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THE RANDOM NET WHICH HAS BASIC ORGANS
REALIZING PARITY BOOLEAN FUNCTIONS

By Yasuicur HoriBE

This paper is a revised and modified version of the foregoing paper [1] in the
sense that the ability of pattern discrimination is much more increased than [1].

1. Brief review of the general concept.

We briefly review the fundamental concept of pattern recognition by random
net proposed in [1] (See [1] for detail).

I is the set of » “input points”. Denoting by =(A) the number of elements
belonging to a finite set A, we have n=(/)=#%n. Any subset fCI will be called (nput)
pattern which may be interpreted as a binary 0,1 sequence of length #. The 2"
possible patterns constitute the (input) pattern space F. To say that there are given
K categories on F is to say that K probability distributions

SZ‘)'IL:{P;D’ Pg’lZ)y R P;LK)}

are defined on F, considering them to depend on z.

A random net transforms F randomly into another pattern space (output pattern
space) G comprising of patterns which are subsets of the set of N output points.
Then the random net defines a mapping (assumed deterministic in the present
study) ¢: F—G. We have thus =(G)=2".

Given a category keC={l,2,---, K}, denote by Q% the probability that the /-th
output point emits signal 0. If the random net has the property that the N output
component signals are mutually independent, the probability that the corresponding
output pattern ¢(f)eG is observed, given category k, is given by

(1) =1 1-QF) 11 QF.
1€e(S) 1¢o( )

If we assume a learning mechanism which can estimate the matrix H=(Q¥)
and the probabilities p®, p@, ---, p on the category space C, then the a posteriori
probability method to recognize patterns may be as follows:

(A) An unknown input pattern feF is given and the ¢(f)eG is observed at

the output level.

B) By 1) p®-.q%y, k=1,2, -, K, are calculated.
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(C) Determine the maximal subset C(p(f))CC each of whose categories gives

the same maximum value among these K values.

(D) Decide that f belongs to one of categories in C(p(f)).

Denoting by D[e(f)] the decision C(¢(f)), then we can show that D[f]=Dle(f)]
if ¢ is ome-to-one mapping, where Q[f] is the decision performed directly on the
basis of ¢, without using random net.

What was mentioned above suggests that if we could construct the random net
such that the output component signals are mutually independent and ¢ is one-to-
one, then we could have an optimal pattern recognition mechanism.

The main object of the present work is to prove that this is effectively possible
if the size of the random net which has basic organs realizing parity Boolean
functions is properly enlarged.

2. Assumptions on the pattern space structure.

We put the following three basic assumptions on the input patten space F.
These assumptions, however, never put any restriction on the generality of pattern
space structure. Rather they are not only for convenience in modelling a pattern
recognition mechanism, but also they seem to reflect (or at least simplify) some of
the intrinsic natures of pattern space for recognition.

Since we always take n==(l) sufficiently large, the pattern variety may be
considered to be astronomically enormous.

We call the ratio p(f)=xn(f)/n stimulation area (or simply s-area) of pattern
feF.

AssumpTioN 1. For any pattern feF, o(f)=1/2.

This is realized, for example, by considering a regulating or normalizing
mechanism which regulates any “external pattern” f. by adding to it an “internal
pattern” f, so as to make p(f.Uf:)=1/2 (see also [1]).

ASSUMPTIQN 2. For any pair of distinct patterns f, f ’eF, there exist uniform
bounds & and b such that 1=b=a(fNf)=b=n/2--1.

The b and #/2—b may usually be much greater than 1, since # is large.

AssumpTION 3. For any category keC, (P=73 cr {PP()}*—0 as n—oo, ie.
1-CP=73 rup PE(YPE(f')—1, n—oo (this convergence is considered to be very
rapid perhaps of order a™®, a>1).

It is natural that the patterns f* to be recognized are “imbedded” in various
random (or noisy) patterns f,, both of them constitute our patterns f, i.e. f=f*Uf,
and furthermore f* itself has tremendously various forms. Thus once a pattern
has occurred, then exactly the same pattern will almost never occur in future, when
n becomes large. This consideration, though intuitive, leads to the assumption 3.
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3. A class of basic organs usable in the random net.

Every basic organ contained in the random net is to realize a certain Boolean
function. The basic organ has, therefore, finite input lines receiving binary stimuli
g1,03 -+, 05 (=0 or 1) and one output line emitting a binary signal ¢, (=0 or 1),
realizing a map: @: {0, 1}*—{0, 1}.

0y
0Oy

0o

O'S

Fic. 1. Basic organ

A Boolean function @(oy,0s, -+, 05) is called symmetric if the function value
remains invariant under any permutation of variables oy, 02, -+-,05. A class of basic
organs which will be used to construct the random net in the present study is a
subclass of basic organs realizing symmetric Boolean functions. That is a class of
organs which realize parity functions for s odd with s=3.

The parity Boolean function is defined as:

D(o1, 02, -+, 05)=01D 0P - Do,

where the operation @ means “exclusive or”, ie. 00=0, 0P1=1, 1P0=1,
1®@1=0. Let us denote this function (also the basic organ realizing it) of s=2r+1
variables by @,,,1, r=1.

If the basic organ ®@,.,; is constructed in canonic form only with (3-input)
majority elements, the number of elements needed is shown to be 2(r+1)*—1, but
if with various threshold elements, the minimum number of elements needed in
canonic form construction is shown to be 1+[log, (2r+1)], where [a] is the integer
part of the real number a. See for deiail [2].

The most significant role of the organ @,,,, in the pattern recognizing random
net is in its probabilistic logic property. That is, when 2741 input lines are
stimulated mutually independently each with probability p, the probability #s,,1(0)
that the output line is stimulated is given by

_ o (2r ] N2k
ra®= 3 (g1 1) 00)
1 241 /9 4 ] 1
= & Usr1(0) + - {u2r+1(ﬂ) Z ( T ) k(l"P)wH—k} + =
2 pr k 2

{é (‘Zib B {— (1= )} ’”+Z<27+1) 2*{—<1—p>}2"""“}+ 3

ECTE w[

2r+1 __1_ — — 2r+1
7 lo—0—0) +2 5 (1—(1—20" ).



RANDOM NET 49
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Fic. 2.

4. The net construction by random connections.

We now state how the random net is constructed with the basic organs Dgy, ;.
Although a plan to use organs of various » in the net construction would be
possible, 7 is fixed arbitrarily in the present study.

Take N, basic organs. Each input line of each organ is connected completely
randomly to one of » input points. Then we obtain a random net 200, 1) between
the layer _, consisting of # input points and the layer consisting of N, basic
organs. Take next N, basic organs. Each input lines of each of these organs is
randomly connected to one of N, output lines of layer _s, obtaining a random net
J1(0,2) between _, and the layer £, consisting of N, basic organs. Continue this
construction until we reach the layer £ to obtain the net J1(0, L), which may be
considered as the net comprising of L subrandom bets 97(0, 1), 7,2y, -, L—-1,L)
in series. The random net 77(0, L) thus constructed has # input points and N,
output lines on the whole.

5. Maintainability of stimulating area.

The random net 31(0,2), 1=A<L, transforms the input pattern space F into
the pattern space G, which consists of all possible binary patterns of length N,
that can be observed at the layer ;. Consider especially the net 97(0,1) and the
corresponding pattern space G;. When an input pattern f (o(f)=1/2) in Fis
presented to the input layer _r,, its corresponding transformed pattern g¢;€G; has
n(g:) which is a realization of a random variable obeying normal distribution
N((1/2)Ny, (1/2)1—1/2)N;) with mean (1/2)N; and the variance (1/2)(1—1/2)N,, if #,
hence N,, is taken large (note that we must take n=N1=N,=---), since #zr,1(1/2)
=1/2 and the random connection operation may be regarded as a Bernoulli trial of
coin tossing. Hence the s-area p(g:)=n(g,)/N; of g, is a realization of a random
variable obeying N(1/2,1/4N,). Let us write this last statement as
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0(g) RN(1/2, 1/AN,).

Generally, if the random net J7(0, 2) transforms feF into ¢,€G,, 1=1=L, then

Pl ) RN (”27+1(P(91))y tzr11(0(g))(L—22r41(0(92))) - —NT-H )

Varying f in F we see that the s-area p,,; of patterns €G,,, observable at the
layer _£;,: is a variable having (approximate) density

o oo

D(,01+1)—“—‘S n (0115 02) dpxg n(:; pa—1) dpa—1 -+ S n(ps; Pl)n(Pl)de

—o0

where n(p;) is the normal density of p; obeying N(1/2, 1/AN;) and n(pi.s; 02) is the
normal density function of ps.1(0:) obeying N(uzr11(02), %ors1(2)(L—22r11(02))/ Nas1),
1=2=<L—1. The mean [p:D(p:)dp: of p, is obviously 1/2 from the symmetricity of
uar,1(p) With respect to the point (1/2, 1/2). But the variance of p, is not readily
obtained because of the difficulty for exactly calculating D(p;). An approximate
upper bound of the variance is, however, obtained by the following argument.
Since the concentration of s-areas around 1/2 mainly concerns us, it is sufficient
to consider the problem only in the neighbourhood of 1/2. In

1
1) RN (r (0, (o) (L=t ) 57—
2+1
we estimate the variance larger, denoting ([1])
Pa+1(04 2r+1(01), 4 N ,

since 0=u2,1(0:)(L —%2r11(p2))=1/4. And furthermore estimate larger the deviation
of the mean from 1/2, denoting pi,1(02) R**N(a(r)(0:—1/2)41/2, 1/4N,.1), since in
the neighbourhood of 1/2, |#zr,1(0:)—1/2|=|a()(p,—1/2)| for suitable () depending
on 7 such that 0<a(*)<1. Then we easily see that, if we put g, R*N(w, d?) and
P11 R*N(p241, d34+1), then

tan=a@)m+ %(1—0(7))= % +a(n) (m - %)

l=2=L-1,

1
fri=la(]’di+ m,
since the lemma 1 of [1] (i.e., if the variable x obeys N(m, ¢%) and the variable y(x)
for fixed x obeys N(ax+5,6%), a,b constants, then y(x) averaged by =z obeys
N(am+-b, (a0)*+0% is applicable to the two distributions N(p;, d?) and N(a(r)(e;—1/2)
+1/2, 1/4N,;1). The initial conditions 1 =1/2, di=1/4N, give us
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Remark that ¢(r+1)<a(r), and that a(»)—0 when 7 becomes large. And also
note that N;=N;(#)—oco as u—oo (Ny(#) will be remarked in section 9.). Thus we

have

Lemma 1. The random net I1(0,L) maintains the s-area of any input
pattern to be 1/2 with the standard deviation d; from 1/2 having the following
bound:

) [a(r)]?L—» 1
GE=L TN, S ING— oD’

where 0<a(r+1)<a(n)<K1 and a(r)—0, r—oco and N,=Ni(n)—oco, n—oco.

By the above result we may assume in the sections to follow that the s-area
of any input pattern is maintained to be precisely 1/2 in order not to make the
argument inessentially complicated.

6. Changes of intersecting stimulating area.

We shall consider another important factor of the random net, namely the
intersecting stimulating area defined below.

We again focus our attention on the subrandom net 7(0,1) and two fixed
distinct input patterns f and f/ in F. Define by o(SNSf")==(fNf’)/n the intersecting
stimulating area, simply i.s-area, of these two patterns. Suppose o(fNf’)=¢. Then
0<0o<12=p(f)=p(f’). The problem is how this i.s-area changes as these two
patterns are transformed by the net J7(0,1). For this it is sufficient to investigate
the probability that a basic organ in _[; is stimulated (output 1) by both f and f’
when its 2r41 input lines are randomly connected to input points.

Denote by «, @, B, 5/, the number of input lines of the basic organ which are
connected to the points in sets fNf’ I—(fUf), f—(FNFH, f/—Fnf’), re-
spectively. Note here that a+a+p+p=2r+1 and =(f Nf")n=xI—(fU f')[n=0,
(=N N in=z(f'"—(FNf)n=12—o.

We easily see that the basic organ is stimulated by both f and f’ if and only
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if a+p=o0dd and a+p’=odd. Theretore a+a& must be odd and +p’ must be even
(including 0), since a+a+p+p'=2r+1=o0dd. The probability that a+a=2k+1 and
BHp =2r+1—Q2k+1)=2(r—k), 0=k=r, is

2r+1 2k+1<l_ )2("‘—16)
(2k+1>" 2 7 :

Fix £=0,1,---,7. The number of ways of choosing « input lines and & input
lines out of 2k-+1 input lines such that « is odd & is even is

k (2k+1
az=:o<261+1>'

But in this case f and p’ must be even. The number of ways of choosing B input
lines and B’ input lines out of 2(r—k) input lines such that B and p’ are both

even is
7=k (2(r—k)
:é‘o( 2a >
Hence
ko (2k+1\ E 2(r——k))
aZ=:o<261+1> aZ=0< 2a
ways.

Similarly for the case a=even, a=odd, f=odd, p’=odd, we have

504 E )

a=0 a=0

ways. Therefore for fixed k&, there are
k (2k+1\ "=k 2(r—k)> k <2k—1> T"‘*(Z(r—k))_ 28+l
§o<2a+1> E( 20 )T2\ 2 ) & \2ar1)= 72

ways of connection patterns in all, since the expansions of

A-D¥,  A-DXR, (D%, and (110,
show that

E2kA1\ & 2RFD\_ 1
% 0i1)= 5 (o )72

a=0 a=0

E 20— R)\ ek (20—RN_ 1 .
% ()= 2" )=g 2
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The probability to be obtained is, therefore,

T 221‘+1 27_1_1 2k+1<l__ >Z(r—lc)
,§0 2 (2k+1>" 2 7
— %é{(j;:::i) (20.)2k+1(1_20.)2(7'—k)

= (o7
4
where the last equality has been shown (put p=2¢) in section 5. Put
1
Vzrya(0)= 7 1= ~da)"*1).

By a similar argument to that of section 5, if f, f’ correspond to ¢, g/€G,, re-
spectively, then i.s-area of ¢, and ¢/ satisfies

(g1 Ngi)
n

ogi Ngl)= gaN(vM(o), Doy 1(0) (L= 0r11(0) ]—\1,—)

When the net 31(0,2) transforms f and f’ into ¢, g€G,, respectively, then i.s-
area g;=0(g:Ng;) of g, and ¢g; changes in the mean recursively as follows:

1
2
V3,11(0)
r=1
f—> 7=3
—> r=7
—> r=17
1 —a 7=47
1 — /
ag
0 1 1
4 2

Fic. 3.
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011 =02r41(02), Go=0a.

The variance argument is quite analogous with section 5 and the function v;,,1(0)
has the property to nicely “attract” i.s-areas to the point 1/4. We therefore omit
the detail and conclude:

LEMMA 2. The i.s-area o=ac(fNf') of distinct input patterns f and f’' in F
changes in the mean through the random net J1(0, L) with arbitrarily small devia-
tions (if n taken large) as follows: 6:,,=1/4{1—1—46))***}, 0=A=L—1, where o,=o,
and we have or—1/4 as L—oo, the limit not depending on the choice of f and f'.

How the i.s-area will be changed for various r may be seen by Fig. 3 below.

7. A note on one-to-one correspondence between pattern spaces.

We remark here the obvious fact that there exists one-to-one correspondence
between the input space F' and the output pattern space G of the layer _z. The
random net J7(0, L), as was noted in section 1, may be considered as a mapping
¢ F—Gy. It is our requirement for the random net system that this ¢ should be
one-to-one in order to ascertain the optimal a posteriori probability method for
recognizing patterns.

Take arbitrary distinct patterns f and f/ in F, then o(fNf")=1/2—1/n<1/2.
The corresponding patterns ¢z, ¢% in Gr cannot be identical, i.e. cannot be a(gz Ng%)
=1/2, by lemma 2. Hence ¢ is one-to-one with arbitrarily high probability in the
sense that, if #» and L are taken large, the “variance problem” encountered in
sections 5 and 6 will be solved and ¢, will be sufficiently near 1/4 even if o(Nf’)
=1/2—1/n.

LEMMA 3. The input pattern space F and the corresponding pattern spacc Gr
can be made one-to-ome with arbitrarily high probability if n and L are taken large.

8. Statistical independence evaluation.

We shall show in this section that, when a category is given, then the
components constituting patterns in Gr become mutually independent if » and L
are taken large. Since the argument, however, is almost same as that given in [1],
we shall only outline the main points without a detailed proof.

Suppose that an arbitrary category is given, i.e. a probability distribution
Pre Pr={PP, PP, ---, P&} is given on the input pattern space F. The net symbol
100, L), in this section, will also be meant the set of all possible random nets con-
structible between _, and _Lr. The set 37(0, L) is called the net space, which has
a natural probability measure induced by the random connection operation. Then
the product space F& J1(0, L) has the product probability measure of two measures:
P, on F and the above measure on J7(0,L). Thus the output value x(=0,1) of
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any basic organ in _{z is a random variable defined on this product space.

Now take s (2=s=N;) basic organs from _{;, and denote their output random
variables by xi, 23, -+, 2. We denote, furthermore, by E the expectation over the
pattern space F for a fixed net, and by & that over the net space J7(0,L) for a
fixed pattern in /. Then we can prove that

el Uffz),n-,s(n, L)|]§N/2(0§4,L_Grsn,L)Cny

where
US)...s(n, Ly=E[2:1%5-25] — E[2:]E[22] -+ E [ 5],
ox.z=maxor(fNf),
J=r’
Um,LZmin GL(fn f,))
I=f
and

ZP(f)

By the result of lemma 2 we have rapid convergences: oux,.—1/4, om,1—1/4,
when L becomes large, and by the assumption on the pattern space F (see section
2), we have also a rapid convergence {,—0, when » becomes large. Thus
8 [] USZ),M,S(n’ L)l]—_)o’ n—’oo; L_)OO-

Now the measure P, defines a joint probability distribution p,, r(zi=ey, -+, 2s=5¢s),
&=0,1 and s-th product distribution p@ (w1=e1)---p$(ws=es), &=0,1. Denote by
on, 2(tyy = £s), ¢Pn,(ts, -+, ¢s) the s-dimensional characteristic functions for these two
distributions, respectively. Then we can show that

& lgon,L(tl) ) ts)—¢’n.L(t1; Yy ts)l <a‘n-L'eT
for arbitrary but fixed bounded domain |#|+---4 || =T, where

on,z= _Max eNUR....,(n, D)1
1=

2y SS
Since an,—0 as n, L—oo, we have
EN@n, Lltr, **5 ts)— P, Lts, -+, )| =0, n, L—oo,
which is valid for arbitrary s and arbitrary P, in Pa.

LemMMmA 4. For a given category the output component signals constituting
output patterns in Gr become mutually independent as n and L are taken large.

We may summarize all the preceding results in
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THEOREM. The random net with basic organs each realizing a parity function
Dori1, Lf n the number of input points and L the number of layers are taken large,
becomes pattern recognizable in the sense of section 1.

9. On number of basic organs.

Since we in a first step like the present study are mainly concerned with an
approximate size of the random net, we shall calculate very rough number of basic
organs needed in the net.

From the results obtained so far, it is now easy to see an approximate relation
among three variables, #, #, and L, in the pattern recognizable random net. Suppose
(Mfn)=c(fNf)=1/2—hy/n for any pairs f=f’ in F, and put A=min {4, :}. Then
1=<4. From the recursion formula for i.s-area in section 9, we have 1—40;,:
=(1—40,)**'. Hence 7,.1=17", ;=1—46;. Put 7,=1—40y=1—4k/n, then
rp=c{rtDEgetneridI/m Assume here that 4 is of order such that e **=0, which
is quite plausible when # is large. For the random net to become pattern recognizable
in the sense of the Theorem given earlier, it is, therefore, sufficient (at least
practically) to take (2¢-+1)“/z=1. Hence

ORI - =lo 7

~ ].Og(zr‘{'l) =108 car+ M.
On the other hand it might be possible to take #n=Ny=--=Ng if n is suf-
ficiently large. But in practical situations it seems, perhaps, to be reasonable to
take cn=N,=---=N;, where ¢ is greater than 1 but not necessary large, since

dr=1/24/NiA—[a(]®) in lemma 1.

If we admit the above estimation, then the number of basic organs may be
approximately cnL=cn log n/log 2r+1)=cnlogerinn. As was noted in section 3,
the number of threshold elements (or formal neurons) needed to realize a basic
organ may be of order ¢’ log (2r+1), 1<¢’<2. Then the total number of threshold
elements in the random net is approximately of order

¢''nlogn,

where ¢’/ is, for example, 1< ¢’’<10. It is interesting to note that this number does
not depend on » and L.

For instance take #=2x10%, r=7 (see Fig. 3), and ¢’’=5, then L=3, ¢'’'nlogn
=10°% If »=10%, L=4 and ¢’nlog n=5Xx10°.

10. Random net as a lossless channel.

We conclude the present study with one remark.

The random net J2(0, L) may be regarded as an information transmitting
channel with sending signal space F and the receiving signal space Gr. This
channel characterized by ¢: F—G; has been assumed in the present work to be
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deterministic. But there certainly exists the possibility that the channel will be
noisy, due to, for example, malfunctioning of basic organs contained in the net.
In such a situation, errors in recognition might become not to be neglected.
There arises, therefore, the reliability problem in this sense. On one hand even in
the case that ¢ is probabilistic, if the channel is lossless, then the recognition
ability is never weakened [1]. Thus the reliability guaranteeing the losslessness
might be one of the basic problems in the pattern recognition by random net.

The author is very much indebted to Prof. K. Kunisawa in preparing this
paper.
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