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SPECIFICATION

Learning methods in binary systems

BACKGROUND OF THE INVENTION |

This invention relates to learnable binary systems.

Up to the present, learning in traditional neural networks
is - performed by modifying each weight of the process and
threshold of each neuron. However, as the operations of the
above-mentloned welghts and thresholds requlre complicated and
large—scale hardware such as adders and multlpllers, and take a
long time. to operate, it was dlfflcult to reallze large-scale

hardware. _ : :

- The present lnventlon is. developed 'n.con51deratlon of the o
Vabove drawback, and the ob]ect of thlsllnwentlon is-. to prov;de'
learning methods in blnary systems, by modifying the connected
states of the c1rcu1t ‘in each of the bas;c binary circuits in
‘binary combined 1oglca1 and sequentlal circuits composed w1th.
‘basic binary gates such as AND, OR, NOT, NAND, NOR and EXOR
~ gates. | o | '

BRIEF__DESCRIPTION OF THE INVENTION .

In order to attain -.the above. object, in the learning
methods in binary systems according to this- invention, the
learning is performed under the connected states,.ln which the -
first blnary gate is connected to the second binary gate by
'selectlng any one of " the follow1ng four- connected states-

1) directly connected;

2) connected through an inverter;

3) connected to the second gate input with binary 1;

4) connected to the second gate input with binary 0.
Energies showing the connecting conditions have high-low orders
shown in Fig. 1. ' ' .

Further, this learning is performed by modlfylng the pseudo—
potentlal energies expressing the above connecting states.

Further, mod:.f:.cat:.on of the pseudo-potential energies show:.ng
above connected conditions is performed as shown in Fig. 2.
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Further, the above-mentioned binary combined logical circuit
is constructed_with'the cbnnections between the basic binary
gates such as AND, OR, NOT, NAND, NOR and EXOR gates as shown in
Fig. 3.

_ Further, the above-mentloned sequentlal circuits are composed
with the combined circuit.and a memory circuit and the connection
between them as shown in Fig. 4, and the combined circuit is
constructed with the basic binary gates such as AND, OR, NOT,
NAND, NOR and EXOR gates. '

These learning methods are further characterized in that
the above-mentioned connected states are realized by using
neutrons. _ o

These learning methods are still further-characterized in
that the learning is performed by modlfylng welghts of the
- pseudo~neurons, and thresholds.

Further in these learnlng methods, the modification of

weights of the neurons W and thresholds B are changed towards

the gradient descending direction of an error function E as
shown in Eq.(1). '

' a6

Theéghlearning methods are further characterized in that

the above connected states are éxpressed b)} using a pseudo-potential
energy (hereafter called PPE).

These learning methods are further characterized in that
the PPE of each gate has a high-low order defined in Fig. 1.

' These leérning methods are further characterized in that -
learning is performed by modifying the PPBE in the connected
states. ' 'j | |

These learning methods are further characterized in that
the modification of the PPE in the connected states is performed
as shown in Fig. 2. ' |

~ These learning methods are further characterized in that
the above binary combinational logic circuits are composed of
the basic gates AND, OR, NOT, NAND, NOR and EXOR, and connections
between them as shown in Fig. 3.

2



| WO 01/11558 ' : PCT/IP99/04237

1 x

These learning methods are further characterized in that
‘the above sequeﬁtiél hetworks consist of a combinational circuit ..
and a memory circuit as shown in Flg. 4, and the comblnatlonal
logic circuit is composed with the basic gates such as AND, OR,
'NOT, NAND, NOR and EXOR, and the connections between them.

'Further, the above binary combinational logic circuits are
‘characterized in that they are composed with an input layer, a
connecting layer, an AND layer and an OR-iayer as shown in PFig.
5. . .

Further, the above binary combinational logic circuits are .
also characterized in that they are composed with an'input
layer, a connectlng layer, an OR layer and AND layer as shown in
'Flg. 6. ' '

-Further, the above binary combinational logic circuits are
also characterized in that they are composed with an“input
layer, a connecting layer, an intermediate NAND layer, and an
- outputting NAND layer as shown in Fig. 7.

Further, the above binary combinational logic circuits are
also characterized in that they are composed with an input
layer, a connecting layer, an intermediate NOR layer and an
outputting NOR layer as shown in Fig. 8.

" Furthermore, the above binary combinational logic circuits
are also_gharacteriéed in that they are composed ‘with an input
layer, a connecting layer, an intermediate EXQR layer and an
‘outputting EXOR layer as shown in Flg. 9. '

BRIEF DESCRIPTION'OF THE DRAWINGS

In order to better understand'the characﬁeristics according
to this invention, by way of example only and without being
limitative in any way, the following preferred embodiment is
described with reference to the accompanylng drawings, in which:
| Fig. 1 shows the order of pseudo-potentlal energy of
connection states;

Fig. 2 shows the modlflcatlon method of pseudo-potentlal
energy of connectlon states;

Fig. 3 shows a block diagram of a combinational network;

Fig. 4 shows a block diagram of a’sequehﬁial network;

Fig. 5 shows a block diagram of an AﬁD~OR network;
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showé é:block diagram of an OR-AND network;

Fig. 6

Fig. 7 shows a block diagram of a network by NAND gates;.
Fig. 8 shows a block diagram of a network by NOR gates;
Fig. 9 shows a block diagram of a network by EXOR gates;

Fig. 10 shows a truth table for an exampler binary function;

Fig. 11 shows a Karnaugh map for an exampler binary
function; }

Fig. 12 shows a logic circuit for an exampler binary
function;

Fig. 13 shows a diagram of threshold function and model of
the pseudo-neuron;

Fig. 14 shows the expression of the connection state with
pseudo-neuron;

Fig. 15 shows one output AND-OR network with pseudo-neuron;

Fig. 16 shows a continuous valued function approximated to
OR gate; o )

Fig. 17 shows a continuous valued function approximated to
AND gate;

Fig. 18 shows a truth table of learning signals;

Fig. 19 shows a truth table of learning signals;

Fig. 20 shows a Karnaugh map of the threshold update 48 ,5;

ES

 Fig. 21 shows state assignment of the connection states by
pseudo-nedron; | | '
Fig. 22 shows a Karnaugh map of pseudo-neuron output (Y¥;;)
with input (X;) and state assignment (q,, 4,, q,);
Fig. 23 shows circuit implementation of 1éarning algorithm;
Fig. 24(a) shows the state transition diagram of threshold

learning AB;'
Fig. 24(b).shOWS a state transition diagram of weight
learning AW; | |
..Fig. 25(a) shows a state transition table of threshold
learning; ' ' '
- Fig. 25(b) shows a state transition table of weight learning;
Fig. 26 shows a truth table for threshold learning circuit;

Fig. 27 shows a truth table for weight learning circuit;
Fig. 28 shows a truth table of weight and threshold
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modification circuits;

Fig. 29 shows a Karnaugh map of q,';

Fig. 30.shows-a_Karnaugh-map_of q,’'s

Fig. 31 shows a Karnaugh map of q,';

Fig. 32 shows a modification circuit diagram using a
combinational network; :

Fig. 33 shows a modification c1rcu1t diagram using sequential
network; : -
Fig. 34 shows a truth table of pseudo-neuron connecting
circuit; _

Fig. 35 shows a circuit of the pseudo-neuron connection;

Fig. 36 shows a block diagram of the whole learning .
circuit;

Fig. 37 shows a truth table of connection function;

Fig. 38 shows a learning algorithm circuit using pseudo-
potential energy method; ) S

Fig. 39 shows a truth table of connection state learning
circuit; ) _

Fig. 40 shows a learning modification circuit using sequential
network; . ' . |
Fig. 41 shows the diagram of connection circuit;

' Fig. 42 shows a block dlagram of the whole -Jearning circuit

using pseudo—potent1al enerqgy method '

Fig. 43 shows learning in sequential netWork.

DETAILED DESCRIPTION OF THE INVENTION
_ A preferred embodlment of the 1earn1ng methods in binary
systems according to this invention will be described in detail
as an example with respect to the logic circuits composed with
the AND layer and OR layer shown in Fig. 5.
Connected Conditions

At first, the connected conditions in the embodiment according
to the invention are described. 1In composing binary systems,
any logic function is expressed with logical sum form (composed
with AND-OR circuit shown in Fig. 5). For example, a logic
function shown in Fig. 10 becomes expressed in Eg.(2) by
simplifying with a Karnaugh map shown in Fig. 1l.
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Z=>—<.1 X2+X2—Xa +-§(2 X3 X4 - Eg.(2)

The logic function shown in Eq.(2) is expressed in a block
diagram shown in Fig. 12 by applying an AND-OR network.

Hereupon, the connecting states between an input layer and
an AND layer are determined in any one of the following four
connected states in accordance to the logic function, namely:

(1) Input X; is included in logic term AND; (for example,
as X, shown in Fig. 12 is included both in AND, and AND,, X, is
directly connected);

(2) The negation of input X, is included in loglc term AND,
(for example, input X, is connected to AND, through an inverter);

i

(3) Input X; and negation of input X; are not included in
logical product term AND; (for example, there is no connection
between X, and AND,. Namely, the input from X, to AND, is
commonly connected to binary 1); '

(4) Any input is commonly connected to AND gate with binary
0. | | o |

Accordingly, any logical function having n variables can be
realized with an AND-OR network conSisting.of at most 2™ ''+1 AND
gates. The connections between input layer and AND layer are
realized by applying any one of the above-mentioned connections.

Expression by Pseudo-Neuron

The above connected conditions can be expressed by applying
a pseudo-neuron (hereinafter "PN"). The connected conditions
between inputs and outputs in the pseudo-neuron are expressed
with a threshold function shown in Eq.(3) or Eq.(4).

_ 1
1+ e- (WijXi - 6 ii) _

| X = O |
1 (WX 2 09 s (4)

0 (WX, < 8y)
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wherein, X;: i-th input

;8

Y;,;: output of the ij-th pseudo-neuron

W,;: weight factor of inpui:*;Xi to the ij-th

pseudo~-neuron _
' 0;;: the threshold of the ijsth pseudo-neuron.
Also in this case, the pseudo-neuron has only one input and

one output, and W,;; takes either 1 or -1, and 8,; takes one among
-1.5, -0.5, 0.5 or:1.5 as shown in Fig;'13(a) or (b).

As the input X, only takes either 0 or 1 in binary systems,
the output from the pseudo-neuron takes either 1 or 0 in
accordance to weight factor W;; and threshold 8;; as shown in
| Fig. 14. | - '
| Accordingly, it becomes possible to express the connected
condition between the input and the AND gate by applying one"
pseudo-neuron. | o , _

Then the AND-OR construction sthn in Fig. 5 can be
expressed as shown in Fig. 15 by applying a pseudo-neuron
between input layer and AND layer. ' ,

The network shown in Fig. 15 is stratum-like which is
composed of an input layér, a pseudo-neuron layer, an AND layer
and an OR layer, and each layer is compoééd of adequate numbers
of gates without any connection in each layer itself.. Further,
the connection between each layer is;limited only in one
direction (namely, a feed-forward:type) from one input layer to
~output layer. 1In gates of each layer ekéépting the connection
'between any input laYer and any pseudo-neuron layer, the connection
with the forwardly placed gaté is specified as binary 1. |

If the responsé function of the PN is approximated by a
Sigmoid function, and AND, OR gates are approximated by continuous
- valued minimum, maximum functions, many algorithms, fof example,
such as the error back propagation method; can be used. However,
modification or learning is performed only by applying weights
and thresholds of the PN.

Gradient Descent Learning Algorithm

A learning algorithm for connected conditions between input
layer and AND layer in the binary system is derived as follows.
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In consideriﬁ% a network shown in*ﬁﬁig. 5, desired outputs
or the teacher's signals are supposed, as T,, T,,---T, for the
given inputs X, Xz,--éxn, and the outputs of the network shown
in Pig. -5 are supposed as Z,, Z,,---Z,, and an error function E
is defined as sum of squares, as shown in Eg.(5).

1

E=_
2,

(Zi - Ti>2 Eg.(5)

M3

1

Learning is performed so that the error will be decreased
by changing weights (connected conditions) between the input
‘layer and PN layer, and thresholds of PNs (all other connections
are fixed). Herein, in letting the weights W and the thresholds

0 change towards gradient descent direction, the correction

values of AW and A8 are expresséd by Eq.(6)-

AW=-¢ 0F
oW

: Eq.(6)
T Ag=—¢g OF
Ry

In Eq.(6), €, and g are defined to take only positive

W
values. For simplification, one network requiring only one

‘output shown in Fig. 15 is considered.

In letting 6;; denote the ij-th PN between input X, and j-th
AND gate AND, and further letting Y,, 0, W, denote its output,

threshold and weight, the correction values AW,, and Af, are

expressed as shown in the following formulas Eq. (7). -

AW.:—E _Q_E.__z-g OE 872 . 00R .0AND,. 8 Yy
| i waWij WGZ 60R aAND, aYu awii

Eq.(7)

°96, °8Z 6OR 8AND, 08Y,

A@;,:— E

GE .., O0E.3Z _9OR L §AND, . 8Y,
56

D]

Herein, as error function E is express in Eq.(8),
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1
E=_—_
_ 2]_

1
then, the following Eq.(9) is concluded.

aE =Z——T . Eg.(9)
07
Further, Eg.(10) is deducted as Z=OR.

0Z -1 . '~ Eg.(10)
9 0R | ' |

Accordingly, each OR gate is approximated by following
continuous functions shown in Eq.(11). '

M (AND; < M)

OR = - |
AND; (AND;zM) Bq. (1)

In Fig. 11, M is maximum of the input ‘excepting AND;.
Namely, . ' ; '
M = Max (AND,, i=1,2,---,i#j)
This relation is expressed in Fig. 16.
Accordingly, this relations is expressed as shown in Eqg.(12).

OOR _sgn (AND,-M) =
(1 (AND;zM) PFe-02)

@ AND;

In the same manner, it is possible -i:o approximate as shown
in Eg.(13) in each AND gate facing each of input.
Y: Y,<m
AND; = ;
’ m Yis>m Eg.(13)
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Herein, m is the minimum of all inputs excepting Y.
Némely, |

m = Min (Y, k=1,2,---, k=j)

This relation is expressed in Fig. 17.

Accordingly, this relation is expressed as shown in Eqg. (14).

1 YiSm Eq.(14)

0 A, __D' = Sgn (m —'Yﬁ) =

0 Yy 0 Y.>m

Finally, as ¥;; is expressed as shown in Eq.(15),

1
Y;=f (X) = 14+e-% Eq. (15)
X=W75Xi'—'9_ii .
then Eq. (1.6 ) is deducted as follows.
0Ys =%’ (%)X,
—B—VV:-_ " (x) - X
5 Y. ¢ ( ) ( 1) Eg.(16)
EC

because f'(x)Z0, then in assuming that f'(x)=1, AW,; and

Af,; come to satisfy the following equations.

AW;;= —€,(2-T)Sgn(AND;~M)Sgn(m-¥;, )X,
and
B~ —£,(Z-T)Sgn(AND;-M)Sgn(m-¥,;) (-1)

then assuming that £=2, g, =1,

upper relations are reduced to follow.
AW, = -2(Z-T)Sgn(AI\TDj—M)Sgn(m—](ij)Xi

A9,= (Z-T)Sgn(AND,~M)Sgn(m-¥,,)

10
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In the above_equations representing AW,; and ABU, as all
the quantities are expressed in binary systems, then quantities
to be corrected, AW;; and A8, have respectively simple logic
relations with output Z, teacher's signal T, output of the AND
gate AND,;, output of the PN, Y,; and lnput X,..

Therefore, the 1earn1ng rules can be realized with logic
circuits. The modification is limited to 1,-1 or 0 which
represent that current weights and thresholds ‘are increased,
decreased or held as much as one unit, and the one unit is
defined as 1 for weights and 2 for thresholds.

Implementation of Hardware '

(1) Hardware Implementation in Learning Xlgorithm

As mentioned above, the learning algorithm is composed only
with logical operations between inputs, output signals, teacher's:
signals, outputs from AND layers and outputs from PNs, and gives
a learning signal'against PNs whether to increase or to decrease
or to hold respective weights and thresholds;

Hereupon, as there are three conditiohs, namely'increasing,
decreasing or holding, then if letting the holding signal be
g=HP (high impedance), increasing and decreasing signals are
expressed respectively as qg=1 and'q=0. Thus, the learning
signals for weights and thresholds shown by Egs.(17) and (18)
may be represented as a truth table shown in Figs. 18 and 19.

A 8;(1) =Z-T+ANDy
_ : Eqg.(17)
A0 =Z-T- Yy .
AWy =Z ’"’F AND e X, = Aaum X e 18)

As these truth tables (Figs._ls and 19)_are capable of
being expressed in the Karnaugh map, then the Karnaugh map

including even the don't care terms is expressed by Fig. 20.
11
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The logic functioh of the learning signals is possible to be
deducted. from these truth tables.

Accordingly, the modifications of the weights and thresholds
are determined by input X;, output 2, output from PN (Y,), AND,
and teacher's signal T. Then, allocating the connected conditions
(8 conditions) of the PN shown in Fig. 14 to the conditioms
shown in Fig. 21 by applying 3 bits (g,, 4,, g,). the logic
function composed of the output of the PN, inputs and variables
(4, 49, g,) is expressed by Karnaugh map shown in Fig. 22,
further following Eq.(19) is obtained from that Karnaugh map.

Ysj:XiQZ+C12IQI+Q3Q?+_X‘Q3Q1 Fa- )

Uéing MOS transistor switches, the logic ci:&c_uit for the ‘
learning signals shown in Egs.(17) and (18) is expressed as
shown in Fig. 23, and the logic circuit shown in Fig. 23 gives 0
or 1 or HP according to the above-described learning algorithm.

(2) Circuits modification weights and thresholds.

By applying the state variables connecﬁing each PNs as
shown in Fig. 21, operations of the modifying circuits for
weights and thresholds by the learning algorithm can be represented
‘as a state diagram and a stéte_transition-table shown in Figs.
24 and 25, respectively. '

Rewriting Figs. 24 and 25 further into the truth tables
shown in Figs. 26 and 27, the state transition functions are
expressed as shown in Eq.(20).

7

Qs =Qs
Q' =Q QI+A91§ Ch.‘l'A@ii Q. Eg.(20)
iy =Qz-al +A QU_C_b +A 64
or expressed as follows: |
q,'t = AW
Q' = g2
i2
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q'" =al -
combining both weights and thresholds, it yields a truth
table shown in Fig. 28. E

‘The Karnaugh map for g,', ¢,', and q,' is expressed in
Flgs. 29, 30 and 31, respectively, and the following equations
Eg.(21) are obtained.

Qs’ =\ Wy |
Q" =A0y q1+A6 @t Q- Eq.(21)
Q' =Q2al+A9ﬁ Q2+A.9ﬁ Qz Q1 '

Further, the circuit of them is expressed in Fig. 32.

Using D flip-flops as memory devices, the learning circuit
is expressed as shown in Fig. 33. '

Herein, denoting S(1), S(x), S(1-x) and S(0) as l-connected,
direct-connected, inverter-connected and.o-connecied states of
the connected states of ‘a PN, respectively, the truth table of.
the connecting function is expressed as shown in Fig. 34. By
applying this truth table shown in Fig. 34, the following logic
functions shown in Eg.(22) are obtained. :

SW =g amtaa
SX =waw
SA-X) =w@a
SO =wa+aua

Accordingly, the connecting circuit is expressed as shown
in Fig. 35, and the block diagram of the whole learning circuits

Eg.(22)

using PN is shown in Fig. 36. _
Learning Algorithm and its Implementation Applied with

Pseudo-Potential Energy Method.

Herein, learning algorithms applied with pseudo-potential
energy method (hereafter referred to as PPE method) is described
in order for composing internal model (connected state between
input layer and AND layer) in an AND-OR binary system shown in

Fig. 5.
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As mentioned above, there are four ddnnected states composed
with 1-connected;'direct-connected, inverter-connected and 0-
connected.

Hence, each connected state is defined by applying the
pseudo-potential energy. Further, the order from high to low of
the pseudo-potential energy is assumed as follows. For 0-input,
(1) l-connected, (2) inverter-connected, (3) direct-connected,
(4) O-connected; and for l-input, (1) l-connected, (2) direct-
connected, (3) inverter-connected and (4) O-connected.

In considering the guasi-potential energy defined as above
mentioned, it shall be noted that the higher the defined
pseudo-potential energy, the more easily the connected state
- gives l-output.. Inversely, the lower the ‘energy, the more
easily the connected states give O-output. Therefore, when
wishing for output of l-output, it is necessary to change the
current pseudo-potential energy to a higher state. Inversely,
when wishing for output of O-output, it is necessary to change
the energy to a lower state. - The learning is to allow the
output of the network to coincide with the teacher's signal, and
then learning is attained by modifying the quasi-potential
energy of the connection. Herein, an AND-OR network shown in
Fig. 5 is considered.

When the teacher's signal equals 1, output'z equals 0, and
the output of all AND;, becomes 0. 1In order to let the output 2
be 1, it is necessary to shift state (2) or (3) for 0-input, and
state (3) or (4) for l-input to state (2) or state (3) having
higher gquasi-potential energies, only when inputting AND;, namely
Y,; equals 0. In state (1) and state (2), as binary 1 is already
output, state (1) and state (2) are accordingly maintained.

When the teacher's signal T is 0, and output T = 1, at
least one output of AND; keeps to output binary 1. To allow
the output to be in binary 0, it is required to let all AND,
gates outputting binary 1 output binary zeros. As the AND;
outputs binary 1, it means that the connected state of the AND;
gate is in state (1) or (2) having higher potential energy.
Accordingly, letting the output be in binary 0, it is necessary
to shift states (1) or (2) hav1ng higher potential energles to
states (2) or (3) having lower potential energies.

14
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Based ‘on the above, it becomes possible to obtain the
following learning signals shown in Eq.(23).

1 | T ° 2-' ?ﬁ = 1
Aw= |0 T-Z-AND=1
HP otherwise

Eq.(23)

Herein, letting S(1), S(x), S(1-x) and S(0) denote l-connected,
directly-connected, inverter-connected, and O-connected states
of a pseudo-neuron, and allocating 11, 10, 01, 00 to each of the

~above four connected states by applying 2 bits (g,, q,) binary

code. The logical relation between Y, and current states q,q,,
input X; is expressed by the truth table shown in Fig. 37, and
further the logical relation thereof is expressed by the following

EQ.(24).

Y= aX + X Bq-(24)

Also, network of the learning algorithms is shown in: Fig. -
3s. | - .
. With the state variables defined as above, the truth table

- for the combinational network in the sequential network can be

d:
o}

expressed in Fig. 39. Thus, the state transition function can
be obtained from Eq.(25).

—Aq QJ+X A g QZ'*'X.CI?. a:+ Xiq, CL!XAQU Q2 Eq. (25)
=AQqQy @+ XiAqQy Q1+XQZ CI1+X.Q2 Q

Next, by using D flip-flops as memory devices, the learning
modification ciicuit can be realized with a circuit as shown in
Fig.'40. The connected circuit also can be realized with a
circuit as shown in Fig. 4l. Finally, the block diagram of the
whole learning circuit using the pseudo-potential energy method
is shown in Fig. 42. _ | '

Similarly, it is~possib1e to increase the internal states,

15
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or to cycle state transitions. Further}'it is also possible to
use general CPU, RAM to realize the teachlng.
(4) Learnlng Method in Sequential Network

Herein, the learning method for composing sequential network.

As mentioned above, a binary system for example, a system
shown in Fig. 5 is a multi-layered feed forward network consisting
of a connecting layer, an AND layer, an OR layer.

Using letter X for imput, letter C for connecting function
and Z for output output Z is expressed as follows:

= f (C, X) _

The learning is to change the connectlng function C by
applying gradient descent method or pseudo—potentlal energy
method. _

For example, a sequential network composed of a combinational
network with a connecting layer, an AND layer, an OR layer, and
a memory network with D flip-flops is considered.

‘The sequential network can be represented as the following
equations. _
Z(t) = F(Ci(t), X(t), D(t-1))
D(t-1) = £(C,(t-1), x(t~-1), D(t=2))
Thus, | o :
z(t) = £(C,(t), X(t), Cp(t-1), X(t-1), D(t-2))

wherein C (t),'Cz(t) are connection functions at the time
of step t, and .

X(t), 2Z(t) and D(t) are input, output and internal states
at the time of step t, respectively.

Therefore, the learning can be performed by modifying
connection functions C,(t), C,(t-1) by gradient descent method or
pseudo-potential energy method. _ ,

It is notable that the learning is not. only dependent on
input X(t) and output Z(t) at time step t, but also input X(t-1)
at time step (t-1) and internal state D(t-2). Thus,

C,(t+l) = C,(t)+AC,
C,(t) = C,(t-1)+AC,
wherein AC, and AC, are the quantities to be modified.

The internal state D(t) at time step t can be calculated by

the following equation. _
16
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D(t) = £(C,(t), X(t), D(t-1))"

As described above in detail, in the learning method in
binary systems according to this invention, the first binary
‘gate and the second binary'gate are defined as one of gates
comprising OR, AND, NOR, NAND and EXOR gate, and the first gate
is connected to the second gate in any one state among the
following four connected states composed with:

(1) directly connected;

(2) connected through an inverter;

(3) binary 1l-inputted to the second gate;

(4) binary O-inputted to the second gate.

In this binary system, the learning is performed by selecting
any one connected state among the above four states.

Further, in the learning method in binary systems according
to this invéntion, an input is connected to any one gate among
"OR, AND, NOR, NAND and EXOR gate in any.one state améng the
" following four connected states composed with:

(1) directly connected;

(2) connected:through an inverter;

(3) binary l-inputted to the gate;

- (4) binary O-inputted to the gate.

In this binary system, the learning is performed by selecting
any one connected state among the above four states.-

Further, in the learning method in binary systems according -
to this invention, current inputs and internal states expressing
the past sequence of values of the inputs are connected to any
one gate among OR, AND, NOR, NAND and EXOR gates in any one
state among the following four connected étates composed with:

(1) directly connected; '

(2) connected through an inverter;

"(3) binary l-inputted to the gate;

(4) binary O-inputted to the gate.

In this binary system, the learning is performed by selecting
any one connected state among the above four states.

Further, in the learning method in binary systems according
to this invention, connection.between above first binary gate or
an input and the second binary gate is constructed so as to
select any one state among the above four connected states, at

17




" 'WO 01/11558 PCT/IP99/04237

least according tgﬁihe computed resultrEg{ween the input signal
into the first binary gate and the teacher's signal for learning.

Further, in the learning method in binary systems according
to this 1nventlon, by prov1d1ng a pseudo-neuron Q defined as
follows, between the above-mentioned first blnary gate (or an
input), and the second binary gate, the connection between the
first binary gaté (or inpute) and the second binary gate is
defined by the pseudo-neuron Q and the selection of the connection
(i.e., the learning) is carried out by modifying weights and-
thresholds of the pseudo-neuron Q.

Herein, the pseudo-neuron Q is defined as Q=f(WX,0):

wherein,

f: a threshold function, or a sygmoid function or a partial
‘linear functlon~ ' .

X: the input 51gnal into the pseudo-neuron Q from the first

' binary gate;
W: the weight between the input and the pseudo-neuron Q;

f: the threshold of the pseudo-neuron Q.

Further, in the learning method in binary systems according
to this invention, the systems are comprised with an input layer
letting a plural of binary input data inpﬁt, an AND layer having
a plural of AND gates, an OR layer having a plural of OR gates
letting the outputs from the AND layer input, an output layer
inputting the outputs from the OR layer and a connecting layer
‘having pseudo-neurons Q provided between the input layer and the
AND layer, and the connections between the input layer and the
AND layer are selected among the following connected states: _

(1) the input layer is directly connected to the AND layer;

(2) the input layer is connected to the AND gate through
" inverters; _ -

' (3) as inputs to the AND layer, always binary 1 is input;
(4) as inputs to the AND layer, always binary 0 is input.

Herein, the pseudo-neuron Q is defined as Q=f(WX,6) and

f: is the threshold function, a sygmoid function or a
partial linear function; _
X: is the input signal into the pseudo-neuron Q;
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W: is the weight between the input and the pseudo-neuron;
~and | '
8: is the threshold of the pseudo-neuron.

Further, in the learning method in binary system according
to this invention, the system is comprised with an input layer
letting a plural of binary input data input, an OR layer having .
a plural of OR gates, an AND layer hav1ng a plural of AND gates
letting the output from the OR layer 1nput therein, an output
layer inputting the cutputs from the AND layer, and a connecting
layer having pseudo-neuronstQ provided between the input. layer
and the OR layer, and the connections between the input layer
and the OR 1ayer are selected among the foilowing_four'connected:
states: _ '

(1) the input layer is dlrectly connected to the OR layer;
(2) the input layer is connected to the OR layer through
inverters;
" (3) as inputs to the OR layer, always blnary 1l is 1nput-
(4) as inputs to the OR layer, always binary 0 is input.

Herein, the pseudo-neuron Q'is defined as O=f(WX,0) and
- £f: is the threshold functlon, a sygmoid function or a -
_partlal linear function;

X: is the input signal into the pseudo—neuron Q; -
W: is the weight between the input and the pseudo-neuron;

9: is the threshold of the pseudo-neuron.
Further, in the learning method in binary system according -
'to this invention, the system is comprised with an input layer
letting a plural of binary data input, an intermediate NAND
layer having a plural of NAND gates, an output NAND layer having
a plural of NAND gates inputting the output from the intermediate
NAND layer, an output layer inputting the output from the output
NAND layer and a connecting layer having pseudo-neurons Q
‘provided between the input layer and the intermediate NAND
layer, and the connections between the input layer and the
intermediate NAND layer selected among the following connected

states:
(1) the input layer is dlrectly connected to the NAND
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layer; _
(2) the 1nput layer is connected to the NAND layer through
inverters; o -
(3) as lnputs to the NAND layer, always blnary 1 is input;
(4) as inputs to the NAND layer, always binary 0 is input.

" Herein, the pseudo-neuron Q is defined as Q=f(WX,0) and,

f: is the threshold function, a sygmoid function or a
partial linear function;
is the input signal input to the pseudo-neuron Q;

b

W: is the weight between the input and the pseudo-neuron;

8: is the threshold of the pseudo-neuron.

Further, in the 1eerning method in binary system according
to this invention, the system is comprised with an input layer
letting a plural of binary data input, an intermediate NOR layer
having a plural of NOR gates, an output NOR layer having a
plural of NOR gates inputting the output from the intermediate
NOR layer, an output layer inputting the output from the output
NOR layer and a connecting layer having pseudo-neurons Q provided
between the 1nput layer and the intermediate NOR layer selected
 from among the following connected states:

(1) the input layer is directly connected to the intermediate
NOR layer;

(2) the input layer is connected to the intermediate NOR
layer through inverters;

(3) as inputs to the intermediate NOR layer, always blnary
1 is input;

(4) as inputs to the 1ntermed1ate NOR layer, always binary
0 is input.

Herein, the pseudo-neuron Q is defined as Q=f(WX,0) and,
£f: is the threshold'function, a sygmoid function or a
partial linear function; :
- X: is the input signal input to the pseudo-neuron Q;
W: is the weight between the input and the pseudo-neurons;
and S
: is the threshold of the pseudo-neuron.

Further, in the learning method in binary system according
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to this invention, the system is comprised with an input layer

letting a plural of blnary data input, an intermediate EXOR-
layer having a plural of EXOR gates, an output EXOR. layer having
a plural of EXOR gates inputting the output from the intermediate
EXOR layer, an output layer inputting the output from the output
"EXOR layer and a conneeting layer having pseudo-neurons Q-
provided between the input layer and the intermediate EXOR
layer, and both layers are connected by any method selected from
the following four connected states: o

(1) the input layer is directly connected to the intermediate
EXOR layer; '

(2) the lnput layer is connected to the intermediate EXOR
.layer through inverters; ’

(3) as inputs to the intermediate EXOR layer, always binary
1. is input; ' o

(4) as inputs to the intermediate EXOR layer, always binary
0 is input. .

Herein, the pseudo-neuron Q is defined as Q=f(WX,0) and,

f: is the threshold function, a sygmoid function or a
partial linear function; '

X: is the input signal lnput to the pseudo—neuron Q;

W: is the weight between the input and the pseudo-neuron;

6: is the threshold of the pseudo-neuron.

Further, in these learning methods in'binary systems according
to this invention, it is characterized that the modification of
the weights and thresholds of the pseudo—neurons are performed
by gradient descending method. : : :

Further, in these learning methods in blnary systems according
to this invention, it is characterized that the pseudo-potential
energies of each of basic gates are calculated together with
expressing of the connected states of aforementioned connecting
layer, and that learning is performed by modifying the pseudo-
potential energies of the connected states.

EFFECTS OF THE INVENTION

Applying these learning methods in binary systems according
to this invention, it is possible to bbtain specified learning
effects during a very short learning period, as constructed as
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described above. Further, as all functions are realized with

simple logic gates,
practice the portién performing logical &peration of the learning
algorithm and modifying circuit.

Further, as it is easy to implement these learning methods

it becomes possible to easily construct and

into the conventional computer and other digital equipment,
these learning methods are expected to be used widely in image
processing, voice processing, natural word processing and motion

control.
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 what i laimed is:

1. Learning method in a binary system as claimed in any of
claims 14, 15 or 16, whereln the connectlon between sald first
binary gate or sald input and said - second binary gate is
constructed to select any one of_sald connectlons in accordance
with results compuﬁed'bétween the inputasignal input into said
first binary gate and a teacher's signal for learning.

2. Binary systems in whlch learnlng methods are performed
comprising: '

an input layer allowing plural binaiy data to be input into
itself, ' ;

" an AND layer having plural AND gates, ]

an OR layer hav1ng plural OR gates 1nputt1ng an output from .
~the AND layer,

an output layer inputting an output from said OR layer, and

a connecting layer having pseudo-neurgns 'Q provided between
the input layer and=said AND layer, . .

wherein 1earping is performed by selecting a connection
- connecting said input layer to said AND layer from a connection
by which said input 1layer is directly 'qonnected- to said AND
layer, a connection by which said input layer is connected to
said AND layer through inverters, a conhection by which, as
inputs to said AND layer, binary 1 is always input, and a
connection by which, as inputs to said AND layer, binary 0 is

always input, and
wherein said pseudo-neuron Q is deflned. as Q=f(WX,0) in

which f is a threshold function, a sygmoid function or a partial
linear function, X is the input signal input to said pseudo-
neuron Q, W.is the weight between said input and said pseudo-
neuron Q, and 0 is a threshold of said pseﬁdo-neuron Q.

3. Binary systems in which learning methods are performed

comprLS1ng.
an input layer allowing plural binary data to be input into

itself,

an OR layer having plural OR gates,

an AND layer having plural AND gates inputting an output
from said OR layer,

23

R A T




WO 01/11558 SRR PCT/JP99/04237

- an output layer inputting an output from said AND layer,

and _ _ _

a cbnnectin&ﬁlayer having pseudo-netirons Q provided between
the input layer éhd said OR layer,

wherein 1learning is performed by selecting a connection
connecting said input layer to said OR layer from a connection
by which said input layer is directly connected to 'said OR
layer, a connection by which said input layer is connected to
said OR layer, a connection by which said input layer is
connected to said OR layer th:ough inverters, a connection by
which, as inputs to said OR layer, binary 1 is always input, and
a connection by which, as inputs to said OR layer, blna:y 0 is
always input, and ) _

wherein said pseudo—neuron Q is defined as Q=f(WX,0), in
which £ is a threshold function, a sygmoid function or a partial
linear function, X_is the input signal input to said pseudo-
neuron Q, W is the weight between said input and said pseudo-
neuron Q, and 8 is the threshold of said pseudo-neuron Q.

4. Blnary systems 1n which learning methods are performed

- comprising:

_ an input layer allowing plural blnary data to be input 1nto
ltself,

an intermediate NAND layer having plural NAND gates,:

- an output NAND layer having plural of NAND gates 1nputt1ng

an output from said intermediate NAND layer,

an output layer inputting an output from said NAND layer,
and

a connecting layer having pseudo-neurons Q provided between
the input layer and said intermediate NAND layer,

whereih -learnihg is pérfOrmed by selecting a connection
connecting said input layer to said NAND layer from a connection
by which said input iayer is directly connected to said
intermediate NAND layer, a connection by which said input layer
is connected to said intermediate NAND layer through inverters,
a connection by which, as inputs to said intermediate NAND
layer, binary 1 is always input, and a connection by which, as
inputs to said intermediate_ NAND layer, binary 0 is always

input, and
I —
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wherein said pseudo-neuron Q is defined as 0=f(WX,0), in
which £ is a threshold function, a sygmoid function or a partial
linear function, X is the input 51gnal input to said pseudo-
neuron Q, W is the weight between said" input and said pseudo-
neuron Q, and 0 is ‘the threshold of said’ pseudo-neuron Q.

5. Binary systems in which 1earn1ng methods are performed
compriSLng.

-‘an input layer allowing plural binary data to be input into
itself,

an intermediate NOR layer having plural NOR gates,

an output NOR layer hav1ng plural "NOR gates inputting an
output from said intermediate NOR layer,'

an output 1ayer inputting an outputffrom'said output NOR
layer, and N | . . '

a connecting layer having pseudo-neurons Q prov1ded between.-
the input layer’ and said intermediate NOR layer,

- wherein learning is performed by selecting a connection
connecting said input layer to said intermediate NOR layer from
- a connection by which said input layer is directly connected to
said intermediate'NOR'layer, a connection by which said input
layer is connected to said 'intermediate ‘NOR layer through
inverters, a connection by which, as inputs to said intermediate
NOR layer, binary 1 is ‘always input, and”a connection by which,
‘as inputs to said intermediate NOR layer, binary 0 is'always
input, and

wherein said pseudo-neuron Q is defined as Q—f(WX 0), in
‘which £ is a threshold function, a sygmoid function or a partial
linear function, X is the input signal input to said pseudo-
neuron Q, W is the weight between said input and said pseudo-
neuron Q, and 6 is the threshold of said'pseﬁdo—neuron Q.
' 6. Binary systems in which learning methods are performed
comprising:

an input layer allow1ng plural binary data to be input into
itself, '

an intermediate EXOR:layer having plural EXOR gates,

an output EXOR layer having plural of EXOR gates inputting
an output from said ‘intermediate EXOR layer,
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an output layer inputting an output from said output EXOR
layer, and

a connecting, ;z_gyer having pseudo-neurons Q provided between
the input layer and said intermediate EXOR layer,

wherein lea:nj.ng is' performed by selecting a connection
connecting said input layer to said intermediate EXOR layer from
a connection by which said input layer is directly connected to
said intermediate EXOR layer, a connection by which said input
layer is connected to said intermediate EXOR layer through
"inverters, a connection by which, as inputs to said intermediate
EXOR layer, binary 1 is always input, and a connection by which,
as inputs to said intermediate EXOR layer, binary 0 is always
input, and : : _

wherein said pseudo-neuron Q is defined M as QO=f(WX,0), in
which £ is a threshold function, a sygmoid function or a partial
linear -function, X s an input signal input to said pseudo-
neuron Q, W is the weight between said input and said pseudo-
neuron Q, and 6 is the threshold of said pseudo-neuron Q.

7. Learning method in a binary system as claimed in any of .
claims 14-16, and further comprising the stép of performing
modifications of weights W and thresholds 8 by using the gradient
descent method.

8. Learning method in a binary system as claimed in any of
claims 14-16, and further comprising the step of calculating
quasi-potential energies in each of the basic gates together
with expressing the connection between said connecting layer
- with the quasi-potential -energy, and modifying +the quasi-
potential energy of said connected states to perform learning.

9. Learning method in a binary system as claimed in any of
claim 1, wherein a pseudo-neuron Q, defined as follows, is
provided between either of said first binary gate or input data
and said second binary gate, the connection between them is
selected in accordance with the.value of said pseudo-neuron Q,
and as above shown, said pseudo-neuron Q is defined as Q=f(WX,0)
in which

f is the threshold  function, a sygmoid function or a
partial linear function;

X is the input signal input to the pseudo-neuron Q;
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W is the weight between the input and the pseudo-neuron Q;
and PR _ _ o

g is the threshpld of the pseudo-neuron Q. -

'10. Learning method in a binary system as claimed in claim
1, and further combrising the stepﬂof”pérforming modifications
of weight W and threshold € by using the gradient descent method.

11. Learning method in a binary system as claimed in any
of the claims 14, 15 or 16, and furtherféomprising the step of
- performing modifications of weight W and threshold 6 by using the
gradient descent method. ' o ' '

12. Learning method in a binary system as claimed in claim
1, and further comprising the steps 'of calculating gquasi-
potential energies in each of the basié gates together with
expressing the connection between said cdhneCting layer with the
quasi-potential energy of said connected states.

13. Learning method in a binary system as claimed in any
of any of the claims 14, 15 or 16, and further comprising the
steps of calculating quasi-potential enérgies in each of the
basic gates together with expressing the connection between said
-connecting layer with the quasi—potential'energy, and modifying
the quasi-potential energy of said connécted states to perform
learning. ' '

- 14. Learning method in a binary system comprising the step
of: - : -
Providing any of an OR, AND, NOR, NAND, and EXOR gates as a
first binary gate and a second binary gate, respectively,

'providing a learning network, comprised of an input layer
consisting of plural binary input terminals, a connecting layer,
first binary gate layers consisting of plural logic. elements of
the same kind, second binary gate layers consisting of plural
logic elements of the same kind, and output layers, in which
signals are not coupled in each layer but are coupled only in
one direction among the layers from the input 1layers to the
output layers; _ .

selecting one connection of said first gate to said second
.gate from a direct connection, a connection through an inverter,
a connection to said second gate always input with binary 1, and
a connection to said second gate always input with binary 0, and
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reducing or eliminating an error in the output layer
between an actual signal and a teacher’s signal when the first
and second gates are. connected to perform learning,

providing a pseudo-neuron Q, def:.ned as follows, between
either of said first binary gate or input data and said second
binary gate, selecting the connection between them in accordance
with the wvalue of said pseudo-neuron Q, and defining said
pseudo-neuron Q, as Q=£f(WX,0) in which

f is the. threshold function, a sygmoid function or a
partial linear function; |

X is the .'input signal to the pseudo-neuron Q;

W is the weight between the input and a pseudo-neuron Q;

and _
O is the threshold. of the pseudo-neuron Q:

15. Learning method in a binary system comprising the
steps of:

: Providing any of an OR, AND, NOR, NAND, and EXOR gates as a
first binary gate and a second binary gate, respectively,

- providing a learning network, comprised of an input layer
consisting of plural binary input terminals, a connecting layer,
first binary gate layers consisting of plural logic elements of
the same kind, second binary gate layers consisting of plural
logic elements of the same kind, and output layers, in which
signals are not coupled in each layer but are coupled only in
one direction among the layers from the input layers to the
output layers;

selecting one connection of an input to any one of the
binary gates from a direct connection, a connection through an
inverter, a connection to an existing binary gate always input
with binary 1, and a connection to an existing binary gate
always input with binary 0, and

reducing or eliminating an error in the output layer
between an actual signal and a teacher’s signal when the input
and one of the binary gates are connected to perform learning,

providing a pseudo-neuron Q, defined as follows, between
either of said first binary gate or input data and said second
binary gate, selecting the connection between them in acco:;dance
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with the value of said pseudo-neuron @, and defining said
pseudo-neuron Q, as Q=f(WX,0) in which :

f is the threshold functJ.on, a ‘'sygmoid function or a
partial linear function; =

"X is the input signal input to the pseudo-neuron Q;

W is the weight between the input and a pseudo-neuron Q;
and _ o .

0 is the threshold of the pseudo-neuron Q.

16. Learning method in a binary system comprising the
steps of: B

Providing any of an OR, AND, NOR, NAND, and EXOR gates as a
firet binary gate and a second binary gate, respectively,

providing a learning network, comprised of an input layer
consisting of plural binary input terminals, a connecting layer,
first binary gate layers consisting of plural logic elements of
the same kind, second binary gate layers consisting of plural
logic elements of the same kind, and output layers, in which
signals are not coupled in each layer but are coupled only in
one direction among the layers from the input 1layers to the
output layers; .

selecting one connection of 'internal conditions -including .
present and former inputs to any one of the binary gates from a
‘"direct connection, .a connection through an inverter, a
connection to an existing binary gate always input with binary
1, and a connection to an existing binary gate always:input with
binary 0, and - o _

reducing or eliminating an error in the output layer
between an actual signal and a teacher’s signal. when the
internal conditions and one of the b.mary gates are connected to
perform learning,

providing a pseudo-neuron Q, defined as follows, between
either of said first binary gate or input data and said second
binary gate, selectJ.ng the connecting between them in.accordance
with the value of said pseudo—neuron Q, and defining said
pseudo-neuron Q, as Q=f(WX,0) in which

f is the threshold function, a sygmoid function or a
partial linear function;

X is the input signal input to the pseudo-neuron Q;
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W is the weight between the input and the pseudo-neuron Q;

and
‘0 is the threshold of the pseudo-neuron Q.

_—

g

30



