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ARTIFICIAL NEURON ON THE BASE OF 
BETA-DRIVEN THRESHOLD ELEMENT 

BACKGROUND OF THE INVENTION 

[0001] 1. Field of the Invention 

[0002] This invention relates to hardware implementation 
of arti?cial neuron, speci?cally to a synapse element, a 
threshold circuit or a neuron circuit using the synapse 
elements, and a learnable neuron device. 

[0003] 2. Description of the Related Art 

[0004] The highly developed Neumann-type computer has 
a far better performance in numerical calculation compared 
With the human ability. This type of computer still requires 
vast calculating time in pattern recognition or image pro 
cessing, and it is insuf?cient especially in information pro 
cessing such as association, memoriZation and learning 
Which are easily performed by a human brain. There is an 
approach to utiliZe neural netWorks constructed by simulat 
ing functions of the human brain for providing the computer 
calculating facilities to perform the above processings. 

[0005] The human brain has highly sophisticated func 
tions though its basic construction is rather simple. The brain 
consists of nerve cells called neurons having calculating 
functions and nerve ?bers propagating the calculated results 
to the other neurons. A neuron connects to nerve ?bers by 
so-called synapse links, and the synapse links provide the 
neuron With the signals propagated through each nerve ?ber 
after modifying them each With a proper Weight function. 
The neuron is stimulated to provide an output signal to the 
nerve ?bers connected to other neurons, Which phenomenon 
is called ?re, only When the total sum of the signals input 
through the nerve ?bers exceeds a certain threshold value, 
While the neuron does not produce any output signal When 
the total sum is loWer than the threshold value. 

[0006] The human brain having a six-layer structure of a 
vast number of neurons connected each other performs 
complex information processings. The human learning pro 
cess can be recogniZed as a process for changing the Weights 
in the synapse links. 

[0007] The neural netWorks are calculation structures con 
structed by complied layers in multiple stages formed of a 
vast number of elements having neural function connected 
each other modeling the nervous netWork of human brain. 
Therefore, the neural netWorks are expected to perform more 
easily high-degree processings of information such as pat 
tern recognition, image processing, association, memoriZa 
tion, learning, and so on. 

[0008] The development of semiconductor technology in 
recent years brings possibility to provide physical neural 
netWorks based on their conceptional designs. 

[0009] Today’s and especially future netWorks require or 
can require hundreds or even thousands of neurons With 
hundreds of input synapses each. Saving just one transistor 
saves tens and hundreds of thousands transistors. 

[0010] A threshold element (TE) has been commonly 
studied because it is the simplest model of the neuron. A 
threshold element is proposed to be constructed by vMOS 
circuits having analogue ampli?ers, output Wired inverters, 
or ?oating gates. 
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[0011] The critical parameter is the permissible sum of the 
input Weights and threshold Which depends on possible 
variations of technological and physical parameters. In the 
learnable neurons, the parameter variations are compensated 
during the learning and the critical parameter becomes the 
sensitivity of the output ampli?er that, in fact, is of the same 
order for most available implementations. Hence, the main 
criterion for choosing the basic TE When implementing a 
learnable arti?cial neuron should be the number of transis 
tors per one synapse. 

[0012] In the conventional semiconductor technologies, a 
vast number of semi-conductors should be combined to 
realiZe the functions in only one neuron. Even a limited 
number of semiconductors required in a restricted practical 
use cannot be integrated in a single semiconductor chip, so 
that construction of practical neural netWorks is a suf? 
ciently difficult technical task. 

[0013] JPA03-006679 discloses an invention for integrat 
ing the functions of one neuron onto one MOS (metal-oxide 
semiconductor structure) transistor so as to solve the above 
problem. 

[0014] The above disclosed semiconductor device is a 
MOS semiconductor element called vMOS With a ?oating 
gate and a plural number of capacitance coupling input 
gates. Each of the input gates is equipped With an electrode 
having a proper area corresponding to its input Weight. The 
input voltage provided to the input gate is multiplied With 
the proper Weight determined by the electrode area. And the 
sum of the input voltages provided to the relating input gates 
corresponds to the voltage of the ?oating gate. When the 
sum exceeds a certain threshold level, a channel is formed 
under the ?oating gate electrode and an electric current runs 
through the channel as corresponding to the neuron’s ?re. 

[0015] vMOS enables to decrease the transistor area in the 
semiconductor chip by tenth order as the number of the 
required bipolar transistors is decreased, and to realiZe loW 
poWer consumption as MOS transistors are voltage-con 
trolled devices. Thus the above approach is expected to 
obtain a real neuron computer. 

[0016] According to the above technology in Which the 
Weights are determined by the capacitance coupling of the 
input gates to the ?oating gate, the number of the inputs and 
the Weights to be applied to the inputs cannot change after 
building the device, because they are ?xed by the structure 
of the vMOS. Therefore, the device is impossible to simulate 
?exible ability of the human brain relating information 
processings as recognition, association, learning, and soon. 
A method for solving the problem is proposed in Which the 
device is furnished With multipliers for adjusting parameters 
and the adjusted parameters are applied to the input signals 
and then the input signals are provided to the vMOS. The 
device applied With the above method has much ?exibility 
in functions though it needs more semiconductors per one 
synapse. 

[0017] JPA6-139380 discloses a vMOS furnished With a 
self-learning facility. The disclosed device adjusts charges in 
the ?oating gate When the calculated value differs from the 
indicated value so as to adjust the Weight of the synapse. 
This device can automatically adjust the Weight function of 
the synapse Which provides signals to the neuron, thus it can 
eliminate the need of an outstanding computer to calculate 
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the Weight of each synapse and may obtain an optimal 
control of the system through learning on the spot. Simula 
tions have proven a high degree optimization in some logics 
to be executed. 

[0018] JPA10-54079 discloses a [3-driven threshold ele 
ment ([3 DTE) invented by the inventor of this invention. 

[0019] Any linear logics and some kind of logics can be 
represented in the threshold function beloW: 

y=5ign(j:@~n-L/W—7)=5ign(jd$634M), 
[0020] Where is a subset of variables such that 1-65 j=T, ! 
means negation, Xj is 0 or 1, and is an integer. 

[0021] j is normaliZed With T to obtain (nj=j/T. Parallel 
connected p-channel MOS transistors Whose input j belongs 
to a certain subset S and its [3-value is adjusted to the 
corresponding uuj are serially connected With parallel con 
nected n-channel MOS transistors Whose input does not 
belong to the subset S and its b-value is adjusted to the 
corresponding uuj. Then the output voltage Vout at the 
terminal connecting point is indicated as folloWs: 

VOut=j€lS}Xj/j€S}-Mj [0022] Therefore, a comparator inverter easily determines 
truth of the threshold function by comparing the output Vout 
With threshold value a, Which is set as folloWs: 

[0023] The [3DTE is constructed according to the above 
principle. 
[0024] FIG. 13 is a circuit diagram indicating a principle 
of the [3DTE. 

[0025] Variables Xj belonging to the subset S in n number 
of Xj ’s described in the logics are provided to p-channel 
MOS transistors P1, P2, . . . Pk. Variables Xj Which are not 

belong to the subset S are provided to n-channel MOS 
transistors N1, N2, . . . Nn-k. The drain of the Whole 

transistors are connected each other. The voltage Vout 
appearing at the connected drain is provided to the com 
parator inverter having a threshold value of 0t, and the output 
from the comparator inverter represents the ?nal result Y. 

[0026] This type of [3DTE needs one MOS transistor 
corresponding to one input, and provides a threshold ele 
ment consisting of a least number of transistors. The current 
ampli?cation factor [3 is determined by length and Width of 
the gate electrode, so that the input Weight function uuj can 
be determined by Width of the transistor. 

[0027] The brain has a main advantage in learning ability, 
therefore if an arti?cial neural netWork has not learning 
function the netWork cannot sufficiently simulate the infor 
mation processing function of the human brain. 

[0028] The above described conventional arts have some 
problems such that the input Weights are to be ?Xed Without 
learning functions because the arti?cial neuron is built up 
using a special structure of semiconductors and cannot vary 
the Weights after completion, or that the device should 
furnish With an excessive equipment as multipliers for 
adding learning facility although the device itself may be a 
simple synapse or a simple neuron. 

SUMMARY OF THE INVENTION 

[0029] It is therefore an object of this invention to provide 
a synapse element, a neuron circuit and a neuron netWork, 
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and especially a learnable neuron device, consisting of a 
smaller number of elements utiliZing the commonly used 
semiconductor technologies. 

[0030] Other object of the invention Will appear in the 
course of the description thereof Which folloWs. 

[0031] To achieve the foregoing objects, a synapse ele 
ment of the invention comprises a transistor set made of the 
?rst MIS (metal insulator semiconductor) transistor having 
the ?rst gate electrode and the second MIS transistor having 
the second gate electrode. The second MIS transistor is 
connected in series With the ?rst MIS transistor. The voltage 
of the ?rst input signal provided to the ?rst gate electrode 
adjusts the effective b-value of the transistor set. And the 
transistor set is sWitched according to the second input 
signal provided to the second gate electrode. 

[0032] In place of the transistor set having tWo transistors, 
a single transistor having tWo separated electrodes may be 
used in Which the effective b-value of the single transistor 
can be adjusted by the input voltage applied to the ?rst 
electrode. 

[0033] The synapse of the invention preferably includes a 
voltage holding element connected With the ?rst gate elec 
trode, and a sWitch element betWeen the ?rst gate electrode 
and terminals each connected to a high voltage poWer source 
and to a loW voltage poWer source, in Which the sWitch 
element is sWitched according to the second input signal. 

[0034] The sWitch element may be a MIS transistor receiv 
ing the second input signal by its gate electrode, and the 
voltage holding element may be a capacitance element. 

[0035] In the synapse element of the invention, the effec 
tive b-value is adjusted by the ?rst transistor and turning on 
and off is controlled by the signal input to the second 
transistor, therefore the input Weight of the synapse can be 
easily selected and ?Xed by adjusting the effective b-value of 
the transistor. According to the invention, an element simu 
lating a synapse can be constructed Which generates an 
output signal applied With a Weight to an input signal 
propagated through a nerve ?ber. 

[0036] The synapse element of the invention can be con 
structed by MIS transistor elements of usual type because 
the synapse element, unlike the conventional synapse ele 
ment, does not require any special construction of the gate 
electrode or any adjustment of geometrical siZes of the 
respective transistors. 

[0037] The synapse element of the invention requires very 
feW MIS transistors, therefore the synapse element can be 
easily constructed on a single substrate and a plurality of the 
synapse elements may be integrated in a smaller area of the 
substrate. 

[0038] In a learnable neuron device composing of the 
synapse elements having voltage holding elements such as 
capacitors and sWitching elements using MIS transistors 
thereby maintaining the effective b-value by holding the 
voltage applied on the gate electrode and turning the sWitch 
ing elements on and off according to the input signal applied 
on the second transistors, appropriate synapse elements can 
be easily selected to be varied With their Weights on learning 
and the voltage applied on the selected elements can be 
adjusted in the proper direction. 
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[0039] If the elements are composed of MIS transistors, 
the Whole device can be formed on a single substrate so that 
a very small device integrated With a vast number of synapse 
elements may be provided. 

[0040] To achieve the foregoing objects, a threshold cir 
cuit of the invention is characteriZed in comprising any one 
of the above described synapse elements connected in 
parallel Whose second transistors have input terminals, a 
common line connected With the ?rst connecting terminals 
of the synapse elements connected in parallel, a poWer line 
connected With the second connecting terminals of the 
synapse elements through a third MIS transistor having a 
complementary channel type, and an output inverter con 
nected With the second connecting terminals by the input 
terminal of the inverter. 

[0041] It is preferable that the MIS transistors of the 
synapse elements are n-channel MOS (metal-oxide semi 
conductor) transistors and the third MIS transistor is a 
p-channel MOS transistor. 

[0042] A second threshold circuit of the invention com 
prises a positive poWer line connected to a positive electrode 
of a poWer source, a negative poWer line connected to a 
negative electrode of the poWer source, a plurality of n-chan 
nel transistor sets each composing of a ?rst n-channel MIS 
transistor and a second n-channel MIS transistor connected 
in series With the ?rst MIS transistor, at least one p-channel 
MIS transistor, and an output inverter, Wherein the ?rst 
n-channel MIS transistor adjusts an effective [3-value of the 
transistor set according to the voltage applied on the gate 
electrode of the ?rst n-channel MIS transistor and the second 
n-channel MIS transistor sWitches the transistor set by 
applying an input signal on the gate electrode of the ?rst 
MIS transistor. In addition, the positive poWer line is con 
nected With the source electrode of the p-channel MIS 
transistor and the negative poWer line is connected With the 
gate electrode of the transistor, the plurality of the n-channel 
transistor sets are connected in parallel With each other, the 
source electrode terminals of the parallel connected n-chan 
nel transistor sets are connected With the negative poWer 
line, and the drain electrode terminals of the transistor sets 
are connected to the drain electrode of the p-channel MIS 
transistor, and the drain electrode terminal of the p-channel 
transistor is connected to the input terminal of the output 
inverter. 

[0043] The threshold circuit of the invention simulates a 
neuron function element Which determines if the sum of 
input signals each applied With an arbitrary Weight eXceeds 
a certain threshold value, Wherein the Weight is determined 
by adjusting [3-values of synapse elements connected in 
parallel and the synapse elements are corresponding to an 
arbitrary number of input signals, respectively. 

[0044] The main components of the threshold circuit are 
MIS transistors and the number of the transistors used in the 
circuit is small, therefore many circuits are easily integrated 
in a narroW area on a semiconductor substrate. 

[0045] The threshold circuits of the invention are applied 
to arti?cial neuron netWorks, majority logic circuits, ?ltering 
circuits, and so on. 

[0046] Any of the above mentioned threshold circuits can 
be constructed With synapse elements each having an effec 
tive [3-value corresponding to a Weight mi derived from a 
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logical equation Y=sign (ZuuiXi-l) transformed from a 
logical equation Y=F(Xi), and a comparing element com 
pares a combined output signal With a threshold value and 
provides a comparison result. 

[0047] Small and economic integrated circuits for decid 
ing truth of logical equations are obtained With very small 
number of usual semiconductors by the above-described 
method to set the effective [3-values. 

[0048] And a neuron device of the invention, to achieve 
the foregoing objects, comprises a threshold circuit com 
posed of a plurality of synapse elements each of Which is 
adjusted With its effective [3-value from the outside and 
generates an output signal controlled by the [3-value upon 
receiving an input signal, an input signal generator for 
providing corresponding input signals to each input terminal 
of the synapse elements, a truth table circuit for providing 
eXpected values of output signals corresponding to any 
given set of input signals, a comparator for comparing the 
output signals of the threshold circuit With the eXpected 
values of the output signals, adjusting device for generating 
increment signals or decrement signals selectively based on 
the output signals of the comparator, Wherein the adjusting 
device and [3-value adjusting terminal of the synapse ele 
ment are connected only When the synapse is stimulated by 
the input signal. 
[0049] It is preferable that the threshold circuits of the 
neuron device of the invention are the threshold circuits of 
the invention described above. 

[0050] A second neuron device of the invention comprises 
a ?rst current-control element, a second current-control 
element Which is connected With the ?rst current-control 
element in series laying betWeen a ?rst voltage and a second 
voltage, an auXiliary circuit for varying characteristic factor 
of at least the second current-control element and providing 
the input signal to at least one of the second current-control 
elements, and a threshold deciding circuit for receiving an 
intermediate voltage Which appears at the connection point 
of the ?rst current-control element and the second current 
control element, Wherein the auXiliary circuit controls the 
intermediate voltage corresponding to even a same set of the 
input signals so as to adjust results of threshold decision 
process. 

[0051] The ?rst current-control element may be constantly 
conductive, While the second current-control element is 
controlled on and off by the input signal applied to the 
element. 

[0052] A plurality of the second current-control elements 
may be connected in series so as to receive a plurality of 
input signals. 
[0053] It is preferable that the ?rst current-control element 
and the second current-control element are complementary 
?eld-effect transistors to each other. 

[0054] A current ampli?cation factor may be used as the 
adjustable characteristic factor of the current-control ele 
ments. 

[0055] The auXiliary circuit may comprise a voltage hold 
ing element connected With the gate electrode of the ?eld 
effect transistor and a sWitching element for controlling an 
electric current charging or discharging the voltage holding 
element, Wherein the sWitching element is opened or closed 
according to the input signal. 
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[0056] It is preferable that the second current-control 
elements are connected in parallel, and the neuron device 
further comprises an adjusting device for controlling the 
auxiliary circuit according to the comparison result of the 
threshold decision and the expected values so that the 
neuron device furnishes a learning ability. 

[0057] The neuron device of the invention provides a 
neuron netWork having very feW semiconductor elements 
Which can adjust the input Weights of the synapses by 
comparing the output results With the expected values and 
can display a learning ability resembling human ability by 
maintaining the adjustment results. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0058] The accompanying draWings Which are incorpo 
rated in and constitute a part of this speci?cation, illustrate 
one embodiment of the invention and, together With the 
description, serve to explain the principles of this invention. 

[0059] FIG. 1 is a circuit diagram of the CMOS transistors 
for explaining the principle of the present invention; 

[0060] FIG. 2 is a circuit diagram of a synapse element of 
the invention; 

[0061] FIG. 3 is a chart shoWing the relation of the 
effective [3-value of a synapse element and its input signal; 

[0062] FIG. 4 is a circuit diagram shoWing another aspect 
of the synapse element; 

[0063] FIG. 5 is a circuit diagram showing further aspect 
of the synapse element; 

[0064] FIG. 6 is a circuit diagram shoWing a part around 
a synapse element in a neuron device of the invention; 

[0065] FIG. 7 is a circuit diagram shoWing a neuron 
device of the invention; 

[0066] FIG. 8 is a circuit diagram shoWing another aspect 
of the neuron device of the invention; 

[0067] FIG. 9 is a circuit diagram shoWing further aspect 
of the neuron device of the invention; 

[0068] FIG. 10 is a block diagram shoWing a learnable 
neuron device of the invention; 

[0069] FIG. 11(a) is a Wave form diagram at learned stage 
shoWing a test result of learning ability of the neuron device 
of the invention; 

[0070] FIG. 11(b) is a Wave form diagram at early stage 
shoWing a test result of learning ability of the neuron device 
of the invention; 

[0071] FIG. 12 is a time chart shoWing stability of the 
parameters in learning process in the neuron device of the 
invention; and 

[0072] FIG. 13 is a circuit diagram of the conventional 
neuron element. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

[0073] When a synapse element is formed on a semicon 
ductor substrate using MIS (metal insulator semiconductor) 
transistors or MOS (metal-oxide semiconductor) silicon 
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transistors, the current ampli?cation factor [3j of the j-th 
synapse transistor is expressed by a Well-known relationship 
as folloWs: 

[0074] Where p is the mobility factor of electrons in the 
channel region of the transistor, 6 is the permittivity of the 
insulator, tox is the thickness of the insulator, and Wj and Lj 
are respectively the Width and length of the j-th transistor. 

[0075] When a certain Weight uuj is given, the necessary 
[3-value [3j is realiZed by adjusting the Width Wj and the 
length Lj of the electrode in accordance With the values 
obtained by the equation: 

Wj/Lj=(W0/L0)0Jj 

[0076] based on the standard Width W0 and length Lo. 

[0077] Thus the synapse element having an input Weight 
uuj for input signal Xj for providing an output signal corre 
sponding to uujXj is easily obtained through geometrical 
siZes of the synapse element. 

[0078] But the above-described method for adjusting 
[3-value of the transistor through its geometrical siZes has a 
disadvantage that it is almost impossible to change the 
Weight factors. 

[0079] NoW, let us consider a CMOS couple With fully 
open n- and p-transistors as shoWn in FIG. 1. If 
Vth<Vout<Vdd-Vth, both transistors are in the non-satu 
rated mode and hence: 

[0080] Where In and Ip are the drain currents ?oWing 
through the n- and p-channel MOS transistors respectively, 
[3n and [3p are the current ampli?cation factors of the n- and 
p-channel transistors respectively, Vdd is the poWer voltage 
applied to the gates, Vth is the threshold voltage of the 
transistors, and Vout is the output voltage or the drain 
voltage. For simplicity, the threshold voltage Vth is assumed 
to have the same value for both transistors. 

[0081] As shoWn in the equation (4), the drain current In 
?oWing through the transistor is proportional to the current 
ampli?cation factor [3n Therefore, the effective b-value [3n 
can be adjusted via controlling the drain current In by 
adjusting the gate voltage. 

[0082] The synapse element above is easily realiZed in the 
circuit in FIG. 2, for example. FIG. 2 shoWs a transistor set 
1 With tWo n-channel MOS transistors connected in series 
Which is connected With another complementary p-channel 
transistor (not shoWn) and disposed betWeen the poWer line 
and the ground line. The part of the transistor set 1 of 
n-channel MOS transistors has a terminal connecting to a 
poWer line 2 and supplied With an intermediate poWer 
voltage Vdd/2, and another terminal connecting to the 
ground line 3. 

[0083] The ?rst transistor 11 of the transistor set 1 has a 
gate electrode 13 supplied With a current-control voltage 
Vcontr for controlling the current How and the second 
transistor 12 has a gate electrode 14 supplied With an input 
signal corresponding to the synapse input. When the input 
signal is ON, the second transistor 12 conducts the current 
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as the power voltage Vdd is applied to the gate electrode 14, 
therefore the current restricted by the ?rst transistor 11 ?oWs 
through the transistor set 1. 

[0084] When the intermediate poWer voltage Vdd/2 
applied to the transistor set 1 is in the ?oating status, the 
voltage of the gate electrode 14 is varied according to the 
current ?oWing through the transistor set 1, and the voltage 
turns to correspond to the output voltage Vout of the synapse 
element. 

[0085] FIG. 3 shoWs a result of a circuit simulator SPICE 
calculating the effective [3-value [3n of the transistor set 1 
corresponding to variation of the current control voltage 
Vcontr applied to the ?rst transistor 11. The aXis of ordinates 
represents 6n, the aXis of abscissas represents Vcontr. The 
unit of [3n shoWs the [3-value When the current control 
voltage Vcontr takes the same value as the poWer voltage 
Vdd. 

[0086] FIG. 3 tells that the effective [3-value monoto 
nously increases from the point Where the current control 
voltage Vcontr is about 0.8 V around the threshold voltage 
upto the point Where the current control voltage Vcontr 
reaches 5 V. Therefore, arbitrary [3-value can be realiZed by 
setting an appropriate value to the current control voltage 
Vcontr. 

[0087] Thus, a synapse of compact layout for providing an 
output signal derived from an input signal multiplied With a 
controlled Weight can be implemented on tWo transistors 
Which have controllable characteristic factors via input 
signals provided from outside. With CMOS implementation, 
such a synapse Will obviously have minimum area. 

[0088] The ?rst transistor and the second transistor can 
also be implemented on one transistor. FIG. 4 shoWs an 
eXample of one-transistor synapse element having control 
lable effective [3-value. One MIS transistor has a gate 
electrode divided into tWo areas 13 and 14, the ?rst divided 
electrode 13 is provided With the current control voltage 
Vcontr to control the effective [3-value, and the second 
divided electrode 14 is provided With input signal. This 
construction provides simple procedure for manufacturing 
synapse elements and smaller area occupied by synapse 
elements. 

[0089] In the above embodiment, the synapse element is 
constructed by n-channel MOS transistors. On the contrary, 
complementary p-channel MOS transistors may construct 
synapse elements as shoWn in FIG. 5. The synapse element 
of FIG. 5 can also be implemented on one transistor. In the 
case of p-channel transistor, the transistor is disposed 
betWeen the poWer line 4 supplied With the poWer voltage 
Vdd and the poWer line 2 provided With the intermediate 
voltage Vdd/2, and the output signal Vout of the synapse 
element appears at the intermediate voltage line 2. 

[0090] Corresponding to the memoriZing function of the 
synapse, the gate electrode may be furnished With a voltage 
holding element such as capacitance element for maintain 
ing voltage potential by accumulating electric charges so as 
to hold the current control voltage Vcontr at the value once 
set in accordance With an appropriate [3-value. 

[0091] FIG. 6 shoWs a circuit of an eXample of the 
synapse element 10 furnished With a voltage holding ele 
ment. 
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[0092] A capacitor 21 is connected betWeen the ground 
line 3 and the gate electrode 13 of the ?rst n-channel MOS 
transistor 11 of the synapse element. The capacitor 21 can be 
applied With a electric current via a resistor 22. An n-channel 
MOS transistor 5 disposed betWeen the capacitor 21 and the 
resistor 22 forms a sWitching element for making and 
breaking the electric current. 

[0093] The resistor 22 is an element for determining a time 
constant in charging and discharging the capacitor 21. The 
resistor in the sWitching MOS transistor 5 may be utiliZed 
for the above resistor 22. 

[0094] A transistor set 7 for adjustment consisting a 
p-channel MOS transistor 31 and an n-channel MOS tran 
sistor 32 connected in series With the p-channel transistor 31 
is disposed betWeen the poWer line 4 and the ground line 3, 
and the gate electrode of each transistor is connected With 
control line from outside. The resistor 22 is connected With 
the connecting point of the drain terminals of both transis 
tors. 

[0095] The p-channel MOS transistor 31 is driven by a 
control signal having the ground potential so as to charge the 
capacitor 21 via the resistor 22 and the sWitching transistor 
5 and to increase the potential of the capacitor 21. The 
n-channel MOS transistor 32 is driven by a control signal 
having the poWer voltage Vdd so as to discharge the 
capacitor 21 to the ground line and to decrease the potential 
of the capacitor 21. The potential of the capacitor 21 adjusts 
the effective [3-value so that the Weight of synapse element 
may be adjusted. 

[0096] The role of the capacitor 21 is to maintain the gate 
potential of the ?rst n-channel MOS transistor 11 at an 
appropriate value relative to the potential voltage of its 
source. Therefore, the other terminal of the capacitor 21 
maybe connected to any point having a constant potential 
relative to the source potential. 

[0097] The second n-channel MOS transistor 13 and the 
sWitching MOS transistor 5 are connected to the line 6 for 
providing input signals via their gate electrodes. Each of the 
MOS transistors conducts current While being supplied With 
an input signal having the poWer voltage Vdd, and breaks 
current While being provided With no input signal. In learn 
ing process including adjusting the Weight functions to the 
appropriate values, only the synapse elements concerning 
With the output signal Which are provided With input signals 
are required to change the potential of the capacitor 21. 

[0098] The voltage holding elements may be MOS diodes, 
MOS condensers, MOS transistors having a ?oating gate, 
and so on. If the voltage holding elements are made from 
MOS elements, it is advantageous for the voltage holding 
elements may be easily formed by a usual semiconductor 
process on the same substrate Where the synapse element is 
deposited. 

[0099] FIG. 7 shoWs a threshold circuit, or a neuron 
circuit, having n learnable synapse elements. 

[0100] TWo n-channel MOS transistors are connected in 
series to form a synapse element 10. The same number of the 
synapse elements 10 as the number of the input terminals are 
connected in parallel. A connecting line 20 connecting the 
drain terminals of the synapse elements 10 is connected to 
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the drain of a p-channel MOS transistor 40 and to the input 
terminal of a comparing inverter 50. 

[0101] A connecting line 30 connecting the source termi 
nals of the synapse elements 10 is connected to the ground 
3. 

[0102] The source terminal of the p-channel MOS tran 
sistor 40 is connected to the poWer line 4, and the gate 
terminal to the ground 3, so that the transistor is usually ON. 

[0103] An output signal of the comparing inverter 50 is 
provided as the decision result of the synapse element after 
being inverted by the output inverter 52. 

[0104] Each of the synapse elements is adjusted so that the 
effective [3-value [3i has a corresponding value to the Weight 
(hi to be applied on the input Xi of the synapse according to 
the gate voltage determined by the electric charges held in 
the capacitor 21 attached to the ?rst n-channel MOS tran 
sistor 11. 

[0105] During logical operation of the neuron circuit, both 
transistors of the adjusting transistor set 7 do not conduct 
currents as their gate terminals are not provided With driving 
signals for adjustment, and the terminal of the resistor 22 is 
?oating so that the potential of the capacitor 21 does not 
change. 

[0106] When the input Xi of the i-th synapse element turns 
ON, the gate terminal of the second n-channel MOS tran 
sistor 12 is provided With the poWer voltage Vdd so as to 
conduct current through the transistor, the output current of 
the synapse element becomes to the corresponding value to 
(niXi according to the effective [3-value decided by the gate 
voltage Vcontr of the ?rst n-channel MOS transistor 11. 

[0107] All of the output currents of the synapse elements 
that receive input signals selected from the parallel con 
nected synapse elements are added up and flow through the 
p-channel MOS transistor. Therefore, the output voltage 
Vout at the connection point turns to have the corresponding 
value to ZuuiXi. Thus truth of a logical function set in the 
threshold circuit can be decided by comparing the output 
voltage Vout With the predetermined threshold value 0t set in 
the comparing inverter. The output inverter 52 is used for 
adjusting the logical output and the electrical output signal 
of the comparing inverter 50. 

[0108] The above mentioned neuron circuit provides in 
real time the truth or falseness of the logical function via 
output signal from the output inverter 52, via appropriate 
Weights set on each of the synapse elements 10, an appro 
priate threshold value 0t of the comparing inverter 50 and an 
appropriate [3-value [3p of the p-channel MOS transistor 40 
according to the logical function to be solved. The neuron 
circuit provides output signal y of ‘1’ When the logical 
function is true according to a certain set of the input signals, 
otherWise the circuit provides signal ‘0’. 

[0109] For example, let us consider a circuit for solving 
the folloWing function: 

Y=X1(X2+X3(X4+X5(X6+X7))) (6). 

[0110] First, the function is to be transformed to the form 
of Y=Sign (ZQiXi-T). 

[0111] A logical function Y being a logical sum of n inputs 
Xi’s can be transformed to Y=Sign (ZXi-l), and a logical 
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function Y being a logical product of n inputs Xi’s can be 
transformed to Y=Sign (ZXi-n). In general, a coefficient Qi 
of a variable Xi in the logical function may be determined 
by the abovementioned rule. 

[0112] For complex functions, the coefficients may be 
determined from the variables in the innermost parenthesis 
according to the folloWing rules: 

[0113] 1. if a neW variable Xj is logically added to the 
existing function, a coefficient Qj for the neW variable 
Xj has the same value as the preceding threshold value 
Tj-1, and the neW threshold value Tj is held to the 
preceding threshold value Tj-1, and 

[0114] 2. if the neW variable Xj and an existing function 
are subjected to logical product, the coefficient Qj for 
the neW variable Xj has a value (ZQj-Tj—1+1) or a sum 
of 1 and a result of subtraction of the preceding 
threshold value Tj-1 from a total sum of coefficients Q 
of the preceding variables ZQj, and the neW threshold 
value Tj turns to (Z§2j+1). 

[0115] The logical function (6) is calculated by the above 
manner as folloWs: 

[0116] The above function (7) is normaliZed to the form of 
Y=Sign ((niXi-l) as folloWs: 

0.086X5+0.043X6+0.043X7—1) (8). 

[0117] The neuron circuit representing the logical function 
(8) may be formed by 7 synapse elements 10 connected in 
parallel and a p-channel MOS transistor 40 connected in 
series With the parallel set of the synapse elements. The 
effective [3-value [3j of each synapse element is set according 
to the respective coef?cient uuj, and the effective [3-value of 
the p-channel MOS transistor 40 is set to (1-6), Where 6 is 
an adequate value smaller than the minimum differential in 
the coefficients in the logical function. The above neuron 
circuit provides truth of the logical function Y via output of 
the output inverter 52 When the threshold value of the 
comparing inverter 50 is set to 0.5 of the poWer voltage Vdd, 
because the output voltage Vout exceeds 0.5 of the poWer 
voltage Vdd if the logical function Y is true and Vout does 
not reach 0.5 of Vdd if Y is false. 

[0118] The reason of setting the effective [3-value of the 
p-channel MOS transistor 40 to (1-6) is to avoid ambiguity 
in decision. The threshold value of the comparing inverter 
50 may be adjusted instead of the above effective [3-value. 

[0119] Note that the Weights of inputs are not unique but 
suf?ciently elastic because the same Boolean threshold 
function corresponds to a “bunch” of separating hyper 
planes. For example, for the function (8) transformed from 
the function (7), an equivalent ration form as belloW can be 
built in Which Q6=2 Q7 instead of Q6=Q7 in (7): 

0.06X6+0.03X7—1) (9). 

[0120] FIG. 8 shoWs a neuron circuit constructed from 
synapse elements formed by the p-channel MOS transistors 
as shoWn in FIG. 5. 

[0121] The parallel connected synapse elements are dis 
posed betWeen the poWer line 4 and the intermediate poten 



US 2002/0030205 A1 

tial line 2, and the complemental n-channel MOS transistor 
is disposed betWeen the intermediate potential line 2 and the 
ground line 3. 

[0122] The effective [3-value of each synapse element is 
adjusted corresponding to the input Weight of the synapse 
via control voltage Vcontr. The current ampli?cation factor 
[3n of the complemental n-channel MOS transistor is 
adjusted to (1-6). 

[0123] The connecting terminal of the synapse elements 
and the n-channel MOS transistor is connected to the input 
terminal of the comparing inverter. The output signals 
receives the output signal from the comparing inverter, 
transverses it and outputs it as output signal from the 
synapse element. 

[0124] The above-mentioned neuron circuit Works just the 
same as the neuron circuit shoWn in FIG. 7. 

[0125] Each of the above mentioned synapse elements 
furnishes With one set of adjusting transistor set for charging 
and discharging electric charges in the capacitor 21. The 
p-channel MOS transistor 31 and the n-channel MOS tran 
sistor 32 are provided With driving signals from outside 
through the signal line. The adjusting transistor set functions 
to adjust the Weight coef?cient during learning process. 
Once change of Weights is required, all synapse elements 
Which are provided With input signals are to be changed in 
the same direction. Therefore the synapse elements may be 
divided into an adequate number of groups, and each group 
of synapse elements may furnish With one adjusting tran 
sistor set and connected With its output line. 

[0126] FIG. 9 shoWs a neuron circuit having adjusting 
transistor sets for adjusting [3-values of the group of synapse 
elements, respectively. This construction can provide more 
economical circuit having less number of semiconductor 
elements. 

[0127] FIG. 10 shoWs a circuit of a learnable neuron 
device manufactured With the above mentioned neuron 
circuits. 

[0128] As shoWn in FIG. 10, the neuron device of the 
invention comprises a neuron circuit 110 as above described, 
an input signal generator 120, an expectation truth table 
circuit 130, and comparator 140. 

[0129] The neuron circuit 110 furnishes With necessary 
number of synapse elements 10, the input signal generator 
120 provides a set of output signals X1, X2, . . . , Xn 

corresponding to each synapse element. The neuron circuit 
110 outputs a result y as comparison result of a threshold 
value 0t of a comparing inverter With a sum of output 
voltages Vout each of Which is calculated from a plural 
inputs by each synapse element. 

[0130] The output signal generator 120 provides all of the 
possible sets of input signals to the synapse elements repeat 
edly in an adequate order. For example, the synapse ele 
ments may be uniquely assigned With a bit order of binary 
number, then the output signal generator 120 may scan from 
binary number 0 providing no input signal to all elements up 
to the maximum number providing an input signal to Whole 
elements. The output signal generator 120 also provides the 
output signal to the expectation truth table circuit 130. 

[0131] The expectation truth table circuit 130 records an 
expectation truth table for the logical function. The expec 
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tation truth table is a table of truth of the logical function to 
be calculated by the neuron circuit predetermined for every 
set of input signals. The expectation truth table circuit 130 
provides signals of truth or falseness according to the set of 
input signals X1, X2, . . . , Xn from the input signal generator 
120. 

[0132] The comparator 140 decides the performance of the 
neuron circuit 110 by the comparison results of the output y 
of the neuron circuit 110 With the output Y of the expectation 
truth table circuit 130. The comparator 140 provides no 
signal if both outputs have the same values, otherWise 
provides the synapse elements 10 of the neuron circuit 110 
With [3-value increment signals or [3-value decrement signals 
via control line according to the sign of deviation betWeen 
the output y and the output Y. 

[0133] For example, if the output Y of the expectation 
truth table circuit 130 is 0 and the output y of the neuron 
circuit 110 is 1, the Weights are too large, then the com 
parator 140 provides decrement signals for decreasing the 
Weights by discharging the capacitors to the ground line so 
as to loWer the voltage applied to the gate electrodes. On the 
contrary, if the output Y of the expectation truth table circuit 
130 is 1 and the output y of the neuron circuit 110 is 0, the 
Weights are too small, then the comparator 140 provides 
increment signals for increasing the MN-0030 Weights by 
charging the capacitors from the poWer line so as to raise the 
voltage applied to the gate electrodes. The control line for 
increment signal and the control line for decrement signal 
are not provided With signals at the same time. 

[0134] The comparator 140 provides [3-value change sig 
nals to all synapse elements 10. Only the synapse elements 
vary their [3-value Which input signals Xi are active so as to 
make their sWitching transistors conductive. The other syn 
apse elements not relating to the logical function hold the 
gate potential as it is, because the sWitching transistors cut 
off the current so as to maintain the charges in the capacitors. 

[0135] This simpli?ed construction in Which only the 
active synapses in the logical operation should be adjusted 
With their Weight functions is reasonable and sufficiently 
contribute to decrease learning cycles. 

[0136] There are tWo possible modes of learning that 
depend on the time constant of the capacitor charge. 

[0137] The ?rst mode is a “forced” mode When the time 
constant 'c<t, Where t is continuation time of an input set in 
learning. In this case, the output of the threshold element 
correctly sWitches in every cycle of the learning and 
sWitches off the signal increment or decrement. The learning 
process in this case is sensitive to the noise Which is caused, 
for example, by disordered edges of the threshold element 
output signal and sample sequence. An additional external 
clocking can eliminate the in?uence of this noise. 

[0138] The second mode is a “soft” mode When the time 
constant "c>>t. In this case, the learning process is not 
sensitive to the noise, or short haZards, on signals increment 
or decrement, but the learning requires a considerably bigger 
number of exposing the sample sequence. 

[0139] FIG. 11(a), (b) and FIG. 12 are shoWing an 
experiment result of the learnable neuron device of FIG. 10 
for testing reliability and learnability. The charge time 



US 2002/0030205 A1 

constant provides a mode median between the forced and 
soft ones, With a clock signal of duration 4 nsec and 
frequency 125 MHZ. 

[0140] Referring to FIG. 10, the neuron circuit 110 used 
in this experiment has seven synapse elements 10, and the 
output signals from the input signal generator 120 are 
provided to all of the synapse elements. The input signal 
generator 120 generates repeatedly all combinations of 
output signals to each synapse element. 

[0141] The neuron circuit 110 outputs the comparison 
result of the comparing inverter comparing the accumulated 
output signal Vout from all of the synapse elements With the 
threshold value 0t. The expectation truth table circuit 130 
records a truth table of the function (6), and provides logical 
result of truth or falseness according to the set of output 
signals from the input signal generator 120. 

[0142] The comparator 140 compares the output from the 
neuron circuit 110 and the output from the expectation truth 
table circuit 130 and provides [3-value adjust signals for 
compensating [3-values of the synapse elements 10 When the 
outputs above do not agree. 

[0143] The neuron device Was simulated by SPICE for 
estimating its performance. 

[0144] The simulation executed learning process by the 
neuron device in Which the input signal generator 120 
provided repeatedly and periodically input signals under the 
condition that every one set of input signals continued in a 
continuation time t of 16 nsec, and all combinations of 
27=128 sets of output signals Were provided in 2048 nsec. 

[0145] FIG. 11(a) shoWs status around completion of 
learning at about 25 ysec passed after the start. The axis of 
abscissas represents time elapsed. FIG. 11(b) shoWs status 
of early stage of learning at about 5 psec passed after the 
start. The loWer charts shoW the output Y from the expec 
tation truth table circuit and the upper charts shoW the on-off 
output y of the neuron circuit and the output voltage Vout 
changing With small steps representing a total sum of 
outputs from the synapse elements of the neuron circuit. 

[0146] As shoWn in FIG. 11(b), the output y of the neuron 
circuit and the output Y of the expectation truth table circuit 
sometimes have deviations from each other in early stage of 
learning. Although both of the outputs are Well coincident 
With each other after some learning cycles as shoWn in FIG. 
11(a), so that the neuron circuit operated the logical opera 
tion of the function (6) exactly. 

[0147] FIG. 12 shoWs change of the gate voltages of every 
synapse element. 

[0148] The gate voltages set at arbitrary values at start 
point approach the proper values rapidly, and reach their 
proper values and stabiliZe having the correct Weights 
around 23 psec passed after beginning in this case. 

[0149] After the Weights are decided for all synapse ele 
ments, the input terminals of the synapse elements are 
sWitched to be provided With the actual input signals from 
the operational object so that the neuron device can execute 
high quality information processing operations via simulat 
ing human neurons. The synapse element can be constructed 
in very small area less than 1 pm square, even by the 
conventional technology. 
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[0150] As described above, the synapse elements of the 
invention can be constructed and easily integrated in small 
and simple circuits even by the usual technology. The 
synapse elements are easily adjusted With Weight functions 
and added With learning abilities. 

[0151] The neuron circuits formed With the synapse ele 
ments can be integrated in a semiconductor substrate of 
integrated circuit, and many circuits can be accumulated in 
one body, thus practical neuron circuits can be provided. 

[0152] Furthermore, learning abilities added to the circuits 
easily provides logical operation circuits for corresponding 
to any logical functions. 

What is claimed is: 
1. A synapse element comprising a transistor set made of 

a ?rst MIS (metal insulator semiconductor) transistor having 
a ?rst gate electrode and a second MIS transistor having a 
second gate electrode, the second MIS transistor connecting 
in series With the ?rst MIS transistor, in Which an effective 
[3-value of the transistor set is adjusted by voltage of a ?rst 
input signal provided to the ?rst gate electrode, and the 
transistor set is sWitched according to a second input signal 
provided to the second gate electrode. 

2. A synapse element as claimed in claim 1, Wherein the 
?rst MIS transistor and the second MIS transistor are 
incorporated in one MIS body, and the MIS body has at least 
tWo gate electrodes. 

3. A synapse element as claimed in claim 1, further 
comprising a voltage holding element connected With the 
?rst gate electrode, and a sWitch element betWeen the ?rst 
gate electrode and terminals each connected to a high 
voltage poWer source and a loW voltage poWer source, in 
Which the sWitch element is sWitched according to the 
second input signal. 

4. A synapse element as claimed in claim 3, in Which the 
sWitch element is a MIS transistor having a gate electrode 
receiving the second input signal, and the voltage holding 
element is a capacitance element. 

5. A threshold circuit comprising: 

a ?rst poWer supply line and a second poWer supply line, 
both connecting With a poWer source, 

a plural number of transistor sets made of a series con 
nection of a ?rst MIS transistor and a second MIS 
transistor, both having the same channel type, 

at least one of third MIS transistor having the comple 
mentary channel type to the ?rst and second MIS 
transistors, and 

an output inverter, 

the ?rst MIS transistor adjusting an effective [3-value of 
the transistor set according to voltage of a ?rst input 
signal provided to the gate electrode of the ?rst MIS 
transistor, and the second MIS transistor sWitching the 
transistor set according to a second input signal pro 
vided to the gate electrode of the second MIS transistor, 

Wherein the third MIS transistor is connected to the ?rst 
poWer supply line With its source electrode and to the 
second poWer supply line With its gate electrode, the 
plural number of transistor sets are connected With each 
other in parallel and the transistor sets are connected to 
the second poWer supply line With their source elec 
trodes and to the drain electrode of the third MIS 
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transistor With their drain electrodes, and the drain 
electrodes are connected With an input terminal of the 
output inverter. 

6. A threshold circuit as claimed in claim 5, Wherein the 
?rst and the second MIS transistors are n-channel type MIS 
transistors, the third MIS transistor is a p-channel type MIS 
transistor, the ?rst poWer supply line is a positive poWer line 
connected With a positive terminal of a poWer source, and 
the second poWer supply line is a negative poWer line 
connected With a negative terminal of the poWer source. 

7. A threshold circuit as claimed in claim 5, Wherein the 
?rst MIS transistor and the second MIS transistor are 
incorporated in one MIS body, and the MIS body has at least 
tWo gate electrodes. 

8. A threshold circuit as claimed in claim 5, Wherein each 
of the effective [3-values is adjusted to a corresponding value 
mi Which is derived from a logical equation Y=sign (ZuuiXi 
1) transformed from a logical equation Y=F (Xi), the tran 
sistor sets represents synapse elements and are connected 
With each other in parallel, and a comparator element 
compares a combined output signals With a threshold value 
and provides an output signal from the threshold circuit. 

9. A neuron device comprising: 

a ?rst current-control element and a second current 
control element being connected in series betWeen a 
?rst potential line and a second potential line, 

an auxiliary circuit for varying a characteristic value of at 
least one of the second current-control element to be 
provided With an input signal, 

a threshold decision circuit being provided With a poten 
tial value at the connection point of the ?rst current 
control element and the second current-control element 
and deciding a logical value of the combination of the 
input signals, Wherein the auxiliary circuit can adjust 
the logical value by changing the potential value at the 
connection point corresponding to the same combina 
tion of the input signals. 

10. A neuron device as claimed in claim 9, Wherein the 
?rst current-control element turns on constantly, and the 
second current-control element is controlled to turn on and 
off by an input signal to the second current-control element. 

11. A neuron device as claimed in claim 9, Wherein the 
second current-control elements are connected in parallel so 
to input a plural number of input signals. 

12. A neuron device as claimed in claim 9, Wherein the 
characteristic value is a current ampli?cation factor. 

13. A neuron device as claimed in claim 9, Wherein the 
?rst current-control element and the second current-control 
element are complementary ?eld-effect transistors to each 
other 

14. A neuron device as claimed in claim 13, Wherein the 
auxiliary circuit comprises a voltage holding element con 
nected With a gate electrode of the ?eld-effect transistor and 
a sWitching element for making and breaking a current 
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Which charges or discharges the voltage holding element, 
and the sWitching element is controlled according to the 
input signals. 

15. A neuron device as claimed in claim 9, Wherein the 
second current-control elements are connected in parallel, 
and the neuron device further comprises a adjusting circuit 
for controlling the auxiliary circuit according to the com 
parison betWeen the threshold decision and its expectation. 

16. A neuron device as claimed in claim 9, Wherein the 
threshold decision circuit is made of a plurality of parallel 
connected synapse elements each comprising the ?rst cur 
rent-control element and the second current-control element, 
the auxiliary circuit adjusts the characteristic value of the 
second current-control element so as to adjust the effective 
[3-value of the set of the ?rst current-control element and the 
second current-control element, the synapse element pro 
vides an output signal controlled by the effective [3-value 
according to the input signals, and Wherein the neuron 
device further comprises an input signal generator for pro 
viding input signals to each of the input terminals of the 
synapse elements, a truth table circuit for providing an 
output expectation value corresponding to any set of input 
signals, a comparator for comparing the output expectation 
value and the output signal from the threshold decision 
circuit, and an adjusting circuit for selectively providing 
control signal to adjust the effective [3-value corresponding 
to the output of the comparator, and the adjusting circuit is 
connected to the terminal of the synapse element for receiv 
ing the adjusting signal of the effective [3-value only When 
the synapse element is activated by the input signal, so that 
the neuron device is provided With learnable ability. 

17. A neuron device as claimed in claim 16, the ?rst and 
the second current-control elements being MIS transistors of 
the same channel type, the neuron device further comprising 
a ?rst poWer supply line and a second poWer supply line 
connecting With an output terminal of a poWer source 
respectively, at least one of third MIS transistor having the 
complementary channel type to the ?rst and second MIS 
transistors, and an output inverter, the ?rst current-control 
element adjusting the effective [3-value of the transistor set 
according to voltage of a ?rst input signal provided to the 
gate electrode of the ?rst current-control element, and the 
second current-control element sWitching the transistor set 
according to a second input signal provided to the gate 
electrode of the second current-control element, Wherein the 
third MIS transistor is connected to the ?rst poWer supply 
line With its source electrode and to the second poWer supply 
line With its gate electrode, the plural number of transistor 
sets are connected With each other in parallel and the 
transistor sets are connected to the second poWer supply line 
With their source electrodes and to the drain electrode of the 
third MIS transistor With their drain electrodes, and the drain 
electrodes are connected With an input terminal of the output 
inverter. 


