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Abstract—Fuzzy set theory has been used to extend different bring us to the idea of fuzzy automata (FA), that are fuzzy

domains of mathematics and also domains from applied sciers
and from engineering, such that now there exists fuzzy logjc
fuzzy arithmetic, fuzzy expert systems, fuzzy logic contrers
(FLCs), fuzzy automata, fuzzy flip-flops, etc.

In this work we concentrate on fuzzy automata (FA), which are
fuzzy logic extensions of crisp automata (or finite state mdgnes).
Many researchers have noticed that, while crisp automata a
widely used, being incorporated in almost any technical deee,
fuzzy automata have very few practical applications, beingather
a theoretic concept. Among the factors that contributed to his
situation we can enumerate: 1) the lack of controllability d FA
(in certain conditions the degree of membership of the stateof

extensions of classical automata (finite state machines).

Fuzzy automata are a hot research topics, as shown by the
recent publications that deal with theoretical aspectsstrac-
tion of FA from regular expressions in [1], bisimulationg fo
FA [2], nondeterministic fuzzy automata in [3].

There are also applications of FA recently reported: Schmid
and Boutalis ([4]) use fuzzy discrete event systems (FDES) i
combination with multi-objective control for robot naviizn;

Wu, Pang and Han ([5]) apply FA for target recognition based
on image processing, and Bailador and Triviflo use temporal

FA decrease towards zero and cannot be increased after that) fuzzy automata for pattern recognition ([6]).

and 2) there are too many types of fuzzy automata.
We developed a VHDL framework that can be used for
modeling fuzzy automata and for investigating their performance.
In this paper we use several examples of FA from literature in
order to illustrate how our VHDL framework can investigate t he
efficiency of different functions used for computing the degee of

An FPGA implementation of the generalized fuzzy au-
tomata (GFA) presented in [7] is reported in [8].

In [9] Chen proposes a new class of FA, that he calls
Generalized Fuzzy Automata, or GFA. The GFAs belong to
the class of FA with fuzzy inputs and states, where the time

membership of the next state of a FA. We also show that some js a|so fuzzy and continuous. With GFAs, he develops a

techniques proposed in literature for improving the performance
of FA (more precisely, to avoid the degree of membership of FA
states to decrease toward zero) are not effective on the fugz
automata from these examples.

I. INTRODUCTION

method of feedback fuzzy control ‘with words’ in [10]. Then,

Chen et al apply their method of fuzzy control with GFA to

telecommunications problems, more precisely to Quality of
Service (QoS) improvement in Wireless LAN networks: [11]

and [12].

Fuzzy logic has gained acceptance in many domains ofHowever, as observed by Virant and Zimic in [13], classical
science and engineering, being used now in control engineinite state machines (i.e. automata) are much more exegsiv

ing, telecommunications, computer engineering, pattecog-
nition, information retrieval, linear and non-linear prag-

ming, etc. There are many industrial products that incafsor

used in practical applications than fuzzy automata. Vieart
Zimic expect that the role of fuzzy automata will increase.
We believe that there are a number of factors that prevent

fuzzy logic, from everyday electronic products like washinfuzzy automata to be widely spread in engineering applica-
machines, handset cameras, vacuum cleaners, to unmariiess:

subway trains and chemical plants.

« Non-controlling behaviour: in certain conditions the de-

Most of these products are based on fuzzy inference, which
means combining facts with rules expressed in (a subset of) a
natural language in order to obtain control actions. When th
time constraints of an applications are hard, fuzzy infeees
implemented in hardware, such a circuit being named fuzzy
logic controller (FLC).

No matter how complex its implementation is, a FLC’s «
outputs depend only on its current inputs, no previous hjisto
is taken into account and no FLC 'state’ is considered. Itmsea
that a FLC behaves like a combinational (i.e. a memoryless)
circuit. Many applications demand the existence of states,
behaviour of a device being determined not only by its curren
inputs, but also by its states.

From the fuzzy logic point of view, we can imagine that the

gree of membership of a fuzzy state can decrease con-
tinuously towards zero, which is obviously not a desired
behaviour. The problem has been reported for example in
[14], [15]. Different techniques have been proposed in or-
der to solve this problem: peak hold in [14], conservation
of state value in [15], or state normalization in [16].
There are too many types of fuzzy automata: since fuzzy
automata are fuzzy extensions of classical automata, dif-
ferent researchers have proposed different ways to extend
classical (crisp) automata through the framework of fuzzy
logic. A possible classification of fuzzy automata can be
found in [9], but there are also other possibilities to clas-
sify fuzzy automata. This problem, of different extensions
of a classical concept, is very common in the fuzzy set

states of such a device can be expressed by fuzzy sets, which theory: there are classes of operators for set operations



like union, intersections and complement, different typeslued functions defined ofo, 1] x [0,1] — [0, 1] with the
(formulae) for fuzzy inference, for defuzzification, etcproperties:

While in fuzzy inference and fuzzy domains with alonger 1) ¢(0,0) = 0, t(u(2),1) =t(1, ps(z) = ps(z),z € X
history of applications, some of these different concepts2) monotonicity

have imposed over other similar concepts, in the domaing) commutativity

of FA the practitioneers are still confused by the pletora 4) associativity

of possible fuzzy automata. _ Similarly (see [18]) can be defined s-norms, or t-conorms,
« Maybe another confusing issue related to FA is th

. ) . & two valued functions defined ¢ 1] x [0,1] — [0, 1] with
relation between automata and flip-flops: while classmme properties:

flip-flops are building blocks in the design or synthesis
of automata, there is no such relation between fuzzy L) s(1,1) =1, s(ug(x),0) = s(0, p4(x)) = pi(x), v €
automata and fuzzy flip flops. Some investigations in the
attempt to link fuzzy automata and fuzzy flip-flops have o
been reported in [17]. In this work we will concentrate on 3) comm_utgt_lwty

FA, leaving the relation between FA and fuzzy flip-flops 4) associativity.

for further investigations. Examples of t- and s-norms:

Here we propose a framework that will help the inves- ¢ drastic product,, and drastic sums.,:

2) monotonicity

tigation of fuzzy automata. Our framework will allow the pi(), if ppe)=1
study of the behaviour of different fuzzy automata in diéfiet pp(x), ifpilz) =1
circumstances and to use different techniques for solvieg t bwpa(e), np(@) =\ ¢ if uale) <1
problem of state decreasing membership function. and pg(z) < 1
The rest of the paper is organized as follows: next section
contains a brief description of fuzzy sets and fuzzy autamat (x), if ppx) =0
section Ill described the VHDL implementation of our frame- Ha (@’ it M’?(x) —0
work, section IV shows some simulation results, and the pape sw(pi(x), ps(z)) = ‘1“3 ’ i g“< (@)
ends with a section of conclusions and future developments. ’ and 0 52 - (2)
B
Il. Fuzzy SeTS. Fuzzy AUTOMATA « bounded difference; and bounded surs;:
A. Fuzzy sets t1(4(2), g (2) = maz{0, jz(x) + pp () — 1}
Fuzzy set theory was introduced by L.A. Zadeh in 1965. ) ) . ) )
Fuzzy sets extend the notion of classic, or crisp sets in the s1(ug (@), pp(@)) = min{l, pz (@) + pp(@)}

sense that, while for a crisp set, an element either belongs o, algebraic product, and algebraic sums,:
it does not belong to that set, for a fuzzy set, an element can
belong to that sein a certain degree t2(p (), np(a)) = pz(@) - ppe)
More formally, given an universe of discourgé (a crisp 5 5 o 5 TR
set) and a crisp subsdtc X, for each element € X, either s2(1a(@), n5(0) = nal@) + @) = pae) - np(@)
xeAorx ¢ A o min and max (minimum and maximum).
According to [18], a fuzzy sefl C X is the set of ordered
pairs B. Fuzzy automata
A= {(z, pz(2))|z € X} According to [7], automata in general are computational
systems having inputs, states, outputs, a function thapotes
wherep ;(x) : X — [0,1] is called membership function orthe transition from the current state to next state (traovsit
degree of membership. When the closed real interval [0, flinction) and a function that computes the outputs based
is replaced with the discrete s¢d, 1}, then the fuzzy sel either on the current state (Moore automata), or based on the
becomes a crisp set. current state and the input (Mealy automata). Automata may
With fuzzy sets in the same universe of discourse we chave also initial and final states. The classic automata ean b
perform operations of intersection, reunion and complémedeterministic, non-deterministic and probabilistic.
Zadeh defined the union of two fuzzy sets as the maximumFuzzy logic has been used to extend the classical automata,
between their membership functions, the intersectionhas tesulting a large variety of fuzzy automata (FA). The states
minimum of their membership functions, and the complemeof FA can be continuous (e.g. fuzzy automata with fuzzy
of a fuzzy setA, the set having the membership functiomelief [13]), or discrete: fuzzy sequential circuits ([1516]), a
1—pj(x). medical state monitor ([14]), fuzzy state machine ([19kdzh
on [20]), generalized fuzzy automata [7]. Even the time can
The minimum and maximum operations have been extendael fuzzy, as emphasized in [21]. Chen (in [9]) proposed a
by t-norms and s-norms. From [18], page 30, t-norms are twdassification of FA depending on the fuzzy or crisp characte



of their inputs, states, and time, and also based on theetiiscr 1. VHDL IMPLEMENTATION

or continuous nature of the time. In our framework we want to test different approaches to

In this work we will study only the discrete synchronous,,,y automata, to use different formulae for fuzzy com-
fuzzy automata, but we plan to extend our framework in OrdSBsition, t-norms and s-norms, hence the flexibility of the
to include for example fuzzy automata with fuzzy relief (1.3 implementation is a primary goal.

expressed in a discretized form. __ We have chosen VHDL (the achronym stands fer)/High
Our model of fuzzy automata is bés?d on the descriptioBpeed Integrated Circuitsdrdware @scription language) as
from [15], [19] and [7], trying to ‘unify’ these approachesg modeling language for the following reasons:

e e o o o s ) BeN0  hardare deccrpion angusge, VHDL can be
P y used for both simulation and automatic synthesis, al-

8]: Eﬁ; H;Jr\t/vg]vaetragtjerrIrr]?r:r;iV\t/ﬁ;kocuotanat?zft?ﬁeln;glementatlon lowing us to obtain a hardware implementation (e.g. on
P P ' a FPGA) of a fuzzy automaton. In this way we will be

. I_n [15] a fuzzy automaton is defined starting from th_e Setsof  aple to evaluate the hardware properties of the circuit:
its inputsU, statesX and outputs’, that are called universes input-output delay, clock rate, occupied surface, etc.

of discourse. The inputs, states and outputs of the FA amyfuz 2) VHDL is a high level programming language, which
sets in the universe, X andY'. permits a behavioral description of a system at a high

For every inputu’ a transition matrixi/ (v) is defined: level of abstraction. Also, it is possible to simulate the
) L -y behaviour of both the controller (FA) and the controlled

po @y log,w?) o (@ |y, u) application.
M(u) = : : 3) using VHDL, the behaviour of a FA can be represented
pa (@i |af w) o pe(ai |2 u) in different ways, for example as a signal diagram,

or to be dumped in a file in order to support further

Here p, (2}, |2}, u?) is the degree of transition from state processing. _ _ o
zF to statez?, , when the input// is applied (at the moment In order to obtain a high degree of fle>§|blllty, we use a
¢) and all », are fuzzy values (in the intervd, 1]). The Structure of VHDL packages. packagecontains a collection
authors of [15] introduce the idea of conservation of statef declarations that can be made visible to other desigrsunit
which means to take into account in the computation of the The first package, namé@bnst ant s defines the constants
next state not only the value (degree of membership) of eae@eded in the framework. We have denoted Wtthe number
input, but also the negated value of each input. Using tQé States of the fuzzy automata, with the number of inputs

notations from ([15]), the formula for next state will be: . andY is the number of outputs.
In the packagdypes we define the VHDL types used in

o (@ea1) = Z Z[M~($t) X (1) X fha (g |7, ut) Fhe framew_ork. The types are based on the constants defined
* * “ ¥ ’ in the previous package. First a fuzzy value type (degree of
membershipjv is defined as a subtype of real numbers, having
values in the interval0, 1]. Starting fromfv, we define the
(@) X pra () X pro(Tep1|2e, )] typesX_type, U_type Y _type as arrays ofv with dimension
X, U, Y, for the states, the inputs and the outputs of the fuzzy
The symbols)_ and + denote here algebraic sum, theautomata. Also, multidimensional arrays of fuzzy values ar
symbol x represents algebraic product, amglu,) represents defined. For transition matrix we define a typeX X _type,
the membership degree of the complement (negation) of initich is anU x X x X array offv. Similar types are used for
u (at stept). The sums are for all states and all inputs computing the next state and the output of the fuzzy automata
u?. All matrices M (u/) are considered in [15] to be the unit A third packageFunct i ons, which is based on the previ-
matrix of the corresponding dimension and are called imactious two packages (i.€onst ant s andTypes) contains the
paths. functions used. For t-norms and s-norms we use a parantetrize
It is common in literature to use far, combinations of implementation (i.e. the function81 and F'2), which allows
maximum and minimum, but Mori, Otsuka and Mukaidonthe selection of a t-norm (or s-norm) from a set of such
([15]) propose to use algebraic sum and algebraic proddighctions. The t-norms and s-norms shown in subsection
instead of maximum and minimum. Here we go one stdpA are implemented here. This package contains also other
further and, based on an idea from [7], use two geneffainctions, necessary to compute the next state and the tsutpu
functions,F'1 instead of minimum (or algebraic product), anef the automaton. The functions necessary for implementing
F'2 instead of maximum (or algebraic sum). In [7] is called the conservation of state and the state normalization tquba
the membership assignment function, afd is called the are described here as well.
multi-membership resolution function. In our cadé] is a The specific data for a certain fuzzy automaton is read from
parametrized function that can be any t-norm, wHil2 is a a text file by a procedure namadi ti alize_FA(). It
parametrized function that can be any s-norm. returns the initial state of the FA and its transition matrix

zt ud




The initial state will be stored in a variablénit_States ports of the circuit are the reseteset_i) and clock ¢lock_i)

of type X_Type, while the transition matrix will be stored signals.

during the simulation in a variable calleBaths of type When the reset is active the circuit (FA) goes to the
U X X _type. For modeling a FA with conservation of states wanitial state. It calls the proceduieni ti al i ze_FA and the
use the variabldnactive_Paths, also of typeUX X _type. functioncreate | nacti ve_Pat hs.

The variable Inactive_Paths is generated by a function We use the FA from [19] in order to illustrate the function-
namedcr eat e_| nacti ve_Pat hs. ing of our VHDL code. The VHDL code that contains the
In order to simulate in VHDL a circuit or a system, wevalues for the variablekni t _St at es andPat hs is given

describe it in terms of design units. The most importantgtesibelow:
units are theentity and thearchitecture The entity specifies

the name of the circuit and its interface (ports and paralra;,ete(':,gt 23: ; E)( éobo' 00'2)4’ 0.2, 1.0),
called generic parameters), while the actual functiopalithe ( O. 5’ 0' 0’ O. O, 1' 0) ’ --Mul)
circuit is described in its architecture. An entity can hawy (O. O, 0' 0’ O. O, 1' 0)5
number of architectures, feature that allows differentvgie * = ' 7' 77 7 '
(e.g. behavioral or structural) of that entity. When an tgnti ( (0.0, 0.0, 1.0, 0.0)
becomes a component in a bigger architecture, its genei& 5 0 0 O O 1 b) o
parameters can be changed in the component instantiatfcaﬁ O, 0' 0’ O. O, 1' 0)’ --Mu2)
statement. N A A A A A oAy

The VHDL code that describes the FA circuit entity is here(:l' 0. 0.3, 0.0, 0.6)));
Entity FMcircuit is Init _States:=(1.0, 0.8, 0.6, 0.4);

Generic (

with _conserving transition: natural:=1;
out file: string:="out.txt";

tfl, tf2: integer;

In this case the initial state isl with a degree of member-
ship 1.0 (full membership)z2 with a degree 0.8, =3 with
0.6 and x4 with a degree of).4.
fa type state: fa_type): When a fuzzy_input vectot/; = (ul u2) islgpplied at the
--the part s of the circuit momentt; to the mput_of FA, afuz_zy composition between the

Port(reset i, clk i: In bit; vector U; and the variablePaths is performed. It results an

with_state normalisation: in bit: XxX @4 _><_4 in this case) state transition matrix that describes
) the transition from the current state of the automaton to the
End Eni ity: next state. For example, if the input vector has the memigersh

valuesU = (1.0 0.4) and max-min composition is applied,

then the state transition matrik,, will be:
The name of the circuit isF"M _circuit and its generic

parameters are: TNy TNy ZIN; TNy
1) with_conserving_transition: it can bel, when the zp, (0.0 04 04 1.0
conservation of the state is applied,@rwhen it is not zp, | 0.3 1.0 0.0 04
applied. rzp, | 05 0.0 00 1.0

2) out_file: it is the text file where we dump the results zp, \ 04 03 00 1.0

of the simulation. The name of the file can be changed. In order to determine the next state of the FA, a composition
3) tf1, tf2: determines which t-norm to use for the funchetween the current state vectdn{t_States in this case) and
tion F'1 and which co-norm to use for the functidi2. the matrix7y, is performed. With max-min composition it re-
4) fa_type_state: determines which kind of FA to use.sults the next state vectak y (or X;,1) = (0.5 0.8 0.4 1.0).
For the moment we have implemented only the ‘CrafteFor more details about the computations please refer tq [19]
([19]) and the ‘transition matrix’ ([15]) kind of FA and or to [20], chapter 12, section 12.6 “Fuzzy automata”.
the purpose was to check by simulation that these twoThe state is changed only when thick_i changes its
types of fuzzy automata are identical, i.e., they are ratheilue from ‘0’ to ‘1’, i.e, at the rising edge of the clock sin
different description styles of the same FA. In the future
we plan to implement other types of FA, e.g. fuzzy The circuit is tested in a test bench where the clock and
automata with fuzzy relief ([13]). reset signals are provided by a clock and reset generator.
In the current implementation the feature of state normaMso, the inputs of the FA are given either manually (e.g.
ization is modeled as a port of the circuit, not as a geneffier debugging), or are read from a text file, in order to
parameter. The idea is that in this way we can apply staetomatize the simulation. In order to obtain in paralled th
normalization only at certain moments, e.g., not necdgsariesults of several simulations, we use the VHDL instruction
after each change of state. Had the parameter been a gen&éneratethat instantiates several times th&/_circuit with
the state normalization function would have been eithavect different values of its generic parameters. Also, the nafe o
or inactive for the entire duration of the simulation. Othmaut  the output file is different for each instantiation. For exden



we collected in parallel the evolution of the states of the Ff&kom us in the future. We do not present detailed simulation
with different t-norms and s-norms, and with and withoubr it, either.
conservation of the state. Some results are shown in the nexthe second FA ('Crafter’, from [19]) and third FA, (i.e.
section. example 1 from [7]), behave very similarly in the sense that,
for the functions for which the one of them was controllable,
so was the other FA, while for the cases when one of them
A. General aspects remained stuck in certain values, the same thing happertad wi
In this section we will illustrate what kind of investigatis the other FA.
can be performed using our framework. First we verified the In consequence, we will provide detailed simulation result
correctness of the implementation on the numerical exasnpfnly for the 'Crafter’ FA in this paper.
presented in [15] and [19]. We have also verified that thedkin ~ First a reset signal is applied to the circuit and it goes to
of automata ‘Crafter’ ([19]) and ‘transition matrix’ ([1ppre the initial state, then we applied two types of inputs:
identical, being only different description styles of thane 1) when the degrees of membership of the two inputs are
FA. We consider that these were only preliminary simulation equal and their values first decrease frar till 0.1

IV. RESULTS

and do not present detailed results for them. in steps of0.1, then increase again tb.0 and finally
We aimed to study the following problems: decrease td.1, also in steps 00.1.
1) the efficiency of different operations (t-norms and s- 2) when one input has first a degree of membership of
norms) used for FA. For the functiong1 we have 0.1 and the degree of membership of the other input
used different t-norms, while for functioR2 we have decreases from.0 to 0.1 and goes back td.0, all in

used fuzzy s-norms. We consider that the operations are  steps of0.1; then the first value changes directly G®)

efficient if the fuzzy automaton is controllable,i.e., the and the second input repeats its behaviour.

degree of membership of its states can be influenced byNo methods for adjusting the degree of membership (i.e.

the FA's inputs. The FA is not controllable if the degreeonservation or normalization of states) are applied irfitise

of membership of its states remain blocked at certaand the second sets of simulations (subsection IV-B), while

values (e.g. zero) and cannot be changed from the inputs.subsection IV-C we apply either conservation of state, or

This problem is often reported for fuzzy automata andormalization of states.

fuzzy flip flops. On all the following diagrams the horizontal axis contains
2) the effectiveness of some of the methods proposedtire simulation time, in clock cycles (the state changes atly

literature in order to overcome the lack of controllabilitthe rising edge of the clock signal), while on the verticabax

of FAs. From the existing methods we have implementade represent the degree of membership of the inputs and of the

by now the conservation of state ([15]) and the normastates of the FA. The degrees of membership are normalized

ization of state ([16]). to integer values betweeh and 100 instead of real number
For the first problem we used for the functioAs and 72 in the interval[0, 1]. The inputs are represented with dashed
different pairs of s-norms and t-norms: lines, and the states with continuous lines.

1) maximum and minimum, which are the most used ig. First problem: controllability of FA
literature for FA.

2) drastic sum and drastic product From the four pairs of s- and t-norms used for the functions

3) algebraic sum and algebraic product F2 and F1, only the algebraic FA proved to be_contr_ollable.
4) bounded sum and bounded product For the max-min FA, the degree of membership of its states
: took the smallest value of the degree of membership of its
_ We implemented four examples of fuzzy automata frofg, ts (.1 in this case) and after that their values could not be
literature and tested them using our framework: increased, while for the bounded and drastic FA, the degrees

1) the FA described in [15] membership of all their states went to zero and remained zero
2) the 'Crafter’ FA, from [19] and [20]. after that, no matter what happened at inputs. In conseguenc
3) the FA described in example 1 from [7] we decided to try to use different s-norms for functien, but

4) the FA described in example 4 (Figure 5) from [7].  only algebraic product foF'1, and the following diagrams are

The first FA (from [15]) is too small, having only two statedor these cases.
and one input. We used it mostly for checking the correctnessThe following figures are for the first case (equal inputs).
of our VHDL code and we do not present detailed simulatiofigure 1 shows the results for algebraic sum and product FA,
results for it. and figure 2 for the max-product functions.

The fourths FA (example 4 from [7]) has a transition matrix It can be observed that the max-product automaton has an
with very few non-zero values, and hence, for the majorityndesirable behaviour: when the degree of membership of its
of the simulations that we performed with it, the degree a@fiputs decreases so does the degree of membership of its
membership of all its states quickly go to zero and cannot btates (of all of them!), but after that, when the degree of
changed after that. This example is not considered relevamémbership increases again, the states remain with a zero
in this stage of our work, but it might require more attentiodegree of membership.



20 while the algebraic automaton has a better behaviour, in the
sense that its states can be influenced by the inputs.

— —nl

— —n2

Statel

State2
State3
Stated

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37

Fig. 1. Algebraic FA with equal inputs and without conseiatof state °
1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37
120 . . ) .
Fig. 3. Max-product FA without conservation of state, noua inputs
100 A
N /
/2N /
N\ / \ /
bl AR\ / \ 4 — —m
A \ 7 \ / — 120
\ / \ /
60 \ / \ / Statel
\ 7 \ / State2 100
\ / \ / state3
“© \ / \ / Stated
\ 7 N\ / 80
A N
20
\ Y A/
\ A / P
o L e s e s s B S B B s e B S B s
1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37
40
Fig. 2. Max-product FA with equal inputs and without consgion of state 20
o
1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37

The algebraic automaton looks more controllable, in the
sense that when the membership values of the inputs decreasig
so does the degree of membership for states, but when the ©
degree of membership of inputs increase again, the degree of
membership of the states follows it. This means that thetmptt
can control the states. It may seem a bit unusual that thedegr
of membership of all of its states goes towatds, but this is In [15] the authors propose the method caléeshservation
a behaviour that can be expected from a fuzzy automaton.of state in order to overcome the problem of the continuous

The automaton with drastic sum and algebraic product decrease of the degree of membership of the fuzzy states.
not represented because the degree of membership ofH@wever, in [15] the method is illustrated only for a small
states is1.0 almost all the time, which is also true for theautomaton, with only two states. We apply it to the ‘Crafter’
next simulation scenarios, which makes this type of autamautomaton with equal inputs (like in scenario 1) and nonaéqu

4. Algebraic FA without conservation of state, non-&quputs

Methods used to improve FA's behaviour

unusable. inputs (scenario 2), with all the s- and t-norms described in
The automata with bounded sum and algebraic prodwgtbsection IV-B.
used for 2 and F'1 and the FA with Einstein sum foF'2 Figures 5 and 6 contain the results for the max-product

and algebraic product faf'1 behave very much the same likeautomaton. It can be seen that, although it takes longer than
the FA with algebraic sum and algebraic product not only iim the case without conservation of states till the degrdes o
this simulation scenario, but also in the other scenarias ttmembership of the states go to zero, this thing eventually
we simulated. Hence, they will not be presented furtherr (Fbappens, and after the states have a zero degree, theiedegre
Einstein sum see [18], chapter 3, section 3.2.2, page 32.) cannot be increased further.
As can be seen from figures 7 and 8, the unpleasant surprise

In the second simulation scenario one input has eitherithat, in what the algebraic automata are concerned, the
low, or a high degree of membership, while the other inputethod of conservation of state worsens their behavioer: th
changes like in the first scenario. Figure 3 is for the maxiegrees of membership of their states remain very high,lynost
product automaton and figure 4 is for the algebraic automatdretween0.8 and1.0. This behaviour can be explained by the
Again, the degree of membership of the states of the mabentribution given by the negated values of the degreeseof th
product automaton go to zero and do not increase after thaputs: when the degree of an input is low, its negation (i.e
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1 — degree) is high, and the consequence is that the degr

of states remain high.

We illustrate this behaviour only for the algebraic autoonat
in the two cases mentioned above (equal and non-equ
inputs), but the FA with bounded sum and algebraic produc
and FA with Einstein sum and algebraic product have a ve
similar behaviour. Also, the negative effects of conseovat
of states has been observed on the FA from [7], example 1.

We can conclude that the conservation of state method is

Max-product FA with conservation of state, non-éqoputs

not efficient, at least not for the studied automata.

In [16], Watanebe et al proposenormalize the statesf the
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fuzzy automata in order to avoid their degrees to decrease to
zero. This means to determine the maximum value among the
degree of membership of all states and to divide all the d=gre
of membership of the states to that maximum. In this way
obviously at least one state will have the valufor its degree
of membership. We will present the effect of this method on
the max-product automaton. We apply it only to max-product
automaton because its states will go to zero otherwiseeSinc
the algebraic automata behave well in the studied exampge, w
do not need to apply this computationally intensive mettood t
them. We consider that the method of state normalizatioras t
computationally intensive for an implementation in hardsya
because it involves division operations.

Figures 9 and 10 contain the results for equal and non-

e(—:é%ual inputs. In the first case the states will have very shen t

maximum degree of membership and will remain unchanged,
while in the second case they will have also a high degree of
m(?mbership (betweem9 and1.0), with the exception of the
State 2.

In the ‘Crafter’ example the method of state normalization
prl¥oves to be inefficient.
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“ \ / \ 7 States
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Fig. 9. Max-product FA without conservation of state andhwitate
normalization, equal inputs

V. CONCLUSIONS AND FUTURE WORK

In this work we have implemented a VHDL framework for
the study of fuzzy automata. Our framework ‘unifies’ the ap-
proaches presented in [15], [19] and [7]. The implementatio
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(6]
(7]
is flexible and, because of the parametrization of FA, it soal
efficient in performing many simulations in an easy way (evels]
in parallel).

The framework permits to test the efficiency of different
functions used for state transitions of FA, as shown by ou]
simulation results. Our simulations suggests that the maxi
and minimum functions (the most used in the literature) do npoj
allow the state of the automata to be controlled by its inputs
On the other side, the algebraic sum and product, the boun
sum and algebraic product, and the combination of Einstein
sum and algebraic product proved to be efficient.

We implemented two methods proposed in the literature
order to avoid the degrees of membership of the states of FA
to go to zero: the conservation of state (from [15]), and the
state normalization from [16]. In our simulations both nuth |13
gave bad results, which is a new result.

The flexibility of our framework will allow us to extend our
investigations on the performance of fuzzy automata an@to s
the following tasks:

[14]

« to perform simulations and performance studies on other
examples of FA, in order to obtain general conclusion&?!
e.g., which functions are more suited for implementing
state transitions. [17]

« to include in our framework other types of FA (e.g. FA
with fuzzy relief, Chen’s GFA, etc). [18]

« to perform FPGA implementation (i.e. synthesis) of sev-
eral types of FA. The synthesis will allow us to make &9
more realistic evaluation of resources used for different
types of FA. For example, a state normalization operatidf]
used in order to maintain a non-zero state of FA ¢ o
be very costly in a hardware implementation because
it involves a division operation. Also, the Einstein sunfk2]
can be resource consuming because it uses the division
operation as well.

« to find some interesting applications for FA. Most often
the application from the current literature are either very
small examples (toy applications, e.g. [13]), or they are
extremely complex systems, like the hybrid fuzzy-crisp
automata from the works of Grantner and Fodor ([22]).
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