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ABSTRACT OF THE THESIS
Fuzzy Special Logic Functions and Applications
by
Te-Shun Chou
Florida International University, 1992
Miami, Florida

Professor Edward T. Lee, Major Professor

In this thesis, four special logic functions (threshold functions, monotone
increasing functions, monotone decreasing functions, and unate functions) are extended
to more general functions which allows the activities of these special functions to be a
"fuzzy" rather than a "1-or-0" process. These special logic functions are called as fuzzy
special logic functions and are based on the concepts and techniques developed in fuzzy
logic and fuzzy languages. The algorithms of determining C(n), C,,(n) and generating
the most dissimilar fuzzy special logic functions as well as important properties and
results are investigated. Examples are given to illustrated these special logic functions.
In addition, their applications -- function representation, data compression, error
correction, and monotone flash analog to digital converter, their relationships, and fuzzy
classification are also presented. It is obviously shown that fuzzy logic theory can be
used successfully on these four special logic functions in order to normalize the grade of
membership function p in the interval [0 1]. As a result, the techniques described in this
thesis may be of use in the study of other special logic functions and much fertile field

work is great worth researching and developing.
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Chapter One

Fuzzy Threshold Functions and Applications

1.1 Introduction

Digital computers, digital communication and control systems, and many other
digital systems deal with two general problems: the characterization of the input-output
relations of digital networks (using, for example, Boolean algebra), and the synthesis of
digital networks from their input-output relations using certain specified logic elements
as building blocks. Conventionally, these building blocks include such elements as AND,
OR, and NOR gates.

All of these conventional elements share two very useful properties: they are easily
constructed from standard components, and their input-output relations are simple and
easily described in Boolean algebra. However, since new circuit techniques now promise
the inexpensive mass fabrication of stable, reliable components, there is renewed interest
in using a logically more powerful basic building block -- the threshold gate and
McNaughton had the first published work in this field in 1957 [16]. Although this type
of gate requires tighter tolerances than conventional gates, it promises a substantial
reduction in the number of gates, the total number of components, and the number of
interconnections.

Therefore, I would like to discuss this subject and use the concepts and techniques
developed in fuzzy logic and fuzzy languages to fuzzify the kind of functions and their

some applications in this chapter.



1.2 Threshold functions f; (Linearly separable functions)

A threshold gate which is a logic device with n binary-valued inputs, x,, x,, ..., X_,
and a single binary-valued output y. Associated with each input x; is a weight w,. The
values of the threshold T and w, (i=1, 2,..., n) may be any real, finite, positive or negative
numbers. The output y of the threshold gate is decided by as follows [9,15,16]:

[1.1]

<
i

n
1 ifandonly if Y wx; 2T
=

[1.2]

n
0 ifandonly if Y wix, < T

i=1

y

where the sum and product operations are arithmetic. A threshold gate is represented

pictorially as shown in Figure 1.1.

Figure 1.1. The symbol of a threshold gate

Clearly, a threshold gate realizes a Boolean function. Hence, the output of a

threshold gate can be represented by a Boolean function as definition 1.1.



DEFINITION 1.1. [15,16] A threshold function is defined as:
n [1.3]
y={Y wx, )
im1
where equation 1.3 is called the threshold function representation of the gate.
DEFINITION 1.2. A function is an inseparable function while it is not a threshold

function.

Example 1.1. Consider the threshold gate as shown in Figure 1.2.

Figure 1.2 threshold gate that realizes y = X, +x,X,
y = { 2x,4x,+X, ) )
The Boolean function realized by the gate can be determined by constructing the

truth table as shown in Table 1.1.

XpXp,X3 Threshold function Relation to y
2%, +X,+X, T=2
000 0 < 0
001 1 < 0
010 1 < 0
011 2 = 1
100 2 = 1
101 3 > 1
110 3 > 1
111 4 > 1
Table 1.1



From the truth table, we can get the following Boolean function which is realized
by the threshold gate:

Y = X HXX,

1.2.1 Properties of threshold gates
There are some well-known properties of threshold gate as follows [9].
Let
n [1.4]
y =A E WiXg )r
=
be the output of a threshold gate.
(1) IF w=w,=...=w,=T, THEN
y is the Boolean function x,+x,+...+Xx,.
(2) IF w,=w,=...=w, and T=nw,, THEN
y is the Boolean function x;Xx,...X,.
(3) IF k is a real number, THEN
n [1.5]
y = k*E WiX3 der
i=1
(4) IF k is a positive real number, THEN

) [1.6]
v = kY wx; Do
i



(5) IF k is a positive real number, THEN
n [1.7]
vy = "E WXy \pa
i
Example 1.2. Using property 1, a threshold gate realization of a three-variable OR is
given below:
XX+ = { XX 4%, )
Example 1.3. Using property 2, a threshold gate realization of a three-variable AND is
as follows:
XXXy = ( X +X,4Xs ) 5
Example 1.4. Property 3 is useful for changing the signs of coefficients.
Y = -2%X4%y )
Determine an equivalent realization that only requires positive weights.
That is x;=1-x;’. Then:
y = (-2(1-x.")-(1-x,")+%5 )
= (-242%,-14%, 4%, )
= (342%, 4%, +%5 )
= ( 3-342%,-14%, 4%, ) 54

= (2%, 4%, +X; ) 5

1.2.2 Advantages of threshold logic
THEOREM 1.1. [9] A threshold gate for which all weights have unit value and the

threshold value is 0.5 is a n-input OR gate.



Example 1.5. For a two-variable function which satisfies theorem 1.1.

XXy X +X, Y ={X+X, ) o5
00 0 0
01 1 1
10 1 1
11 1 1

After calculation, we have found this threshold gate is equal to a 2-input OR gate.

THEOREM 1.2. [9] A threshold gate for which all weights have unity value and the
threshold value is n-0.5 is a n-input AND gate.

Example 1.6. For a two-variable function which satisfies theorem 1.2.

XXz XXz Yy ={XX; ) o5
00 0 0
01 G 0
10 0 0
11 1 1

After calculation, we found this threshold gate is equal to a 2-input AND gate.

THEOREM 1.3. [9] In a similar situation, the complementing threshold gate is a
generalization of the NOR and NAND gates.

Because of the wide range of possible weights and threshold values, the size and
complexity of the class of logical functions that can be realized by a single threshold gate
are large when compared with those of the conventional logical elements. As a result,
the number of gates, inputs, and total number of physical components needed to realize

a particular logical function are smaller for threshold gates than for conventional gates.



Example 1.7. Consider a seven-variable logic function

V=X (X X+ X 5+ XX )X (KX X s+ K X)X (K X s K X)X (X5 X+ X)X 5(Xg+X, ) +XX

(b)

Figure 1.3. Realization of the logic function y by using (a) one threshold gate
and (b) AND-OR gates

If we realize this function by using AND-OR logic, we require 12 gates and total
of 38 inputs. But if we use threshold gate, we only need a single threshold gate and 7
inputs as shown in Figure 1.3.

Obviously, it becomes clearly when we use the threshold gate to represent a
Boolean function than the AND-OR gates. And threshold gate is considerable saving in

numbers of gates, components, and inputs.



1.3 Fuzzy threshold functions

Fuzzy threshold functions can be defined using the concepts and techniques
developed in fuzzy logic and fuzzy languages.
DEFINITION 1.3. [5,13] The grade of membership function of a fuzzy threshold

function f is defined to be:

bo(£) =1-pC [1.8)
where C is the minimum number of minterms change in order to convert f to be a
threshold function and p is a normalization constant which will be discussed in later
sections.
LEMMA 1.1. For all threshold functions f;,
[1.9]

C(fy) =0

(£ =1 [1.10]

pr(fp)=1 indicates that f; has full membership in the class of threshold functions.

LEMMA 1.2. For all functions f of n variables, an upper bound for C is:

c(n) < No. of total minterms [1.11]

2

cln) < 207 [1.12]



LEMMA 1.3. For all functions f of n variables, an upper bound for C can be improved

to be:

C(n) smin(#ofminterms, # of totalminterms-#ofminterms) [1.13]

Proof. If the number of minterms is less than half of the total minterms, then we can
change all the minterms to zeros. Thus, we will be able to obtain a threshold
function. If the number of minterms is more than half of the total minterms, then
we can change all the maxterms to ones. Thus, we will be able to obtain a
threshold function.

LEMMA 14. A function consists of only a single minterm or a function of single

maxterm is always a threshold function.
LEMMA 1.5. The function f is a threshold function if and only if C(n)=0.
LEMMA 1.6. Thus, a better upper bound for C may be obtained as:
C(n)<min(#. of minterms,#. of total minterms-#. of minterms) -1 [1.14]
Proof. We can cut the upper bound by one by changing all the logic zeros to logic ones

except one minterm if there are more minterms or vice versa.

1.4 Determination of p,
1.4.1 For two variables (n=2)
The Boolean lattice representation of two variables is shown in Figure 1.4. These

four vertices represent the minterms x,’x,’, x,’X,, X,X,” and x,x, which are represented as



(0,0), (0,1), (1,0), and (1,1) respectively. The minterm numbers 0, 1, 2, and 3 are also

indicated.

Figure 1.4. A Boolean lattice representation of two variables

Example 1.8. The Exclusive OR function

fyor = Z(1,2)

Figure 1.5. A Boolean lattice representation of two variables
of fyor = £(1,2)

This is not a threshold function and the minimum number of minterms to be

changed is equal to one if we want to change fyg to a threshold function. So C(fyog)=1.

10



Example 1.9. The Exclusive NOR function

foqu = 2(0,3)

Figure 1.6. A Boolean lattice representation of two variables
of froy = 2(0,3)
fequ is not a threshold function and it is a complement of fyoz. The minimum
number of changes of minterms is equal to one if we want to change fyo, to be a
threshold function. So C(fgqy) = 1.
From the above two examples, we can conclude that all functions of two variables
have the following properties.
DEFINITION 14. A function is called a most inseparable function f,;s if and only
if a function f of n variables satisfied the following condition.
[1.15]
C(fM[s) = max{C(n)}
vf
in order to normalized p; to be in the interval [0 1]. And we define the grade of

membership of fyg5 to be zero.

bl = 0 L-16]

11



Corollary 1.1. By using definition 1.4.,

[1.17]

- 1
Pr ™

THEOREM 1.4. For all functions f of two variables, the max C(n) is equal to 1.
[1.18]
Cons) = max{C) = 1
and also denoted as C_,(2) = 1
THEOREM 1.5. For all functions f of two variables, the normalization constant p, can

be obtained by as follows.

[1.19]
By = 1-P2Crn

1.2
0=1-p,C_. 11.20]

1.21
1 [1.21]
2 @

THEOREM 1.6. For all functions f of two variables, the grade of membership function
is:

[1.22]

12



1.4.2 For three variables (n=3)

The Boolean lattice representation of three variables is shown in Figure 1.7. These
eight vertices represent the minterms X, X;"Xy’, X,'X;"Xq, X;"X;X"5 X, X, Xgy XoX; Xg 5 X%, X,
XXX, and x,x,X, which are represented as (0,0,0), (0,0,1), (0,1,0), (0,1,1), (1,0,0), (1,0,1),
(1,1,0) and (1,1,1) respectively. The minterm numbers 0, 1, 2, 3, 4, 5, 6, and 7 are also

indicated.

Figure 1.7. A Boolean lattice representation of three variables

Example 1.10. f, = Z(0,3,4,6)

Figure 1.8. A Boolean lattice representation of three variables
of f;, = 2(0,3,4,6)

This is not a threshold function and the minimum number of changing total

minterms is equal to one if we want to change it to be a threshold function. So C(f))=1.

13



Note. Odd function and Even function

Odd function: The minterms of a function 31"6 unit distance apart from each other and
each binary value has an odd number of 1’s.

Even function: The complement of an odd function is an even function and each binary
value of these minterms has an even numﬁer of I’s.

Example 1.11. A map for a three-variable Exclusive OR function is shown in Figure 1.9.

Xt X1
Xo w

XN D0 01 11 10 XN 00 01 11 10
0 i 1 [ 1

1} 1 1 1 ]

(&) Odd function () Even function

Figure 1.9. A map for a three-variable Exclusive OR function

Example 1.12. f,,3) = £(1,2,4,7)

Figure 1.10. A Boolean lattice representation of three variables
of f.(3) = £(1,2,4,7)

14



This is not a threshold function and the minimum number of changing total
minterms is equal to two if we want to change it to be a threshold function. So
C(f,q4(3))=2.

Example 1.13. f,,..(3) = £(0,3,5,6)

Figure 1.11. A Boolean lattice representation of three variables
of f,,..(3) = Z(0,3,5,6)
This is also not a threshold function and it is a complement function of f,,(3).
The minimum number of changing total minterms is equal to two if we want to change

it to be a threshold function. So C(f,,.,(3)) = 2.

From the above, it can be concluded that all functions of two variables have the

following properties.
THEOREM 1.7. For all functions of three variables,

max{C(n)} = C_,_ [1:23]
vs

15



THEOREM 1.8. For all functions f of three variables, the normalization constant p, can

be obtained by as follows.

c.6 -2 [1.24]
b = 1-poCn [1.25]
0 = 1pC [1.26]
L [1.27)
BT 2

is:

[1.28]

1.4.3 For n variables
THEOREM 1.10. From the derivation of two and three variables, we can generalize the

grade of membership function for n variables as:

c [1.29]

)

BAAX Xpe00x,)) = 1=

16



1.4.4 Summary

From above theorems and examples, we can summarize the results in Table 1.2
and derive an algorithm for determining C_,,(n), an algorithm for determining C(n), and

an algorithm for generating most inseparable functions of subsequent sections.

No. of No. of most most membership possible
variables C,. | inseparable inseparable function values
functions functions of pr
2 1 2 ‘ 2(0,3) pr(H)=1-C 0,1
%(1,2)
3 2 2 2(0,3,5,6) pp(H)=1-C/2 0,1/2,1
2(1,2,4,7)

Table 1.2. Summary of two and three variables functions

1.5 An algorithm for determining C,__.(n)
After the derivations of two and three variables, we can determine C, . (n) for n
variables by using the same method.

THEOREM 1.11. For all functions of n variables with n>4,
[1.30]

C,(m =2"1-1
THEOREM 1.12. For all member of variables, the number of most inseparable functions
are always equal to 2.
THEOREM 1.13. The function f is a threshold function if and only if £’ is a threshold
function. This theorem can be generalized to fuzzy threshold

functions.

17



THEOREM 1.14. For all functions f of n variables, then

131
e = C(r) .

bl = uolf) [1.32]

1.6 An algorithm for determining C(n)

Boolean lattice and Karnaugh map are both common ways to represent logic
functions. So we replace Boolean lattice by using Karnaugh map to do the algorithm for
determining C(n) in this section.

We limit our presentation in two and three variables here and it is the same
approach while above three variables.

We can convert one representation to the other by using Figures 1.12 and 1.13.

Figure 1.12. The two-variable map from Boolean lattice
representation to Karnaugh map

18



Figure 1.13. The three-variable map from Boolean lattice
representation to Karnaugh map
LEMMA 1.7. If f,, is a minterm function, then C(f_,)) = 0.
If £, is a minterm function, then C(f_,,) = 0.
LEMMA 1.8. If a given function has two minterms and the two minterms are adjacent
on the Karnaugh map, then the function is a threshold function and

C(n)=0. Otherwise the function is not a threshold function and C(n)=1.

Figure 1.14. The possible positions of two minterms
threshold function

19



Example 1.14. A threshold function: f = X(0,1)

A fuzzy threshold function: f = X(2,5)

LEMMA 1.9. For a given function has three minterms,
Case 1. If all these three minterms of the function are adjacent on the Karnaugh map,

then the function is a threshold function and C(n)=0.

Figure 1.15. The possible positions of three minterms
threshold function

Example 1.15. A threshold function: f = 2(0,4,5)

Case 2. If only two minterms of the function are adjacent on the Karnaugh map, then the
function is not a threshold function and C(n)=1.

Example 1.16. A fuzzy threshold function: f = 2(1,3,6)

Case 3. If all these three minterms are not adjacent on the Karnaugh map, then the
function is not a threshold function and C(n)=1.

Example 1.17. A fuzzy threshold function: f = X(1,2,7)

LEMMA 1.10. For a given function has four minterms,

Case 1. If all these four minterms of the function are adjacent on the Karnaugh map,

then the function is a threshold function and C(n)=0.

20



Figure 1.16. The possible positions of four minterms
threshold function

Example 1.18. A threshold function: f = 2(0,1,4,5)
Case 2. If three minterms of the function are adjacent on the Karnaugh map, then the
function is not a threshold function and C(n)=1.
Example 1.19. A fuzzy threshold function: f = 24(0,1,4,7)
Case 3. If there are two groups and two minterms of each group are adjacent, then the
function is not a threshold function and C(n)=1.
Example 1.20. A fuzzy threshold function: f = 2(0,1,6,7)
Case 4. If all these four minterms are not adjacent on the Karnaugh map, then the
function is not a threshold function and C(n)=2 (in three variables case).
Example 1.21. A fuzzy threshold function: f = 3(0,3,5,6)
According to above Lemmas and examples, we can conclude an algorithm for
determining C(n) as follows.
We can obtain C(n) by finding the minimum of these three cases as indicated in

Figure 1.17.

21



Figure 1.17. The algorithm for determining C(n)

Case 1. Changing only logic one to logic zero transition.

Step 1. To find the largest threshold subfunction ;. Let the number of minterms in
f .. equal to my,,.

Step 2. To change the rest of minterms to logic zero.

Step 3. Thus, we can obtain C(n) < m-m_,,,.

Case 2. Changing only logic zero to logic one transition

Step 1. To find the largest threshold subfunction f_,,,. Let the number of minterms in
{0 €qual to m_, ..

Step 2. To change the rest of minterms to logic one.

Step 3. Thus, we can obtain C(n) < 2°-m-m_,,.

22



Case 3. Changing some minterms to logic zero and some maxterms to logic one in order
to connect all the subfunctions. Thus, we can obtain C(n) = m_+m,_,,.

At last, we can combine these three cases and then obtain the minimum C(n).

. [1.33]
C(n) = min[(m-m, ),(2"-m-m,__ ),(m, ot Mg_)]
LEMMA 1.11. If a function is a threshold function, then all the minterms are connected.
However, the reverse may not be true as shown in example 1.22. Figure
1.18 shows the example which all the minterms are connected, but it is
not a threshold function.

Example 1.22.

Figure 1.18. A fuzzy threshold function

1.7 An algorithm for generating most inseparable functions fy;g
When we have most inseparable functions of two variables, we can generate most
inseparable functions of three, four, five variables, etc. Figure 1.19 shows the algorithm

for generating most inseparable functions fy.

23



Figure 1.19. The algorithm for generating most
inseparable functions fq¢

THEOREM 1.15. For n variables, there are only two most inseparable functions (fygs)

and denoted as f,,.(n) and f_,(n). Their relationship is:

[1.34]
Foven®) = fosd)
THEOREM 1.16. Given f,,.(n) and f_,(n), f,.(n+1) and f ,(n+1) can be generated as

follows.

[1.35]
Foen®+1) = Xpoifo (W) 4%, o)

[1.36]
FoP+1) = Xy ()40 f )

24



1.8 Applications
Fuzzy threshold functions can be applied to function representation, data reduction,
and error correction. The results may have useful applications to logic design, pattern

recognition, and related areas.

1.8.1 Function representation
Fuzzy threshold functions can be used as a tool to represent any logic function f.
If C(n) = i, then

[1.37]

f=r; © Xim,m,,..m)

[1.38]

fT = f® E(mpmzr":mj)

where f; is a threshold function, @ indicates the exclusive-or operation and m,, m,,..., m,
are minterms which should be changed from f; in order to obtain f.

Usually, this representation is not unique. In other word, there may exist f'; such

that;

[1.39]
f= f,’- D E(m,/,mz/,...,m,’)

Example 1.23. £ = 2(0,3,5,6) is an inseparable function with C(f)=2, it can be represented
as f = 2(0,2,3,6)®X(m,,my) or f = X(0,1,3,5)DZ(m,,m,) where £(0,2,3,6) and Z(0,1,3,5)

both are threshold functions.
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1.8.2 Data compression
A threshold function can be represented [w,,W,,...,w,;T] which has a simpler
representation compare with a general logic function.
For function f with C(n)=1, then function f can be represented by:
[1.40]
f=O (m}
Thus, for transmitting f, instead of transmitting the total truth table or the
corresponding Karnaugh map, we can transmit only f; and the minterms m,. Therefore,

data compression may be achieved.

1.8.3 Error detection and correction
Fuzzy threshold functions also can be applied to error detection. For example, if
we know that a most inseparable function (f,gs) is transmitted and a single error occurred,

then at the receiving end,

[1.41]
Clfus) * Copy
where {4 indicates the function received.
We know that there are only two most inseparable functions for n variables.
Therefore, if we transmit a most inseparable function of n variables, then all the single
error can be detected and corrected. Actually, the capability of error correction is

stronger than when single error occurred.
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Fos® = EWo,W,Wo,eo W sCo (£ 00) [1.42]

Example 1.24. f,4s = 2(0,3,5,6;2) is transmitted, f = X(0,2,3,6;0) is received. Cras(fhas)=2

is not equal to C(n)=0. So the numbers of minterms 2 and 5 of f are error and they can

be corrected.

THEOREM 17. The Hamming distance between {f,,.,(n), f,,,(n)} of two most
inseparable functions is equal to 2°. So using minimum distance
coding, 2™'-1 errors can be corrected if the words are { foven(n),
foad(m}.

THEOREM 18. Since we only correct a single error of a most inseparable function, the

number of minterms which are not changed is equal to 2*'-1.

1.9 Conclusion

The technique of applying fuzzy logic to threshold functions are introduced. There
are many new results and examples are given to illustrate them. The algorithm of
determining the minimum number of minterms changes C(n) in order to convert f into a
threshold function f;, and finding C,,, are investigated. We also found there are two
most inseparable functions and they are odd function and even function. Also, the
applications of function representation, data reduction, and error correction are presented.
The topics considered in this chapter appear apparently to be a fertile field for further
study. The results also may have useful applications in logic design, pattern recognition,

and related areas.
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Chapter Two

Fuzzy Monotone Functions and Applications

2.1 Introduction

Monotone functions play an important role in switching theory, logic design,
computer design, flash analog to digital converter, pattern classification, and pattern
recognition. In particular, flash analog to digital converter is designed using the set of
all monotone increasing (decreasing) functions. The details shall be discussed in chapter
4 and 5.

In this chapter, I will introduce fuzzy monotone functions which are using the

concepts and techniques developed in fuzzy logic and fuzzy languages.

2.2 Monotone increasing functions fy;ne

DEFINITION 2.1. [9,15] A Boolean function f of n variables is monotone increasing
if and only if x<y implies that f(x)<f(y), where x=(x,x,,...,X,) and
Y=(Y1,¥20e--¥a) and Xy, Xp,eees X5 Vio Yaoees Yo are either "logic zero"
or "logic one".

THEOREM 2.1. [9,15] For a function which is n variables, there are 2°+1 monotone
increasing functions. More specifically, they are shown in Table

2.1.
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Table 2.1. All monotone increasing functions of n variables

DEFINITION 2.2. From Table 2.1, a set of all monotone increasing functions can be
defined as fygnc.

[2.1
fumne = Uy, £5, £50 ooy Fpay ]

2.3 Fuzzy monotone increasing functions
After the discussion of monotone increasing functions, fuzzy monotone increasing
functions can be defined by the concepts of fuzzy logic and fuzzy languages.
DEFINITION 2.3. [5,13] The grade of membership of a fuzzy monotone increasing
function f(x,,X,,...,x,) is defined to be:

Bumne (E(Xy, %5, .00 Xp)) = 1-p,C [2.2]
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where C is the minimum number of minterms change in order to convert f(x,,x,,...,X,) t0

be a monotone increasing function (a member in fy;.) and p, is a normalization constant

which will be determined in section 2.4.

LEMMA 2.1. For a monotone increasing function f(x,,x,,...,X,), the minimum number
of minterms change is equal to:

CUE(Xy, Xy v v 1 X,)) = O [2.3]

LEMMA 2.2. For a monotone increasing function f(x,,X,...,X,), f(X;,X,,...,x.) has full
membership in the class of monotone functions and indicates as:

[2.4]

PMINC(f(Xszr see .Xn) ) =1

And we normalize pymc in the interval [0 1].

2.4 Determination of p,

According to Table 1, for all monotone increasing functions, if we scan the output
column from the top to the bottom, there is only one change of truth value from 0 to 1.
DEFINITION 2.4. Thus, we define that the function is most dissimilar to monotone

increasing functions to be the most variation function fy,,; which
has the following property, that is, if we scan the output column
from the top to the bottom, there will be most number of changes

of truth value from 0 to 1.
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Cuvr (£(3y1 %5 -+ %)) = TAX G (£, X o0 ,) ) [2.5]

From definition 2.4, it implies that the two most variation functions are as Table

2.2.

fMVFI fMVI-‘Z
0 1
1 0
0 1
1 0
0 1
1

Table 2.2. The two most variation functions fyg and fyye,

2.4.1 For two variables (n=2)

THEOREM 2.2. For all functions f of two variables, the maxium value C(f(x,,x,)) is
equal to 2.

Coax (2) = MK {Cymye (£ (33, %))} = 2 [2.6]

THEOREM 2.3. For all functions f of two variables, the normalization constant p, can

be obtained by as follows.

Buvr (£(X,%,)) = 1-p,Ca (2) [2.7]
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[2.8]

0 = 1-0,Chax (2)
_ 1 1 [2.9]
" @ T2

THEOREM 2.4. For all functions f of two variables, the grade of membership function
is:

[2.10]

Bawe (£(X, %)) = 1- & _'C;

T2 12

2.4.2 For three variables (n=3)
THEOREM 2.5. For all functions f of three variables, the normalization constant p, can

be obtained by as follows.

Crax (3) = 4 [2.11]

Mo (£(X,%,, %)) = 1-p,Chayx (3) [2.12]
0 = 1, G (3) 2.13)

p, = cm:(;;) -._-%_ [2.14]

THEOREM 2.6. For all function of three variables, the grade of membership function

is:
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c c [2.15]
4

Bume (£ (X0 X0 %)) = 1—_5;;_(5_)_. =1-C

2.4.3 For n variables
THEOREM 2.7. From above derivation, for all functions f of n variables can be

generalized as:

Crax () = 2771 [2.16]
1 [2.17]
Pn = Coe(@
c [2.18]
Parne (£, %5, 000 X)) = 1= Crax (12)

2.4.4 Summary

From above theorems and examples, the results can be summarized as following
theorems, and tables. Furthermore, the algorithm for determining C_,.(n) and C(n), and
the algorithm for generating most variation functions are also can be achieved by using
these results.

For any two and three-variable functions, the results can be summarized as Table

2.3.
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No. of No. of most most membership possible
variables Coe | Vvariation variation function values
functions functions of tymne
2(0,2) Havawc(D)
2 2 2 Z(1,3) = 1-(C/2) 0,1/2,1
2(0,2,4,6) e 0,1/4,2/4
3 4 2 Z(1,3,5,7) = 1-(C/4) ,3/4,1

Table 2.3. Summary of two and three-variable functions

THEOREM 2.8. The number of monotone increasing function (fyqyc) is 2°+1.

And it can be summarized as shown in Table 2.4.

number of variables number of fygye
2 5
3 9
4 17
5 33
n 2"+1

Table 2.4. Summary of fy of n variables

LEMMA 2.3. A function of constant "logic zeros" or constant "logic ones" is a

monotone increasing function.
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Example 2.1. For a function of three variables, then f=3(0,1,2,3,4,5,6,7) and

£=I1(0,1,2,3,4,5,6,7) are two monotone increasing functions.

THEOREM 2.9. Given two functions f1 and f2 which both are monotone increasing
functions of n variables, then flymf2,qvc is @ monotone increasing
function which is equal to the smaller one.

Example 2.2. Two functions flyq:=2(5,6,7) and f2,;,=X(4,5,6,7) which both are

monotone increasing functions of three variables , then flypcf2ymwc 1S @ monotone

increasing function which is equal to the smaller one f1,4,=2(5,6,7).

THEOREM 2.10. Given two functions f1 and f2 which both are monotone increasing
functions of n variables, then f1 g +2ymc 1S @ monotone increasing
function which is equal to the larger one.

Example 2.3. Two functions flpn=2(5,6,7) and {2, =2(4,5,6,7) which both are

monotone increasing functions of three variables , then fl,+2yme iS @ monotone

increasing function which is equal to the larger one f2,;=2(4,5,6,7).

2.5 An algorithm for determining C_ . (n)
THEOREM 2.11. For all functions of two variables, C_,.(2) = 2
THEOREM 2.12. For all functions of three variables, C,,,(3) = 4
THEOREM 2.13. For all functions of n variables,
Crax (0) = 2771 (2.19]

And it can be summarized as shown in Table 2.5.
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number of variables Crax P=1/Crx Hvanc(D=(1-C/C,,(n))
2 2 172 1-(C/2)
3 4 1/4 1-(C/4)
4 8 1/8 1-(C/8)
5 16 1/16 1-(C/16)
n 2=! 1/2~! 1-(C/2*h

2.6 An algorithm for determining C(n)

For a given function with n variables, we use two pointers, high pointer (HPT) and
low pointer (LPT), with starting positions at the first bit and the last bit of the output of
the truth table respectively. The basic idea of the algorithm is that HPT is moving

Downward and The LPT is moving upward.

Table 2.5. Summary of n variables

alternatively until they meet.

The Flow Chart is shown in Figure 2.1.
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Figure 2.1. Flow Chart for determining C(n)

Step 1. Check all the minterms of a function are logic zeros or logic ones. If yes, the
function is a monotone increasing function..
Example 2.4. A three variables function f(x,,x,,x,) = 2(0,1,2,3,4,5,6,7). It means all the

minterms are logic ones. So C=0 and f is a monotone increasing function.
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Step 2. Check function f is a monotone increasing function or not. If yes, pype=1. If
not, goto step 3.

Example 2.5. A three variables function f(x,,x,,x,) = Z(4,5,6,7). This function is a

monotone increasing function and C=0.

Step 3. To initialize the minimum number of minterms change C to 0, the two pointers
HPT at the first bit and the pointer LPT at the last bit.

Step 4. To check the bit of HPT is a logic zero or not. If the bit of HPT is not a logic
zero, then change it to be a logic zero and increase C by 1. If the bit of HPT
is a logic zero, then it will bypass all the logic zeros which below HPT and set
HPT to the bit which is the first logic one HPT meet.

Step 5. To check the bit of LPT is a logic one or not. If the bit of LPT is not a logic
one, then change it to be a logic one and increase C by 1. If the bit of LPT is
a logic one, then it will bypass all the logic ones which above LPT and set LPT
to the bit which is the first logic zero LPT meet.

Step 6. Repeat step 4 and step 5 until | LPT-HPT| < 1.

After these steps, the minimum changes C(n) can be found and it can be changed
to be a monotone increasing function.
Example 2.6. Given a three variables function f=2(1,4,5,7).
(1)  To initialize C to 0, HPT to the first bit 0, and LPT to the last bit 7.
(2)  To check the bit 0 of HPT is a logic zero or not. In this example, it is a logic

zero. So HPT will go to the bit 1, the first logic one HPT meet.
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(3

C))

)

(6)

(7

8)

To check the bit 7 of LPT is a logic one or not. In this example, it is a logic one.
So LPT will go to the bit 6, the first logic zero LPT meet.

The bit 1 of HPT is a logic one. So change bit 1 to be a logic zero and set HPT
to the next bit 2, the first logic zero HPT meet.

The bit 6 of LPT is a logic zero. Then it will be changed to be a logic one and
set LPT to the bit 5, the first logic one LPT meet.

The bit 2 of HPT is a logic zero, and so is bit 3. Then HPT will bypass bit 3 and
go to bit 4.

The bit 5 of LPT is a logic one, and so is bit 4. Then LPT will bypass bit 4 and
go to bit 3.

Now pointer HPT is located at bit 4 and pointer LPT is located at bit 3. | LPT-
HPT| <1, So the algorithm will stop and C(n) is equal to 2.

As a result, we found the minimum changes C(n) is equal to 2 in order to change

f to become as a monotone increasing function. And function f become as f=3(4,5,6,7).

2.7 An algorithm for generating most variation functions fyny, and fyyp,

When we have most variation functions of two variables, we can generate most

variation functions of three, four, five variables, etc. Figure 2.2. shows the algorithm for

generating most variation functions fyyg.
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Figure 2.2. An algorithm for generating
most variation functions fyyg

THEOREM 2.14. For n variables, there are only two most variation functions (f,y;) and
denoted as fyy (n) and fyye(n). And their relationship is:

Fryrs (D) = Fayez (n) (220

Example 2.7. For a three-variable function, fyys=2(0,2,4,6) and fyve=2(1,3,5,7).

fuve (3)=fuve (3).

THEOREM 2.15. Let the additional variables be x,.,, then fyy5(x;,X,,...,X,,X,,,) Can be
generated recursively as follows.

/ [2.21]
fMVFJ. (xll LA 'anXn.,l) =Xn"'1fMVF1 (le & 8 ,Xn) ""Xn,lfmz (X]_, 2 @ ,Xn)

THEOREM 2.16. Let the additional variables be x,,,, then fyyp(X,,X,,...,X,,X,,,) can be

generated recursively as follows.
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, [2.22]
Lvvrz (Xp0 o o0 Xpo X)) =X par Eayer (Xy 0 o o 0 X)) +Xpin Eyen (X, 0L X

2.8 Monotone decreasing functions fy;ppc

DEFINITION 2.5. [9,15] A Boolean function f of n variables is monotone decreasing
if and only if x2y implies that f(x)=f(y), where x=(X,,Xp...,X,) and
Y=(Y1:¥2e¥n) a0d Xy, Xooeoy Xy, ¥ys Yaoeeos ¥, are either "logic zero"

or "logic one".

XoXpgr o X Xy | £; 2 f3 oo fon fo0,
00 ... 00 0 1 1 .. 1 1
00 ... 0 1 0 0 1 <o 1 1
0 0 ... 10 0 0 0 s:0 1 1
00 ... 1 1 0 0 0 «cv 1 1
1 1 «vo 9 1 0 0 0O «.« 1 1
11 ««0 1 0 0 0 g v 1 1
1T 1 e 11 0 o o0 o0 1

Table 2.6. All monotone decreasing functions of n variables

2.8.1 Fuzzy monotone decreasing functions
The concepts and techniques of monotone decreasing functions are also using
fuzzy logic, fuzzy languages, and fuzzy neural networks. All the results are similar to

monotone increasing functions. As a result, I do not discuss the details in this section
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again and only write down the important results here.
Fuzzy monotone decreasing functions is also defined using the concept of fuzzy
logic and fuzzy languages.
Moppe (£ (X0 %50 o 20 X)) = 1-p.C [2.23]
where we normalize pymgc in the interval [0 1] and pyppe = 1 for all the monotone
decreasing functions.

THEOREM 2.17. For all function of n variables, the number of monotone decreasing
functions (fypec) is equal to 2°+1.

THEOREM 2.18. For all function f of n variables, the number of maximum number of
minterms changes (C,,,) in order to become as a monotone
decreasing functions (fyprc) is equal to 2™,

So the membership function becomes as:

c _ c [2.24]

= ] e 1=
l'LMDEC Cmax (n) zn..l

THEOREM 2.19. The two most variation functions fyyg, and fy,z, are the same as those
of monotone increasing functions.

The algorithm for determining C(n) is similar to the one of monotone increasing

functions except HPT is checking the bit is logic one or not and LPT is checking logic

zero or not.
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2.9 Applications

Fuzzy monotone increasing functions can be applied to switching theory, logic
design, computer design, flash analog to digital converter, pattern classification, pattern
recognition, and pattern understanding. In particular, flash analog to digital converter is

designed using the set of all monotone increasing (decreasing) functions.

2.9.1 Function representation

Fuzzy monotone increasing functions can be used as a tool to represent any logic
function f.

If C(n) =1, then
[2.25]

£f=fume @ X(m,m,...,m)

= [2.26]
fyme = £ X(m,m,,...,m)

where fyqyc is @ monotone increasing function, @ indicates the exclusive or operation and
m,, m,,..., m; are minterms which should be changed from fc in order to obtain f.
Example 2.8. If we want to convert f(x,,X,,X,) = 2(1,3,4,6,7) into a monotone increasing
function fyguc(X,,X,,%,), ‘then C(f(x,,X,,X;))=2 and it can be represented as f(x,,X,,X;) =

2(3,4,5,6,7)DX(m,,m,).

2.9.2 Data compression

A monotone increasing function can be represented [w,,w,,...,w,;C] which has a
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simpler representation compare with a general logic function.
For function f with C(n)=i, then function f can be represented by
£= Fype @ {my) [2.27]
Thus, for transmitting f, instead of transmitting the total truth table or the
corresponding Karnaugh map, we can transmit only fyc and the minterms m,. Therefore,

data compression may be achieved.

2.9.3 Error detection and correction
Fuzzy monotone increasing functions also can be applied to error detection. For
example, if we know that a most variation function (f;) is transmitted and errors

occurred, then at the receiving end,

clel )+ . [2.28]
where ¢ indicates the function received.

We know that there are only two most variation functions for n variables.
Therefore, if we transmit a most variation function of n variables, then all the errors can
be detected and corrected.

Example 2.9. fyuve(X,,X,,X5) = Z(1,3,5,7;C=4) is transmitted, f(x,,X,,x;) = 2(4,5,6,7:C=0)
is received. C(fyve(x;,X,,X;))=4 is not equal to C(f(x,,x,,%x;))=0. So the numbers of

minterms 1, 3, 4, and 6 of f are erroneous and they can be corrected.



2.9.4 Analog to digital converter

Given a n-bit flash converter input an analog signal, we can get 2" digital outputs
after 2°-1 comparators. Since these 2" digital outputs are all monotone increasing
(decreasing) functions, any function can be represented by the combinations of these
monotone increasing (decreasing) functions. These details and results shall be discussed

and presented in chapter 4 and 5.

2.10 Conclusion

Fuzzy monotone functions are introduced, investigated by using the concepts and
techniques which developing in fuzzy logic and applied to function representation, data
compression, error correction, and monotone flash analog to digital converter. The
algorithm for determining C(n), C,,,,(n) and generating the most variation functions fyyz,
and fyy, are presented. Examples are given to illustrated this fuzzy special function.
The are many results and they may be have useful applications in logic design, pattern

recognition, and related areas.
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Chapter Three

Fuzzy Unate Functions and Applications

3.1 Introduction

After the introduction of threshold functions and monotone functions, my principal
goal in this chapter is the development of methods for another special logic functions,
unate functions, which also play an important role in switching theory, logic design,
computer design, pattern classification, and pattern recognition.

Also, fuzzy unate functions are introduced using the concepts and techniques
developed in fuzzy logic and fuzzy languages and also applied to function representation,

data compression, and error detection.

3.2 Unate functions f;

DEFINITION 3.1. [21] A function f(x},X,,...,X;) is said to be positive in a variable x,
if there exists a disjunctive or conjunctive expression for the
function in which x; appears only in uncomplemented form.

DEFINITION 3.2. [21] Analogously, f(x;,x,,....x,) is said to be negative in a variable
x; if there exists a disjunctive or conjunctive expression for the
function in which x; appears only in complemented form.

DEFINITION 3.3. [21] Derived from definition 3.1 and 3.2, if a Boolean function
f(x4,%,,...,X,) is either positive or negative in x,, it means that there

is no variable appears both uncomplemented and complemented
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when f is written in a minimum sum of products form, then
function f(x;,X,,...,x,) is said to be unate in x;, and f is a unate
function.
Example 3.1. The following are both unate functions:
£,(X),X,5,X5) = X;+X,X,4
£(X1,X5,X3) = XX, +X4
Proof: All the variables of f, function or f, appear no both uncomplemented and
complemer}ted. So both functions f; and f, are unate functions.
Example 3.2. On the other hand, the following functions are not unate:
£3(X1X00Xs) = XXX, X, Xy
fa(X1,X,5,X3) = XX, +X,Xs |
Proof: Variables x,; and x, of function f, and variable x, of function f, appear both

uncomplemented and complemented. So both functions f, and f, are not unate.

3.3 Fuzzy unate functions
Fuzzy unate functions can be defined using the concepts and techniques developed
in fuzzy logic and fuzzy languages.
DEFINITION 3.4. [5,13] The grade of membership of a fuzzy unate function
f(x,,X,,...,X,) is defined to be:
Bo(f(x, %, ...%,)) = 1-p.C [3.1]

where C is the minimum number of minterms change in order to convert f(x},%5,...%,) tO

47



be a unate function (a member in f;;) and p, is a normalization constant which will be

determined in later sections.

LEMMA 3.1. For a unate function f(x;,X,,...,X,), the minimum number of minterms

change is equal to:

C(f(X]_,XZ,.-.,Xn)) = O [3'2]

LEMMA 3.2. For a unate function f(x,,X,,...,x,), f(X;,X,...,x,) has full membership in the

class of unate functions and indicates as:

Bo(E(x, %, ....x,)) =1 [3.3]

And we normalize py; in the interval [0 1].

3.4 Determination of p,

3.4.1 For two variables (n=2)

Example 3.3. The Exclusive OR function

fyor = 2(1,2)
X
X3 ’ 0 1
0 1
1)1

fyor = XX, = X' X;+xoX,”. From definition 3.3, if there is no variable appears
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both uncomplemented and complemented when f is written in a minimum sum of
products form, then function f(x,,X,...,X,) is said to be unate in x; and f is a unate
function. Now variables X, and x, appear both uncomplemented and complemented. So
this is not a unate function and the

minimum number of minterms to be changed is equal to one in order to change the
function fy, to be a unate function. C(fyg) = 1.

Example 3.4. The Exclusive NOR function

fEQU = 2(0,3)
X
X ’ 0 1
01
1 1
/’

foqu = XX, = XX +X,'X,’. Using the same definition, variables x, and x, appear
both uncomplemented and complemented now. So this is not a unate function and the
minimum number of minterms to be changed is equal to one in order to change the
function fzo, to be a unate function. C(fgy) = 1. |
From example 3.1 and 3.2, we can conclude the following theorems.
THEOREM 3.1. For all functions f of two variables, the max value C(f(x,,x,)) is equal
to 1.

Coas (2) = max (G, (£(xy,36))} = 1 [3.4]
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THEOREM 3.2. For all functions f of two variables, the normalization constant p, can

be obtained by as follows.

Boo (£ (X, %)) = 1-p,Cpa, (2) [3.5]
0 = 1-p,Cra (2) [3.6]
1 1 [3.7]
P = ———r =
2 Gy (2)

THEOREM 3.3. For all functions f of two variables, the grade of membership function

is:

c [3.8]
pU(f(Xllxz)) = l—m = 1-C
3.4.2 For three variables (n=3)
Example 3.5. £,4(3) = 2(1,2,4,7)
X1
Xo
X2 00 01 11 10
0 1 1
111 1

fo0a(3) = XOX,BX; = XX, "Xy +Xo XX, +X, X, X,+X X, X,. Variables x,, x,, and X, all
appear uncomplemented and complemented now. So f,,,(3) is not a unate function and

the minimum number of minterms to be changed is equal to one in order to change it to
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be a unate function. C(f,,4(3)) = 1.

Example 3.6. f

even

(3) = £(0,3,5,6)

X1
Xo

X2\ 00 01 11 10
g1 1
1 1 1

feven(3) = X0OX;0X, = Xo'X, "X, +XoX, X, +XX, "X, +X, X, X,. Variables x,, X,, and x, all
appear uncomplemented and complemented now. So this function is not a unate function
and the minimum number of minterms to be changed is equal to one in order to change
f..a(3) to be a unate function. C(f,,.,(3)) = 1.

From above, we can conclude all three-variable functions have the following
properties.
THEOREM 3.4. For all functions f of three variables, the normalization constant p, can

be obtained by as follows.

Crax (3) = 2 [3.9]
Baw (£, %5, %)) = 1-p;3Chay (3) [3.10]
0 = 1-p;C, (3) [3.11]
1 - 1 [3.12]
P2 T3] 2
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THEOREM 3.5. For all function of three variables, the grade membership function is:

[3.13]

Bo(E(x, %0 %)) = 1- . g

T3 T2

3.4.3 For n variables
From the discussions of a function with two variables and three variables, the
grade of membership function of a n-variables function can be generalized as:

c [3.14]

(£ ) = 1S

3.4.4 Summary

From above theorems and examples, we can summarize the results as following
theorems, and tables. Furthermore, the algorithm for determining C__(n) and C(n), and
the algorithm for generating most non-unate functions are also can be achieved by using
these results.

In chapter 1, we discussed fuzzy threshold functions and defined most inseparable
functions are equal to odd function and even function. From the above derivation of two
and three variables, we know that most non-unate functions are similar to threshold

functions in fuzzy unate functions. They are also odd function and even function.
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DEFINITION 3.5. Thus, we define the functions are most dissimilar unate functions
to be the most non-unate functions {4, which are odd function and
even function. And then we can determine the maximum number
of minterms change C,,, and normalization constant p, of n
variables.

Cou{(E(X 1 X0 o000 X)) = n\\da;c{C'U(f(xl,xz, coerxy) ) [3.15]

From definition 3.5, it indicated that the two most non-unate functions are as

shown in Figure 3.1.

X1 X1

Xo X0
X2\.00 01 11 10 X200 01 11 10
0 1 1 01 1
111 1 1 1 1

(&) Odd function (b) Even function

Figure 3.1. A map for two most non-unate functions of three variables
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For any two and three-variable functions, we can summarize the results as table

3.1.

No. of No. of most most membership possible

variables max | MON-uNate non-unate function values

functions functions of py

2(0,3) Ho(f)

2 1 2 Z(1,2) = 1-C 0,1

2(0,3,5,6) Hy(£) 0,1/2,1
3 2 2 2(1,2,4,7) = 1-(C/2)

Table 3.1.

3.5 An algorithm for determining C,__ (n)

THEOREM 3.6.

THEOREM 3.7.

THEOREM 3.8.

Summary of two and three-variable functions

For all functions of four variables, the maximum minterms change

Cpux(4) in order to convert f to be a unate function is equal to 7.

For all functions of five variables, the maximum minterms change

C,ax(5) in order to convert f to be a unate function is equal to 15.

For all functions of n variables with n>4, the maximum number of

minterms changes is:

Coax (1) = 2771-1
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So the results can be summarized as shown in Table 3.2.

number of variables Coax
4 7
5 15
6 31
7 63
n 271

Table 3.2. Summary of C_,(n) of n variables

THEOREM 3.9. For all member of variables, the number of most non-unate
functions are always equal to 2.

THEOREM 3.10. f is a unate function if and only if f" is a unate function. This
theorem can be generalized to fuzzy unate functions.

THEOREM 3.11. For all functions f of n variables, then

[3.17]

c(f) = c(£h)

i

[3.18]

po(£) = py(£)
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3.6 An algorithm for determining C(n)

In this section, we can also use Boolean lattice representation (chapter 1) to help
us determining a function is whether a unate function or not. So I would like to explain
the Boolean lattice representation again because we will use some terminologies here.

An n-variable Boolean lattice representation contains 2° vertices, each of which
represents an assignment of values to the n variables and thus corresponds to a minterm.
A line is drawn between every pair of vertices which differ in just one variable, and no
other lines are drawn. The vertices corresponding to true minterms, that is, for which the
function assumes the value logic one, are called true vertices, while those corresponding
to false minterms are called false vertices.

THEOREM 3.12. [21] A logic function f(x,,X,,...,X,) is unate if and only if it is not
tautology and partial ordering exists, so that for every pair of
vertices (a,,a,,...,a,) and (by,b,,...,by), if (a;,a,,...,a,) is a true vertex
and (b,,b,,...,b) 2 (a,,a5...,3,), then (by,b,,...,b,) is also a true vertex
of f.

Note. Partial ordering set of vertices is a lattice and the vertices (0,0....,0) and (1,1,...,1)

are, respectively, the least vertex and the greatest vertex of the lattice.

According to theorem 3.12, a procedure can be written in order to change any n-

variable function into a unate function and to decide the minimum number of minterms

change.
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Step 1. To find all the subcubes’ minterms and minimal true vertices of each subcube.
Step 2. To check partial ordering relation of every subcube.

If yes, the function is a unate function.

If not, change the minterms which does not satisfy the partial ordering relation.

Step 3. To determine the number of minterms change.

Example 3.7. For a function f,(X,,X,,X;) = X,"X,’+X;X, and the three-variable Boolean

lattice representation is shown in Figure 3.2.

Figure 3.2. The Boolean lattice representation of f;(x;,X,,X;) = X;"X," +X,X,

Step 1. There are two pairs of vertices [(0,0,1) and (0,0,0), (1,1,1) and (1,0,1)] and we
name the two minimal true vertices are 5,=(0,0,0) and S,=(1,0,1).

Step 2. According to partition ordering, once the least vertex (0,0,0) is logic one, then all
the others vertices should be true vertices. But the vertices (1,0,0), (0,1,0), (0,1,1), and
(1,1,0) are not true vertices now. So we change the least vertex (0,0,0) to false vertex
and minterm (0,0,1) becomes as a minimal true vertex.

Step 3. To check the partial ordering relation of these two subcubes. We found (0,1,1)
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is not a true vertex which true vertex (0,0,1) is not covered by it. So we have to change

(0,1,1) to be a true vertex.
Step 4. From the above steps, we found that we changed two vertices, (0,0,0) and (0,1,1),
and f, becomes as a unate function -- f,(X;,X,,X;) = X, X;4+X;X; = X, and C(n) is equal to

2. The Boolean lattice representation is shown in Figure 3.3.

Figure 3.3. The Boolean lattice representation of f,(X;,X,,X3) = XXy +X,X; = X,

Example 3.8. For a function f,(x,,X,,X5,X,) = X,X,+X,X, and the four variables Boolean

lattice representation is shown in Figure 3.4.

Figure 3.3. The Boolean lattice representation of £,(x;,X,,%;,%,) = X;X,4+X,X,
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Step 1. There are two pairs of vertices [(1,1,0,0), (1,1,1,0), (1,1,0,1), and (1,1,1,1),
(0,0,1,1), (1,0,1,1), (0,1,1,1), and (1,1,1,1)] and we name the two minimal true vertices
are 5,=(0,0,1,1) and S,=(1,1,0,0).
Step 2. To check the partial ordering relation of these two subcubes. We found that every
vertex are greater than S, and S,.
Step 3. From the above steps, we can say that f, is a unate function and the number of

minterms change C(n) is equal to 0.

3.7 An algorithm for generating most non-unate functions fi,
When we have most non-unate functions of two variables, we can generate most
non-unate functions of three, four, five variables, etc. Figure 3.5 shows the algorithm for

generating most non-unate functions fyo;.

Figure 3.5. The algorithm for generating most
non-unate functions fypy
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THEOREM 3.13.  For n variables, there are only two most non-unate functions (f;)
and denoted as f,,.,(n) and f (n). Their relationship is:

3.19
foven () = Flaa(n) 0191
THEOREM 3.14.  Given f,,.(n) and f_,,(n), f,,.(n+1) and f_,(n+1) can be generated

as follows.
[3.20]

feven (H"’l) = X14+1fevan (n) +xn<n-1fadd(n)

, [3.21]
fodd(n+1) = Xn*lfeven (n) +xn+1fodd(n)

3.8 Applications
Fuzzy unate functions can be applied to switching theory, logic design, computer
design, pattern classification, pattern recognition, and pattern understanding. In this

chapter, I discuss their three applications -- function representation, data compression, and

error detection and correction.

3.8.1 Function representation
Fuzzy unate functions can be used as a tool to represent any logic function f.

If C(n) =1, then

£=£,0X(m.m,....m) [3.22]
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fU= faz(mlrmzy-..,mi) [3.23]

where f; is a unate function, @ indicates the exclusive or operation and m,, m,,..., m, are
minterms which should be changed from f;; in order to obtain f.

Example 3.9. If we want to convert f(x;,x,X,) = X(1,2,4,7) into a unate function
fu(X1%5,%5), then  C(f(x;,X,,X3))=1 and it can be represented as f(x;,X,X;) =

¥(1,2,3,7)®%(m,,m,).

3.8.2 Data compression
A unate function can be represented [w,,w,,...,w,;C] which has a simpler
representation compare with a general logic function.
For function f with C(n)=i, then function f can be represented by
£=£,8 (m) [3.24]
Thus, for transmitting f, instead of transmitting the total truth table or the
corresponding Karnaugh map, we can transmit only f; and the minterms m;. Therefore,

data compression may be achieved.

3.8.3 Error detection and correction
Fuzzy unate functions also can be applied to error detection. For example, if we
know that a most non-unate function (fyoy) 1s transmitted and errors occurred, than at the

receiving end,
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Clfi) * Crax 13:23]
where £y, indicates the function received.

We know that there are only two most non-unate functions for n variables.
Therefore, if we transmit a most non-unate function of n variables, then all the errors can
be detected and corrected.

Example 3.10. fp(X,X,,X,) = 2(0,3,5,6;C=2) is transmitted, f(x,,%,,%,) = 2(0,1,3,5;C=0)
is received. C(fypu(X;,X0,X5))=2 is not equal to C(f(x,,X,,X5))=0. So the numbers of

minterms 1 and 5 of f are erroneous and they can be corrected.

3.9 Conclusion

Fuzzy unate functions are introduced and investigated by using the concept of
fuzzy logic. We know that there are two most non-unate functions and they are same as
the most inseparable functions of threshold functions, they are all odd function and even
function. The algorithms for determining C(n) and C_,(n), generating most non-unate
functions f; are presented and illustrated with examples. About applications, fuzzy unate
functions are also applied to function representation, data compression, and error detection
and correction. The results may be have useful applications in logic design, pattern

recognition, and related areas.
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Chapter Four

Flash Analog to Digital Converter

4.1 Introduction
When an analog voltage must be converted to a digital number, an analog to
digital converter (A/D converter) is used. Figure 4.1 shows a block diagram symbol for

a typical A/D converter with a single analog input and several digital outputs.

Figure 4.1. Block diagram of a typical A/D Converter

There are many types of A/D converters, most of which are single slope A/D
converters, dual slope A/D converters, successive approximation A/D converters, tracking
A/D converters, counter ramp converters, flash A/D converters, and so on. Since the flash
A/D converter is the fastest converter and all comparators outputs are monotone

increasing (decreasing) functions, I concentrate my discussion on this subject in the

following sections.
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4.2 Basic structure

All parallel, or so called simultaneous, or flash converters offer the fastest
throughout of available A/D converters designs. All the bit choices of the converter are
made at the same time. It requires 2°-1 voltage-divider taps and comparators -- and a
comparable amount of priority encoder logic. A scheme that gives extremely fast
conversion, it requires large numbers of nearly identical components, hence it is well-
suited to and really feasible in integrated circuit form. Figure 4.2 illustrates a typical

block diagram [1,2,8,20].

Figure 4.2. flash A/D converter

When an analog input signal is presented at the input of the comparator bank, all
comparators which have a reference voltage below the level of the input signal will
assume a logic one output. The comparators which have their reference voltage above
the input signal will have a logic zero outputs. Encoding logic then converts the

comparators’ outputs into a binary digital output.
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4.3 2-bit flash analog to digital converter

A 2-bit flash analog to digital converter consists of one reference voltage, three

comparators, three flip-flops and one priority encoder.
Figure 4.3 shows the diagram of a 2-bit flash analog to digital converter. The

relationship between outputs C,, C,, and C; from comparators and the outputs Z, and Z,

from priority encoder is shown in Table 4.1.

Figure 4.3. A high-speed 2-bit flash A/D converter
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2-bit flash A/D converter
- Outputs from comparators || Outputs from priority encoder
Cc3 C2 Ct Z2 Z1
0O 0 O 0 0O
0O O 0 1
0 1 1 1 0
1 1 1 1 1

Table 4.1. Truth table of a 2-bit flash A/D converter

According to Table 4.1, we can derive the outputs Z, and Z, from priority encoder
as follows:

Z,=GC
Z, =C+CCy
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4.4 3-bit flash analog to digital converter

A 3-bit flash analog to digital converter consists of one reference voltage, seven
comparators, seven flip-flops and one priority encoder.

Figure 4.4 shows the diagram of a 3-bit flash analog to digital converter. The
relationship between outputs C,, C,, C;, C,, Cs, C,, and C, from comparators and the

outputs Z;, Z,, and Z, from priority encoder is shown in Table 4.2.

Figure 4.4. A high-speed 3-bit flash A/D converter
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3-bit flash A/D converter

Outputs from comparators Outputs from priority encoder
C? C6 € €4 C3 C2 1 3 22 2
0 0 0 0 0 O 0 0

0
0
0
1
1
1
1

e S Y« T«
TR SR N A o |
—_ ek e OO O

1
1
1
1
1
1
1

- O O O O O OO
-t - (2 OO O O

Table 4.2. Truth table of a 3-bit flash A/D converter

According to Table 4.2, we can derive the outputs Z,, Z,, and Z, from priority

encoder as follows:
Z,=C,
Zz = C6+C2C4’

7, = C+C,Cy+C,C, +C,Cy
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4.5 4-bit flash Analog to digital converter

A 4-bit flash analog to digital converter consists of one reference voltage, fifteen
comparators, fifteen flip-flops and one priority encoder.

Figure 4.5 shows the diagram of a 4-bit flash analog to digital converter. The
relationship between outputs C,, C,, C;, C,, Cs, Cq, C,, Cy, Cy, Cy, C,y, Cyp, Cp, Cyyy and
C,s from comparators and the outputs Z,, Z,, Z, and Z, from priority encoder is shown

in Table 4.3.

Figure 4.5. A high-speed 4-bit flash A/D converter
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4-bit flash A/D converter

Outputs from comparators

€15 C14 C13C12C11 C10 C9 C8 C7 ©O8 €5 G4 €G3 C2 O

Cutputs from priority encoder

Z1

“h B2

0 0 0 O
0 00

1

(=2 e~

[« I~

el T

0 0 0 00 0 0 0 0 0 0 0 0 0 0
o 00 00O 0 0 0 0 0 0 0 0 0
0 0 0 00 0 0 0 0 O0 0 0 O

0 0 06 000 0 0 00 0 o

0 0 0 o0 00 0 00 0

1
1
1

1
1
1

1
1

1

1
i
1

0 0 0 00 0 0 0

0 0 0 0 0 00 0 0
6 0 0 0 0 0 0 0
O 0 0 00 0 O
6 0 0 0 0 O
000 0 0
0 0 0 0
0 0 0

0

1

1

0

)

1

1
1

i

1

1

i

1

1

i

1
i
1
1

Table 4.3. Truth table of a 4-bit flash A/D converter

According to Table 4.3, we can derive the outputs Z,, Z,, Z,, and Z, from priority

encoder as follows:

Z,=GC4

CitCCy

Z,
Z,

Z,

Ca+C1Cry +CCs +C,.CF

C:5+C13C14’+C11C12’+C9C10’+C7C8+C5C6,+C3C4’+C1C2’
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4.6 Conclusion

According to the derivations of 2-bit, 3-bit, and 4-bit flash A/D converters, we can
generalize the requirements of a n-bit A/D flash converter and the outputs’ Boolean
functions from priority encoder.
(1) the requirements of a n-bit A/D flash converter are:

the number of reference voltage: 1

the number of comparators: 2°-1

the number of flip-flops: 2°-1

the number of priority encoder: 1

(2) the outputs’ Boolean functions from priority encoder are:

_ [4.1]
Zn - CZ"/Z
p [4.2]
Zn_1 = C3,2n/4 + cl"zn/dnCthn/d
/ / / {4.3]
Zn-z = C7 *22/8 + Cs «27/8 Cs x28/8 + C3 -2"/8C4 *22/8 + Cl *2"/802 #20/8
[4.4]

/ / !
Zn-3 = C1s:-2"/16 + C'13*2"/16 C14*2"/16 + C'111-:2"/16 c12 *22/16 * CQ *20/16 C1o-2"/1s

/ / 7 /
+C, #22/16 Ca s27/16 T C5¢2”/16 Cs *2R/16 +G *20/16 C4 #28/16 +C *27/16 Cz *27/16

71



Chapter Five

Minimum Universal Synthesis of Logic Functions by Using Monotone
Flash Analog to Digital Converters

5.1 Introduction

In chapter 2, I mentioned that all the outputs from comparators of a n bit flash
analog to digital converter are a set of monotone increasing (decreasing) functions. Also,
through the discussion of chapter 4, it is known possible to synthesize these n binary
outputs from priority encoder by using the combination of outputs from 2°-1 comparators
of a n-bit flash analog to digital converter. I concentrated the discussion only on
synthesizing these outputs from priority encoder. So I want to extend the discussion more
deeply about the synthesizing rules to any given function by using monotone flash analog

to digital converters in this chapter.

5.2 Rule of choosing minterms or maxterms to synthesize a given function
If a logic function is given, there must be a certain number of minterms and
maxterms. The following Lemmas will decide how to choose either minterms or
maxterms to synthesize a logic function.
LEMMA 5.1. For any given function of n variables, the absolute distance between the
number of segment of logic one and the number of segment of logic zero
should be equal to or smaller than one.

| # of segment of 1 - # of segment of 0 | s 1 [5.1]
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IF # of segment of 1 > # of segment of 0, THEN
Using logic zero (maxterm) to synthesize the function.
IF # of segment of 0 > # of segment of 1, THEN

Using logic one (minterm) to synthesize the function.

Thus, Lemma 5.1 can be transferred into Figure 5.1.

Figure 5.1. The first rule for choosing minterms or maxterms

to synthesize a given function
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Example 5.1. For a given three-variable function f(x,,x,,x,)=2(1,2,6), the # of segment of
1 which is equal to two is less than the # of segment of 0 which is equal to three. As

mentioned above, it is better to use logic one (minterm) to synthesize this function.

LEMMA 5.2. For any given function of n variables,
IF both the first and the last bits are logic zeros, THEN
# of segment of 0 will be greater than # of segment of 1, and THEN
Using logic one (minterm) to synthesize the function.
LEMMA 5.3. For any given function of n variables,
IF both the first and the last bits are logic ones, THEN
# of segment of 1 will be greater than # of segment of 0, and THEN
Using logic zero (maxterm) to synthesize the function.
LEMMA 5.4. For any given function of n variables,
IF the first bit is a logic one and the last bit is a logic zero , or if the first
bit is a logic zero and the last bit is a logic one, THEN
# of segment of 1 will be equal to # of segment of 0, and THEN
Using either logic one (minterm) or logic zero (maxterm) to synthesize the

function.
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And through Lemma 5.2 to 5.4 can be summarized as Figure 5.2.

Figure 5.2. The second rule for choosing minterms or maxterms

to synthesize a given function

Example 5.2. For a given function f(x,,X,,X;)=2(0,3,4,5,7) of three variables, both the first
bit and the last bit are logic ones. According to Lemma 5.3, it will be more effective to

use logic zero (maxterm) to synthesize this function.
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5.3 Synthesis of a logic function by using monotone flash analog to digital converters

In chapter 2, I mentioned that all the outputs from comparators of a n-bit flash
analog to digital converter are a set of monotone increasing (decreasing) functions. A
control line (CL) can be added to a flash analog to digital converter in order to converter
it as a monotone increasing flash A/D converter or a monotone decreasing flash A/D

converter. Figure 5.3 shows the diagram of a monotone flash A/D converter.

Figure 5.3. monotone flash A/D converter

When CL is set to 0, the converter will become a monotone increasing flash A/D

converter.

When CL is set to 1, the converter will become a monotone decreasing flash A/D

converter.
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5.3.1 Synthesis of a logic function by using monotone increasing flash analog to

digital converters

Figure 5.4 shows an actual n-bit monotone increasing flash analog to digital
converter which is designed by using a set of monotone increasing functions. To analysis
the choice of using either logic one or logic zero to synthesize a given logic function,
Lemma 5.1 through 5.4 are applied to any given logic function. If the given function fits
to Lemma 5.2, Table 5.1a is used to synthesize the function, whereas Table 6.1b is used

to synthesize the function which fits to Lemma 5.3.

Figure 5.4. A n-bit flash analog to digital converter which is designed
by using a set of monotone increasing functions
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Table 5.1. (a) Function synthesis using logic one (minterm)
(b) Function synthesis using logic zero (maxterm)

After the operation of Table 5.1a, we can get the Boolean expression of a logic

function which is expressed in sum of products terms.

; P / [5.2]
f(Xl,Xz, s s 3 ,Xn) - CaniR+' s @ +CjoiZ+Cj1Cil

Similarly, after the operation of Table 5.1b, we can get the Boolean expression of

a logic function which is expressed in product of sums terms.

[5.3]
F(Xyi Xpe v w0 s X,) = (CyuCln) + 2 (Cy,CL0) (Cy,CL))

It was obviously that we can synthesize any function by using either Table 5.1a

or Table 5.1b. As follows, I illustrate several examples to explain how these two methods

really work.
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Example 5.3. Minimum synthesis of three variables function f(x,,X,,x;)=2(2,3,4,5,6) by

using a 3-bit monotone increasing flash analog to digital converter in Table 5.2.

c7 c2
& &
Doslred
function
Crl ©8 o5 c4 €3 c2| €1 || fxx.x)
0] 0 0 0 0 O 9 L]
°of 0 0 0 0 ofF| o
0j 0 0 0 0. "1l——p—1:
0/ 0 ©® 0.1 1 1 R
0] 0 01 4 1 1 i1
e : H
0] 071 1 1 1 1 Py
0 Attt 1.1
N | B S i
<11 1 1111 0

Table 5.2. Minimum synthesis of f(x,,x,,x,)=%(2,3,4,5,6) by using a 3-bit monotone
increasing flash A/D converter

In this example, since the # of segment of 0 which is equal to two is greater than
the # of segment of 1 which is equal to one and both the first and the last bits are logic

zeros, we apply Table 5.1a and equation 5.2. Then we can create the truth table 5.3.

f(x,,X,.%5) = C°C,

0
$

Qy—dHt—d)—lh—a)—a’—l
O'—‘ﬁ—‘*—"""—"co

Table 5.3

As a result, the minimum function f(x,x,,x;) = C;’C,.
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Example 5.4. Minimum synthesis of three variables function f(x,,x,,%;)=%(1,2,6) by using

a 3-bit monotone increasing flash analog to digital converter in Table 5.4.

c7 o8 .
4 & s [o]
& &
Desired
funcion
C7| c8) C5 cC4 €3} c2 O1 | fxx,xn)
ol of 0 0o ol 0o o )
o]l 9/ 0 0 o 0. 1lp—FiT
0| 0f 0 O OF—+fi—1 !
0| 0] 0 9,.--"1 11 0
0| 0 01 1 1 1 0
oot 1 1 1 1| 0
e e L 1
T T T T T T 0

Table 5.4. Minimum synthesis of f(x;,x,,x,)=2(1,2,6) by using a 3-bit monotone
increasing flash A/D converter

In this example, since the # of segment of 0 which is equal to three is greater than
the # of segment of 1 which is equal to two and both the first and the last bits are logic

zeros, we apply Table 5.1a and equation 5.2. We can then create the truth table 5.5.

. C C, f(x),%5,%3) = C;’Ce+Cy’C,

0
O

C7’C6

0

C
0
1
1
1
1
1
1
1

Ot O OOOOD
OO O D D e s
OO T O D s (D
O o OO D e e O

o O
= (OO OO OO

Table 5.5

As a result, the minimum function f(x,,x,,x;) = C;’C4+C,’C,.
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Example 5.5. Minimum synthesis of three variables function £(x1,%,,%3)=2(0,1,2,6,7) by

using a 3-bit monotone increasing flash analog to digital converter in Table 5.6.

cs
&H &
Desired
function
C7 o8 c5 c4 €3] 2 €1 || fxx.x)
0 0/ 0 0 0/ 0 o.- 1
o 0o 0 0o o 0.1 1
0 0 0 0 0/71 1 1
o o o g,..«"i ot 0
@ 0] 0.1 1 1 1] 10
0 OFt—t+—t—t—t—f—0 |
g_,f’i L I R I R 1
-1 1 11 1 114 1

Table 5.6. Minimum synthesis of f(x,,x,,x,)=2(0,1,2,6,7) by using a 3-bit monotone
increasing flash A/D converter

In this example, since the # of segment of 0 which is equal to one is less than the
# of segment of 1 which is equal to two and both the first and the last bits are logic ones,

we apply Table 5.1b and equation 5.3. Then we can create the truth table 5.7.

C G f(x,,X,,X,) = C+Cy’
0 1 1

0 1 1

0 1 1

0 0 0

0 0 0

0 0 0

1 0 1

1 0 1

Table 5.7

As a result, the minimum function f(x;,x,,x;) = C¢+C,’.
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Example 5.6. Minimum synthesis of three variables function f(x,,x,,x,)=2(0,4,5,7) by

using a 3-bit monotone increasing flash analog to digital converter in Table 5.8.

b q
b8

[#-) (o3 ]
& &
Dasired
function
Cr, C8 C5 C4) €3 2 €1 f(x,.x,.xg
0, 0, 0 0, 0 O g 1
o| of 0 0 0 OGP
. ; :
0y 0, ¢ O 9/ 1 1 : 0 :
6 0| © 9,-' 1 L 0
6| 0 o1 1 1 1 1
o
0 ’9‘, -1 11 11 r"1-'"
0. et 0 !
11 111 1 1

Table 5.8. Minimum synthesis of f(x,,X,,x,)=2(0,4,5,7) by using a 3-bit monotone
increasing flash A/D converter

In this example, since the # of segment of 0 which is equal to two is less than the
# of segment of 1 which is equal to three and both the first and the last bits are logic

ones, we apply Table 5.1b and equation 5.3. Then we can create the truth table 5.9.

CACy | fxpXpXy) = (Cr+C)CHC,)

0
i
ke
0

preoh ket o (D D D et
ot T et e (D D D et

OO O OO OO
CO D e et ek pd i ot
st (T ik poh ok puod o pod
e S N R e B s B e B )
SO DODO OO -

Table 5.9

As a result, the minimum function f(x,,x,,%;) = (C,+C' ) C+C,’).
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5.3.2 Synthesis of a logic function by using monotone decreasing flash analog to

digital converters

Figure 5.5 shows an n-bit monotone decreasing flash analog to digital converter
which is designed by using a set of monotone decreasing functions. To analysis the
choice of using either logic one or logic zero to synthesize a given logic function, we
apply the same strategy of section 5.3.1 to the given function. If the given function fits
to Lemma 5.2, Table 5.10a is used to synthesize the function. And Table 5.10b is used

to synthesize the given function which fits to Lemma 5.3.

Figure 5.5. A n-bit flash analog to digital converter which is designed
by using a set of monotone decreasing functions
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§ 1 1 se: 15 1.0 T 1 1 s 15 _‘.»*""DL Fog
L IS R ok - Rk I el 101 1 e }.-’-‘"U"'O” Fe--0
1 1 1 = t”‘,-’/o ] 0 4] 1 1 1 "'u" ] 1) [} 1
T rATL s : T LAt s s :
N H e : H . M H HE R : H .
1 1.2 e o 0 o 0 T 1790 0 o 1
70 00 0 0 0 10 0 ro 0 o 1
6 0 0 **°"0 0 © 0 <0 6 0 ***Q 0 o0 1
(a) (b)

Table 5.10. (a) Function synthesis using logic one (minterm)
(b) Function synthesis using logic zero (maxterm)

After the operation of Table 5.10a, we can get the Boolean expression of a logic
function which is expressed in sum of products terms.
/ / / [5.4]
f(Xl,Xz, s v 8 ,Xn) = Cjnc_in+- » @ +Cj2Ci2+cj1Cil
Similarly, after the operation of Table 5.10b, we can get the Boolean expression
of a logic function which is expressed in product of sums terms.
P / p [5.5]
f(xlyle s 8 ® 'XI)) = (Cjnciﬂ) LR (Cjzciz) (lecil)
It was obviously that we can synthesize any function by using either Table 5.10a

or Table 5.10b. As follows, I illustrate two examples to explain how these two methods
really work.
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Example 5.7. Minimum synthesis of three variables function f(x;,x,,X,)=%(1,2,6) by using

a 3-bit monotone decreasing flash analog to digital converter in Table 5.11.

> g
2

Y ox} 1
& &
Decired
function
c7| ¢8| o6 c4 €3] c2 of| | fxx. %)
1171 1 11 1M o
111 1 1] LT
LR I T B} e ek
111 1% o of o
W11 10 0 o o 0
111+ o0 0o o of o
B e R
"0 0 0 0 0 0 0 0

Table 5.11. Minimum synthesis of f(x;,x,,%;)=2(1,2,6) by using
a 3-bit monotone decreasing flash A/D converter

In this example, since the # of segment of 0 which is equal to three is larger than
the # of segment of 1 which is equal to two and both the first and the last bits are logic

zeros, we apply Table 5.10a and equation 5.4. Then we can create the truth table 5.12.

C,Cy CC/ f(x,,x5,%5) = C,Cs'+C,CY’

0
~3
(=2}

-

0
w
b

~

CO et o et ek b et et
bt et OO DO OO D
O= OO OO0
OO O D O =t i e
i e e e T )
OO OO O b D
O o OO O e D

Table 5.12

As a result, the minimum function f(x,,x,,x,) = C,C’+C,C,’.
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Example 5.8. Minimum synthesis of three variables function f(x,,x,,X,)=(0,4,5,7) by

using a 3-bit monotone decreasing flash analog to digital converter in Table 5.13.

»Q
» 8

ce' c1
&S &
Deshred
function
c7| ¢8| €5 cal €3 c2 ©f || Xy
N EEEI R 1
111 11 oY
111 1 19 of io!
i e —e—oqto
1 : 170 0o o o 1
1 14 1
NP © 0 0 0 0
e 0 e 8 B 6 : ....?--
0 0 0 0 0 0 0 1

Table 5.13. Minimum synthesis of f(x,,x,,X,)=2(0,4,5,7) by using
a 3-bit monotone decreasing flash A/D converter

In this example, since the # of segment of 0 which is equal to two is less than the
# of segment of 1 which is equal to three and both the first and the last bits are logic

ones, we apply Table 5.10b and equation 5.5. Then we can create the truth table 5.14.

Co+Cp | f(x),Xp.X,) = (C+CHC+C)

s
Ie
o
I
o
o

0O OO0 OO
o B B e
bk (D et bt peed femd ok ek
i T T e B s I s B )
DO O OO O D
ot ek ot ot T D (T et
ot (T et ped DD D s

Table 5.14

As a result, the minimum function f(x,,x,,x;) = (C;"+C)(C,;’+C,)).
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5.4 Conclusion

After the above illustrations, we can synthesize any given function by using either
monotone increasing flash A/D converters or monotone decreasing flash A/D converters.
The rules of how to synthesize a given function are also presented and illustrated by

examples. It can be applied usefully to logic design, computer design, and other related

areas.

87



Chapter Six

Fuzzy Classification

6.1 Introduction

After the discussion of fuzzy threshold functions, fuzzy monotone functions, and
fuzzy unate functions, there are many results that can be generalized and we can find
some relationships from these results. Furthermore, if a function is given, I try to classify
this function that should be belonged to which special logic function.

The grade of membership function p is normalized in the interval [0 1] and it is
set to be 1 if the function is a specific special logic function. So general speaking, when
we have many special logic functions and want to classify them, the larger grade of
membership function p, the stronger connection to the class function. Therefore, the
classification is based upon fuzzy sets theory and I restrict that there are only four fuzzy
special logic functions when I investigate the classification procedure, they are fuzzy
threshold functions, fuzzy monotone increasing functions, fuzzy monotone decreasing
functions, and fuzzy unate functions. After the discussion, readers will find that the

classification procedure can be usefully applied to any other special logic functions.

88



6.2 Generalization

First of all, I summarize some important results of fuzzy threshold functions, fuzzy
monotone functions, and fuzzy unate functions which I have already discussed in chapter
1, 2 and 3. According to these results, the relationships among them can be found and

a procedure for fuzzy classification can be generalized.

6.2.1 Fuzzy threshold functions

No. of No. of most membership
variables inseparable Chnax P.=1/Cx function
functions

2 2 1 1 p=1-C

3 2 2 172 pr=1-(C/2)

4 2 7 1/7 pr=1-(C/7)

5 2 15 1/15 pr=1-(C/15)

6 2 31 1/31 pr=1-(C/31)

n 2 2711 1/2"'-1) pr=1-C/(2"'-1)

Table 6.1. Summary of fuzzy threshold functions

THEOREM 6.1. For all member of variables, the number of most inseparable

functions are always equal to 2. They are odd function and even

function.
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THEOREM 6.2.

f is a threshold function if and only if £ is a threshold function.

So it can be generalized to fuzzy threshold function. For all

function of n variables, the minimum number of minterms change

of function f is equal to the minimum number of minterms change

of complemented function f.

membership function py.

And so as to the grade of

C(f) = c(f)) [6.1]
2
p’T(f) - p‘T(fI) [6 ]
6.2.2 Fuzzy monotone functions
No. of No. of most membership
variables variation Cou P=1/C_ function
functions
2 2 2 2 u=1-(Cr2)
3 2 4 1/4 m=1-(C/4)
4 2 8 1/8 y=1-(C/8)
5 2 16 1/16 u=1-(C/16)
6 2 32 1/32 py=1-(C/32)
n 2 2>t 172~ py=1-C/2™"

Table 6.2. Summary of fuzzy monotone functions




THEOREM 6.3.

THEOREM 6.4.

THEOREM 6.5.

For all member of variables, the number of most variation
functions are always equal to 2.

For all function f of n variables, if all the minterms are logic zeros
or logic ones, then the function f is a monotone increasing function
as well as a monotone decreasing function.

For all function of n variables, f is a monotone increasing function

if and only if £ is a monotone decreasing function.

6.2.3 Fuzzy unate functions

No. of No. of most membership
variables non-unate Crax P=1/Cp e function
functions
2 2 1 1 py=1-C
3 2 2 172 pu=1-(C/2)
4 2 7 1/7 py=1-(C/7)
5 2 15 /15 py=1-(C/15)
6 2 31 1/31 pe=1-(C/31)
n 2 271 1/(2%'-1) uy=1-C/(2*'-1)
Table 6.3. Summary of fuzzy unate functions
THEOREM 6.6.  For all member of variables, the number of most non-unate

functions are always equal to 2. They are odd function and even
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function.

THEOREM 6.7. f is a unate function if and only if f* is a unate function. So for all
functions of n variables, the minimum number of minterms change
of function f is equal to the minimum number of minterms change
of complemented function f. And so as to the grade of

membership function .

[6.3]

i

C(f) = C(f

[6.4]

By (£) = py(£)

From the summaries of fuzzy special logic functions, I conclude the following
theorems.

THEOREM 6.8. The number of most inseparable functions, most variation
functions, and most non-unate functions are all equal to 2. In
particular, the two most inseparable functions are as same as the
two most non-unate functions. They are all odd function and even
function.

Since that, the algorithms of fuzzy threshold functions and fuzzy unate functions
for generating these two functions are the same.

THEOREM 6.9.  For any function of n variables, the maximum number of minterms
change C of fuzzy threshold functions is the same as the value of

fuzzy unate functions.
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6.3 Relationships
After the generalization, we can find some relationships among threshold
functions, monotone increasing functions, monotone decreasing functions, and unate
functions.
THEOREM 6.10. [21] All threshold functions are unate functions. Therefore, all
non-unate functions are inseparable functions. But, unate functions
are not necessarily threshold functions.

This theorem can be drawn as Figure 6.1.

Figure 6.1. The relationship between threshold functions and unate functions

Example 6.1. f,(X},X,,X;) = X;+X,X; and f,(x;,X,.X3) = XX, +X5’
are unate functions but not threshold functions.
Example 6.2. £3(x,,X,,X;) = X;X,#%X,’%,” and £,(X,,X,,%X;) = XX, +X X,

They are not unate functions and therefore they are not threshold functions.
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Example 6.3. £4(X,,X5,X3,X) = XXy X3,

is a unate function but not a threshold function.

From theorem 6.10, it can be applied to fuzzy threshold functions and fuzzy unate

functions and get theorem 6.11.

THEOREM 6.11.  For all functions f of n variables, the grade of membership function
py of a fuzzy unate function is always larger than the grade of
membership function p; of a fuzzy threshold function.

6.5
T [6.5]
THEOREM 6.12. [15] All unate functions are mixed monotone functions -- monotone

increasing functions and monotone decreasing functions, and vice

versa.

Figure 6.2. The relationship between unate functions and monotone functions
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Theorem 6.12 can be applied to fuzzy unate functions and fuzzy monotone

functions and we can get theorem 6.13.

THEOREM 6.13.  For all functions f of n variables, the grade of membership function
Hy of a fuzzy unate function is always larger than the grade of
membership function py, of a fuzzy monotone function.

By(E) 2 Wypye(£) [6.6]

Byl(f) 2 Wpppe(£) 16.7]

THEOREM 6.14.  For all functions f of n variables, then the minimum number of
minterms change in order to convert f to be a monotone increasing
function (fygo) is equal to the minimum number of minterms

change in order to convert f* to be a monotone decreasing function

(Fvpec)-
6.8
CMINc(f(Xllle'"'lxn)) = C‘MDEC(f,(lele".an)) [ ]
/ [6.9]
Coppc (E (X0 Xy o000 X)) = Coypue (£, %5, + 2 0 X))

THEOREM 6.15.  For all functions f of n variables, then the grade of membership
function pygc of a fuzzy monotone increasing function f is equal

to the grade of membership function pypec of a fuzzy monotone

decreasing function f’.
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, [6.10)
uMINC(f(xl'XZ' ® 8 3 'xn) ) = pM'DEc(f (lexz, s s W ,Xn) )

6.11
Pamse (E(Xy s Xo0 oo o0 X)) = Bpgne (E/ (X, %5, 000 x,)) l6.11]

6.4 Classification

After the discussion of relationships of fuzzy threshold function, fuzzy monotone
functions, and fuzzy unate functions, I wrote down a classification procedure in order to
decide a function should be classified to which class function. Although there are many
special logic functions, I restricted that I only classify four special function: fuzzy
threshold functions, fuzzy monotone increasing functions, fuzzy decreasing functions, and

fuzzy monotone functions in the topic.

Figure 6.3. The concept of fuzzy classification
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When a function f is being classified, I set a classification vector (CV) which
includes all the grade of membership functions and set a threshold 8 by user to decide
whether this function should be classified or not.

CV = max {{., By Byl [6.12]

A procedure for classifying fuzzy special logic functions

Step 1. A threshold 6 is provided by the user where 0<6<1.

Step 2. For a function f, the grade of membership functions py, py, Hyme and pyppe are
computed.

Step 3. IF max{pr, My, Hvanes Hupre} < 8, THEN
f is not being classified.

Step 4. IF max{pr, Py, Bvnes Hvoee) 2= 6 and the maximum value is unique, THEN
f is classified to the class function corresponding to the maximum value.

Step 5. IF max{py, ty, Hymve Evpec) = 0 and there are more than one maximum value,
THEN
Either a priority list among these classes is provided by the user or all maxima

classes are outputs.
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Example 6.4. For a three-variable function f,(x;,X,,X;) = X;+X,’X,
Step 1. To set a threshold 6 which equals to 0.5. If max{pr, py, Hymes Hvpec} < 0.5, we
decide not to classify this function. But if max{py, by, Hyme Bvpee} = 0.5, we decide
to classify this function.
Step 2. To calculate the grade of membership functions py, Py, Hyvmne and Pypec.

It is a threshold function and the grade of membership function p; is equal to 1.
It is also a unate function and the grade of membership function y is equal to 1.

But it is neither a monotone increasing function nor monotone decreasing function.
If we want to convert f,(x,,X,,%x,)=2(1,3,4,5,7) into a monotone increasing function
fumc(X15X5.X5), then it becomes as fyqc(X,X,,X,)=2(3,4,5,6,7) and the number of minterms
changes C(f(x,,X,,x5))=2. So  pygne=(2/4)=0.5. If we want to convert
f,(x,,X,%5)=2(1,3,4,5,7) into a monotone decreasing function fypec(X,,X,.X,), then it
becomes as fypec(Xp,X,,%)=2(0,1,2,3,4,5) and C(f(x,,x,,X5))=3. So the grade of
membership function ppe-=(3/4)=0.75.
Step 3. To decide the function should be classified to which class function.

Now max{pr, Hys Myvanves Bvpee) = max{1,1,0.5,0.75} =1 2 0.5. According to step
5 of the algorithm, we have the following two possible results.

(1) All the maxima classes are outputs. So this function is a fuzzy threshold
function and it also is a fuzzy unate function.

(2) According to theorem 6.11, we can say that a fuzzy threshold function is

superior t0 a fuzzy unate function. As a result, we classify this function as a fuzzy

threshold function.
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6.5 Conclusion

Fuzzy threshold functions, fuzzy monotone functions, and fuzzy monotone
functions are discussed and summarized. Using fuzzy logic theory to classify a function
is discussed and a procedure for classifying fuzzy special logic functions is also presented.
Although I only discuss four fuzzy special logic functions here, this procedure is useful
to extend to all fuzzy special logic functions. And since the threshold 6 is decided by

user, the classification becomes more flexible.
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Chapter Seven

Recommendations

N It is essential to apply fuzzy logic to the other special logic functions.

(2) It is necessary to investigate these four fuzzy special logic functions with don’t-
care conditions.

3) It is worthwhile to identify each group of fuzzy special logic function by its
distance (the minimum minterms change) to full membership functions.

4 Since all the logic functions can be represented by fuzzy special logic functions,

the results of these four fuzzy special logic functions may be applied to pattern

recognition.
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