfrowe CPLD, gdzie funkcje logiczne są implementowane przy użyciu 
programowalnych bloków logicznych PAL. Obecnie jedną z istotnych 
kwestii w przypadku implementowania automatów FSM przy zastosowaniu 
układów CPLD jest zmniejszenie liczby zużycia makrokomórek PAL. 
Proponowane metody są ukierunkowane na zmniejszenie rozmiaru układu 
sterującego poprzez zastosowanie transformacji kodów klas 
pseudorównoważnych w pamięci. Podejście takie pozwala uzyskać 
uproszczoną formę funkcji przejścia części adresowej układu, dzięki któremu 
możliwa jest redukcja zasobów sprzętowych potrzebnych do implementacji 
jednostki sterującej w układach programowalnych typu CPLD bez 
zmniejszenia wydajności systemu cyfrowego. W artykule zamieszono 
wprowadzenie teoretyczne, przykład oraz wyniki badań uzyskanych podczas 
syntezy testowych sieci działań. 
 
Słowa kluczowe: automat Moore’a, Synteza logiczna, CPLD. 

 

1. Introduction 
 

The overwhelming majority of digital systems include a control 

unit responsible for interplay of all blocks of other systems [1].  
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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 

implementing 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 q   

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 q  determines the upper limit for product terms to be 

implemented by a cell. This value is rather small, and 6q  in the 

most common cases [6,7]. Obviously, Boolean functions having 

more than q  terms in their sum-of-products (SOP) forms need 

more than one cell for implementation. In the case of functions 

with more than q  terms, the decomposition methods should be 

applied [8, 9, 10]. It leads to increasing the number of circuit 

layers and, therefore, for the total delay of the resulting circuit 

performance. To avoid this negative effect, it is important to 

decrease the numbers of terms in SOP of Boolean functions 

representing an FSM circuit. The next specific of PAL cells is 

their wide fan-in (the number of cell inputs 20S ) [6, 7]. 

The state assignment is one of the most important steps in FSM 

design [11]. A proper state assignment can decrease the number of 

PAL cells in the FSM logic circuit [8]. On the other hand, it can 

decrease the power consumption. The decreasing of the circuit 

area leads to decreasing its power consumption. So, it is very 

important to diminish the number of PAL-cells in the FSM logic 

circuits. We propose a design method based on using embedded 

memory blocks (EMB) for decreasing the number of PAL cells. 

But nowadays, only Delta39K family by Cypress includes EMBs. 

In this paper we propose a new approach targeting homogenous 

CPLD chips including only PAL macrocells. The method is based 

on existence of pseudoequivalent states (PS) of Moore FSM [11]. 

To represent a control algorithm, the language of graph-schemes 

of algorithms (GSA) is used [1]. 

 

2. Theoretical background 
 

Let the control algorithm of a digital system be specified by  

a GSA ),( EB , where 
210 },{ EEbbB E   is a set of the 

vertices and E  is a set of edges. Here 
0b  is an initial vertex, 

Eb  is  

a final vertex, 
1E  is a set of operational vertices, and 

2E  is a set of 

conditional vertices. A vertex 
1Ebq   contains a collection of 

microoperations YbY q )( , where },...,{ 1 NyyY   is a set of 

microoperations of a digital system’s data-path [11]. A vertex 

2Ebq   contains some logical condition Xxe  , where 

},...,{ 1 LxxX   is a set of logic conditions. The initial and final 
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vertices of graph-scheme of algorithm correspond to the initial state 

Aa 1 , where },...,{ 1 MaaA   is a set of internal states of a Moore 

FSM. Each operational vertex 
1Ebq   corresponds to unique state 

Aam  . The logic circuit of the Moore FSM 
1U  is represented by 

the following systems of Boolean functions: 

 

 ),( XT , (1) 

 

 )(TYY  , (2) 

 

where },...,{ 1 RTTT   is a set of internal variables encoding the 

states Aam  , },...,{ 1 RDD  is a set of the FSM input memory 

functions. The value of R  is determined as 

 

  MR 2log , (3) 

 

where  a  is a minimum integer not less than a . The systems (1) 

and (2) are formed on the basis of a structure table with columns [1]: 

ma  is a current FSM state, )( saK  is a code of the state 
ma , 

sa  is a 

next state (state of transition), )( saK  is a code of the state 
sa , 

hX  

is a conjunction of some elements of the set X determining the 

transition  sm aa , , 
h  is a collection of input memory functions 

that are equal to 1 to switch the memory from )( maK  into )( saK ; 

)(,1 1  Hh  is the row number. The column 
ma  contains  

a collection of microoperations YaY m )( , that are generated in the 

state Aam  . It is clear that )()( mq aYbY  , where the vertex 

1Ebq   is marked by the internal state Aam  . The structure 

diagram of Moore FSM 
1U  is shown in Fig. 1. 
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Fig. 1.  Structure diagram of Moore FSM U1 

Rys. 1.  Schemat blokowy automatu Moore’a FSM U1 

 

In the FSM U1, a block of input memory functions (BIMF) 

implements the system (1), whereas a block of microoperations 

(BMO) generates microoperations (2). The codes )( maK  are kept 

into a register (RG). If a PAL cell of CPLD chip forms a function 

rD , then the cell output is registered. It means that flip-flops 

of RG are distributed among the PAL cells of BIMF. A pulse Start 

loads the code of initial state Aa 1  into RG. A pulse Clock is 

used to change the content of RG. All blocks of U1 are 

implemented using PAL cells. 

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

Moore FSM using the rules [1]. 
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Fig. 2.  Initial GSA г1 (a) and corresponding state transition graph (b) of Moore FSM 

Rys. 2.  Sieć działań г1 (a) graf (b) automatu Moore’a 

The Moore FSM )( 11 U  has the following characteristics: 

 
61,...,aaA , 6M ,  

321 ,, xxxX  , 3L ,  
41,..., yyY  , 

and 4N . The FSM )( 11 U  can be represented by a state 

transition graph (STG) shown in Fig. 2b. This STG has 

11)( 11 U  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 of rows, )(1 H . 

Let a symbol )(0 U  stand for a Mealy FSM implementing  

a control algorithm represented by a GSA  . As a rule, the 

number of transitions )(1 H  exceeds the number of transitions 

)(0 H  of the equivalent Mealy FSM. It leads to increasing the 

number of PAL cells in the logic circuit of BIMF for Moore FSM 

)(1 jU   in comparison with this parameter for the equivalent 

Mealy FSM )(0 jU  . The value )(1 jH   can be decreased due to 

using the pseudoequivalent states of Moore FSM [3, 11]. 

The states Aaa sm ,  are pseudoequivalent states if identical 

inputs result in identical next states for both Aaa sm , . This is 

possible if the outputs of the operational vertices marked by these 

states are connected with the input of the same vertex of the GSA 

  [3]. Let  
IA BB ,...,1  be a partition of the set A  by the 

classes of PSs )( MI  . 

In the case of FSM )( 11 U , the partition  
321 ,, BBBA   can 

be found, where  
11 aB  ,  

4322 ,, aaaB  , and  
653 ,aaB  . Let 

us replace the states 
im Ba   by blocks 

AiB   having ii BM   

inputs. It allows transforming an initial GSA   into a block GSA 

)(B . The block GSA )( 1B  is shown in Fig. 3a. Obviously, the 

initial STG of Moore FSM can be transformed, too. To transform 

an STG, the vertices corresponding to 
im Ba   should be replaced 

by a single vertex 
AiB  . 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(г1) (a), block transition graph of Moore FSM U1(г1) (b)  

and state transition graph of Mealy FSM U0(г1) (c) 

Rys. 3.  Blok GSA B(г1) (a) blok połączeń automatu Moore’a (b) graf automatu 

Mealy’ego (c) 

 

Let us point out that there are only two states in the Mealy FSM 

)( 10 U  (Fig. 3c). The comparison of graphs Fig. 3b and Fig. 3c 

allows finding the following relations: 

 

 









.1

,1

02

0

HH

MI
 (4) 

 

In (4), 
0M  is the number of states for Mealy FSM )( 10 U , 

whereas 
2H  is the number of edges for BTG )(B . 

Therefore, the replacement of internal states of Moore FSM by 

the classes of PS leads to diminishing the number of product terms 
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in the system (1) up to 
02 HH  . It can result in decreasing the 

number of PAL cells in the logic circuit of BIMF. 

Two methods can be used for representing the classes 
AiB   

[6]: optimal state assignment, transformation of the codes of states 

into the codes of classes of pseudoequivalent states. 

In the first case, the states Aam   are encoded in such a way 

that the codes of the states 
im Ba   ),...,1( Ii   belong to a single 

generalized interval of the R-dimensional Boolean space. This 

leads to a Moore FSM U2 that has the same structure as the Moore 

FSM U1. The algorithm from [11] can be used for such a state 

assignment. In the case of )( 12 U , there are 3R  and 

 
321 ,, TTTT  . One of the possible variants of state assignment 

(optimal encoding) is shown in Fig. 4. 

As follows from Fig. 4, the class 
1B  is determined by the 

interval 00* , the class 
2B  by 1** , and the class 

3B  by 10* . 

These intervals are treated as the class codes. 
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Fig. 4.  Optimal state codes for Moore FSM U2(г1) 

Rys. 4.  Kodowanie stanów automatu Moor’a U2(г1) 

 

But such an encoding is not always possible [10]. In the second 

case, the classes 
AiB   are encoded by the binary codes )( iBK  

with  IR 21 log  bits. The variables  r  are used for such an 

encoding, where 1R . This approach leads to a Moore FSM U3 

(Fig. 5) including a block of code transformer (BCT). 
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Fig. 5.  Structure diagram of Moore FSM U3 without dotted line, U4 with dotted line 

Rys. 5.  Schemat blokowy automatu U3 bez linii kreskowanej, U4 z linią kreskowaną 

 

In the FSM U3, the BIMF generates the functions 

 

 ),( X  (5) 

 

and the block of code transformer implements the functions 

 

 )(T  . (6) 

 

The number of transitions of Moore finite-state-machine U3 is 

equal to )(0 H . The drawback of FSM U3 is the existence of 

BCT that consumes additional resources of a chip (in comparison 

with U1). 

In this paper we propose to combine the application of optimal 

state assignment and transformation of the codes of the states. In 

this case the block of code transformer can be even eliminated if 

some condition holds. The proposed method is based on the wide 

fan-in of PAL cells. 

 

3. Main idea of proposed method 
 

Let a partition 
A be found for some Moore FSM. Let us 

encode the states Aam   in the optimal way. Let )( iBI  be the 

number of generalized intervals representing the class 
AiB  . 

Let us represent the set 
A  as 

CB  , where  

 








.1)(

,1)(

Cii

Bii

BBI

BBI
 (7) 

 

Obviously, only classes 
CiB   need transformation based on 

BCT. Let )( rDL  be the number of logical conditions used as 

literals in the SOP of the function rD . Let the following 

condition take place: 

 

 ),1()( RSRRDL Cr  . (8) 

 

In (8), the symbol S  stands for the fan-in of PAL cells, whereas 

CR  determines the number of bits required for encoding classes 

CiB  : 

  )1(log 2  CCR . (9) 

 

In (9), the value of C  is incremented to take into account the 

relation 
CiB  . Obviously, 

CiB   means that 
BiB  . 

If the condition (8) takes place, then we propose to use two 

sources of codes )( iBK . If 
BiB  , then the code )( iBK  is 

represented by the register RG. If 
CiB  , then the code )( iBK  

is represented by the block BCT. It leads to the Moore FSM U4 

whose structure diagram is shown in Fig. 5 (with dotted line). 

In the case of U4, the block BIMF implements functions 

 

 ),,( X . (10) 

 

The block BCT generates functions (6), but, in contrast to the 

FSM U3, the set   includes only 
cR  elements. As in all other 

cases, the block BMO implements functions (2).  

If ØC
, then the FSM U4 does not use BCT and it is the 

same as U2. If ØB
, then all states Aam  should be 

transformed and the FSM U4 is the same as U3. 

The main goal of the optimal state assignment is to find the 

state codes leading to ØC
. If there are more than one variant 

of such an assignment, then it should be found a version leading to 

optimization of the block BMO. Let )( nyQ  be the number of 

terms in the minimized SOP of a function Yyn . To optimize the 

block BMO, it is necessary to find the variant of state assignment 

leading to satisfying the condition 

 

 qyQ n )(  ),1( Nn  . (11) 

 

In this case, any function Yyn  is implemented using one PAL 

cell. It means that only N cells are used to implement the logic 

circuit of BMO. 

If there is ØC
 after execution of the state assignment, then 

the resoling state codes should be changed to minimize the 

numbers of cells in both BMO and BCT. Let )( rQ  be the number 

of terms in the SOP of the function  r . If ØC
, then it is 

necessary to find the codes )( maK  leading to satisfying both  

condition (11) and the following condition 

 

 qQ r )(  ),1( CRr  . (12) 

 

If condition (12) takes place, then only 
CR  PAL cells are used to 

implement the block BCT. 

So, we propose the two-stage procedure for state assignment in 

the case of FSM U4. The first stage is the optimal state 

assignment. The second state, the refined state assignment, is 
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executed in such a manner that the following condition takes 

place: 

 min)()()(  CRNBMOnBCTnn . (13) 

 

In (13), symbols )(BCTn  and )(BMOn  stand for the numbers of 

PAL cells in logic circuits of blocks BCT and BMO, respectively. 

Let us determine the formulae for finding )(BCTn  and )(BMOn . 

It is shown in many papers, for example in [5], that the number of 

PAL cells required for implementing f  is determined as 

 

 1
1

)(
)( 














q

qfQ
fn . (14) 

 

To construct the RST, a system of generalized formulae of 

transitions [10] should be constructed. This system can be derived 

from the block GSA. In the case of block GSA )( 1B , this system 

is the following one: 

 

 
421321211 axxaxxaxB  ; 

 
63532 axaxB  ; 

13 aB  . (15) 

 

Obviously, such a system can be obtained using an initial GSA 

  and the partition 
A . 

Because an RST does not contain a column with 

microoperations, the table of microoperations (TMO) should be 

constructed. The symbol )( maY  stands for the collection of 

microoperations generated in the state Aam  . In the case of FSM 

)( 14 U  this table has 6M  lines (Table 1). 

 
Tab. 1.  Table of microoperations of FSM U4(г1)  

Tab. 1.  Tabela mikrooperacji automatu FSM U4(г1) 

 

am K(am) Y(am) m am K(am) Y(am) m 

a1 000 - 1 a4 101 y4 4 

a2 001 y1y2 2 a5 010 y2y4 5 

a3 011 y3 3 a6 110 y3 6 

 

In Table 1, the states codes from Fig. 4 are used.  

A function Yyn  is represented as  

 

 mnm

M

m
n ACVy

1
  ),1( Nn  . (16) 

 

In (16), the Boolean variable 
nmC  is equal to 1 only if 

)( mn aYy  , the symbol 
mA  stands for the conjunction of internal 

variables TTr   corresponding to the code )( maK . For example, 

the following expression 
522 AAy   can be derived from Table 

1. Analysis of Fig. 4 shows that 3213212 TTTTTTy   and, 

therefore, 2)( 2 yQ . If the places for states 
2a  and 

3a  are 

interchanged, then 
213213212 TTTTTTTTy   and now there is 

1)( 2 yQ . So, the stage of refined state assignment has a sense. 

To construct the system (6), a table of code transformation (TCT) 

should be formed. The column 
m  includes the functions  r  

corresponding to ones in the code of class 
AiB   from the m-th 

row of the table. 

Let us encode the classes 
AiB   for FSM )( 13 U  in the 

following manner: 00)( 1 BK , 01)( 2 BK , 10)( 3 BK . In this 

case, the TCT has 6M  rows (Table 2). 

 

 

Tab. 2.  Table of code transformation of FSM U3(г1)  

Tab. 2.  Kodowanie przejść automatu FSM U3(г1) 

 

am

 
K(am) Bi

 
K(Bi) Г1

 
m 

a1 000 B1 00 - 1 

a2 001 B2 01 τ2 2 

a3 011 B2 01 τ2 3 

a4 101 B2 01 τ2 4 

a5 010 B3 10 τ 1 5 

a6 110 B3 10 τ 1 6 

 

A function  r  is represented as 

 

  
mrm

M

m
r ACV

1
  ),1( CRr  . (17) 

 

In (23), the Boolean variable 
rmC  is equal to 1 only if 1mirl , 

where 
mirl is a value of the r-th bit of the code )( iBK  from the m-

th row of TCT. For example, the following equation can be 

derived from Table 2:
 32651 TTAA 

  
As in the previous case, the refined state assignment should be 

executed to minimize the equations (17). It should be done for 

functions  r , such that qQ r )( . 

 

4. Experimental results 
 

To prove the usefulness of the proposed strategy of FSM 

design, a lot of practical experiments were carried out. In 

experiments, the standard benchmarks [13] represented in the 

KISS2 format were used. Basing on [5], we conducted our 

investigations using 36 benchmarks. We used JEDI for executing 

the optimal state assignment. To do it, we took the input dominant 

version of JEDI. The obtained results are shown in Table 3. In this 

table, the numbers of PAL cells with 5q  are shown for logic 

circuits of FSMs represented by the benchmarks. The columns  

U2-U4 contain the design outcomes for our methods discussed in 

this paper. To obtain them, we used the input dominant version of 

JEDI algorithm. The last column includes results, from [5]. 

Let us point out that the paper [5] was chosen for comparison, 

because we think that these results are the best. Among all 

examined 36 benchmarks, the proposed method U4 produced 21 

solutions (58,3%), which required less amount of logic cells than 

it is required for U1 (JEDI). Let us point out that these 58,3% 

include all complex examples (with 13)( 1 Un ). There are no 

cases when )()( 22 UnUn  . So, only applications of U2 and U4 

have sense. There are 20 solutions (55,5%) which required less 

amount of logic cells than it is required for FSMs based on [5]. In 

4 cases (11,1%) the logic circuits required the same amount of 

cells for both U4 and [5]. So, the proposed approach produced 

solutions which did not require greater number of logic cells for 

66,6% of discussed benchmarks in comparison with [5]. 

 
Tab. 3.  Some results of experiments 

Tab. 3.  Przykładowe wyniki eksperymentu 
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tr
a
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1
1

 

tr
a
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4
 

U2 9 19 6 8 20 15 7 13 14 62 5 3 

U3 14 22 8 9 22 17 9 12 12 58 7 4 

U4 13 18 7 9 16 14 8 10 10 52 6 3 

[5] 12 17 5 9 18 12 7 11 12 64 8 3 
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5. Conclusion 
 

In this paper the design method targeting the Moore FSM logic 

circuit and PAL-based CPLD chips is proposed. 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 the proposed method is using two sources of codes of the 

classes of pseudoequivalent states. 

Our strategy is oriented towards the area optimization. The 

positive back effect of the proposed method is possible decrease in 

the number of layers of PAL cells in the FSM logic circuits. But 

we did not investigate this property of the proposed method. The 

method includes two stages. First of all, the optimal state 

assignment is executed based of JEDI approach. Next, the codes 

are rearranged to optimize the number of cells in the circuit 

implementing the system of microoperations. We called the 

second stage as “the refined state assignment”. 

The paper contains a lot of experimental results based on 

investigations carried out for commonly used benchmarks. These 

results show that the proposed approach is especially 

advantageous for designing rather complex FSMs. 
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