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Boltzman n machin e neuro n circui t usin g single-electro n tunneling

Masamichi Akazawa® and Yoshihito Amemiya

Faculty of Engineering Hokkaicb University, Kita 13, Nishi 8, Sappoo 060, Japan
(Receivel 6 May 1996 acceptd for publicatiocn 26 Novembe 1996

The inheren stochast characte of single-electra tunnelirg can be effectively utilized for creating
novd electronc circuits having high-leved functions As a sampk application we preseh a
stochastic-respoergircuit for implementirg Boltzmam machire neurons The circuit consiss of a
single-electra circuit operating unde unstabé conditions It can produ@ an outpu of a random
1-0 bit strean with the probability for an outpu of 1 controlled by an input signal—a tak tha is
difficult for convention&circuits using ordinaly electront devices © 1997 American Institute of

Physics [S0003-695(97)01505-3

One of the promisirg area of researh on single-carrier
electronis is that of the developmenof functiond circuits
tha utilize the inheren stochasti characte of the single-
electran tunnelirg (SET) phenomenonin this approachit is
expecte tha novd electront circuits having high-level
functiors will be created In this letter, we propo® one such
circuit, namely a single-electra Boltzmam machire neuron
circuit.

The Boltzmam machire is a kind of feedbak& neural
netwok that can solve various problens in area sud as
combinatoria optimization classificationand associationlt
consiss of a large netwok of mary identicd processig el-
ements called neurons tha are interconnecte bidirection-
ally with links, or signd connectionstha hawe various con-
nectin strengths Eacd neuran receives input signak from
othe neurors and send outpu signak to othe neuronsThe
neurm has two outpu states eithe 1 or 0, and changs its
stak accordig to the inputs following a stochast transition
rule. Each neura operats in parallé and adjuss its own
stae to those of all the others After sone processig time,
all the neurors finally reach maximd consenssi as to their
individud statesand the whole netwok then stabilizes in a
globd configuratian (see Refs 1 and 2 for details.

The structue of mathematichproblens sud as combi-
natorid optimization can be mappe onto the structue of a
Boltzmam machire by decidirg on the connectim pattern
ard connectia strengtls of the neuronsin this way, finding
the optimd solution to a problem can be reducd to deter-
mining the optimd configuratia of the Boltzmam machine.
The unique ard importart featue of the Boltzmam machine
is its methal of operation it uses stochast neuron-state
transition and simulatel annealilg algorithms This allows
the Boltzmam machire to reat a configuratio tha is glo-
bally optimd (ard therely an optimd solution without fall-
ing into configuratios that are only locally optimal (This is
a problen with othe neurd netwok models) Becaus of
this, the stochastt outpu of the neuran is the mog important
featue of the Boltzmam machine.

The bast concep of the Boltzmam machire neura is
illustrated in Fig. 1. It has two constituentsa sum-of-product
unit and a stochastic-respoeainit. The sum-of-produt unit
has anumbe of input connectios ard locd memoy that
stores connectim strengtls w; (positive or negative analog
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values. It also receives input signabk x; (1 or 0) (and bias
input tha controk threshodl of neuron from othe neurons
ard produce the weighted sum of inputs s (= Zw;X; +W).

The stochastic-respomsunit is peculia to the Boltzmann
machire neuron It generate an output 1 or 0, updatirg the
outpu stae at evely moment following a given probability
dependig on the input value of s. The probability function
for a stak 1is usualy chosea to be the sigmod function,
expressé as

f(s)= @

or f(s)=

1 1
1+exp(—s/T) 1+exp(s/T)’

where T is the contrd parametetha slowly decreasefrom

alarge value to zem during the simulatel annealiig process.
The shae of this function is shown in Fig. 2. The probability
function neal nat necessanl be this function, any mono-
tonic nonlinea function can be used provided that it be-

comes 1 (or 0) at large positive values of s and becoms 0

(or 1) at large negatiw values of s.

A Boltzmam machire large-scat integratel (LSI) de-
vice for practica use mug integrae thousand of neurors on
a chip. The crucid problem in developirg sud LSIs is how
to implemern the generatio of randomnesfor the stochastic
operation Evely neurm has to hawe its own randomness
generato becaus stochast independene betwee the neu-
ronsis required But presenty availabk circuits for generat-
ing randomnesssud as the therma noise amplifier and the
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Sum-of-product unit

1(bias input)

P{y=1} =f(s)
y=1o0r0

Inputs

w
n
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FIG. 1. Concep of a Boltzmam machire neuron It consiss of a sum-of-
produd unit and a stochastic-respoeaunit.
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FIG. 2. Probabiliy function f(s) as a function of a weightel sum of
inputs s. lllustrated are two functions f(s)=1[1+exp(~sT)] and
f(s)=1[1+expET)], wher T is acontrd parameter.

randon bit generataor consi¢ of mary devices and conse-
quently requir alarge area hence they canna be used for
LSl implementation.

To overcone this problem we presen the idea tha the
inheren stochast characte of SET can be usal for imple-
mentirg the stochastic-resporsunit of the Boltzmam ma-
chine neuron The objectiw is to operaé a SET inverter
unde unstabé conditiors to produe stochastt output Con-
ventiona invertes are designé so tha they operae under
bistabk conditions i.e., outpu 1 for low inputs ard O for
high inputs In contrastwe propo® operatirg aconventional
SET inverte unde unstabé conditiors in which stae tran-
sition frequenty occurs leadirg to outpu of a randan 1-0
bit stream If the probability for an outpu of 1 (or 0) can be
controlled by the input, this phenomeno will be usefu for
the stochastic-respopaunit of the Boltzmam machire neu-
ron. (The circuit designd for unstabé operation can be no
longe called an inverter)

Various SET-inverte circuits™* exist tha can be used
for this purpose We her use a complementagr metd—
oxide—semiconducto (CMOS)-type inverte circuit* as
shown in Fig. 3 and modify its stability diagran to achieve
the desirabé unstabé condition It consiss of four tunnel
junctiors (the capacitanceare C;; and C;,), four input ca-
pacitos (C4, C,), two bias capacitos (Cz), ard an output

Vb Vdd
T— C1 é C/ 1
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o . e, 77
s 2 Output
C, M Oy
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%
| LN | g L5
c, | I I¢ Tt

FIG. 3. An exampe of single-electra inverte circuits (see Ref.4). We have
designe the stability diagran so tha the circuit cen be operaté as the
stochastic-respoeaunit.
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FIG. 4. A stability diagran for operatirg the circuit unde unstabé condi-
tions Parametey are Cj;=1 aF, Cj,=2 aF, C,=12 aF C,=4 aF,
C;=10 aF, C_, =24 aF, and V44=6.2 mV.

capacito (C,), with voltage supplies V44 and Vy,. The cir-
cuit has three island nodes (L,M, and N), ard its internal
stak is expressd by the numbes of exces electrons
(I,m,n) stored on the three nodes respectively The circuit
receives a voltage input s from a sum-of-produt unit to
generat its internd stae and produce the corresponding
voltage output y.

We designé the stability diagram of the circuit to oper-
ate the circuit unde unstabé conditiors arourd zerm input.
Figure 4 illustrates asampé diagran on an s-V,, plane as-
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FIG. 5. Outpu voltage wave form for the circuit V,=6.0 mV, simulatel for
three input voltages (a) s=—15 mV (point X in Fig. 4), (b) s=0 mV
(point Y in Fig. 4), and (c) s=15 mV (point Z in Fig. 4). The tunnel
resistane is 5M() for the four junctiors and the temperatue is 0 K.
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FIG. 6. Probabiliy function for the circuit with the parametesin Fig. 4. The
probability for generatig an outpu of 1 isillustrated as afunction of the
input voltage s.

sumirg tha Cj;=1 aF, Cj,=2 aF, C;=12 aF, C,=4 aF,
C3;=10 aF C =24 aF, ard V4=6.2 mV. Fou plain-
colord regiors are stabke zones in which the circuit stabi-
lizesat internd stae (—1,—1,0), (0,—1,0), (0, 0, 0), ard (0,
0, 1); the forme two states produ@ high positive output
voltage (an outpu of 1), while the latter two produe low
outpu voltage (an outpu of 0). The shadé regin is an
unstabé zore in which electra tunnelirg frequenty occurs
ard the circuit consequenyl alternats two or more internal
states Here we operag the circuit with V,=6.0 mV and
appl the input voltage s so as to move the bias point on a
segmeh PQ from the (0, —1, 0) regian to the (0, O, 0)
region It can then be expectd tha the probability for gen-
eratian of an outpu of 1 depend on the input voltage s. The
probability can be change from 1to 0 continuousy by mov-
ing the bias point thusP — X — Y — Z — Q.

We simulatel circuit operatio by using the Monte Carlo
method combinal with bast equatiors for electric-charge

672 Appl. Phys. Lett., Vol. 70, No. 5, 3 February 1997

distribution chargirg energy and tunnelirg probability. The
temperatue is assumd to be 0K. The resuls for the circuit
in Fig. 4 areillustrated in Fig. 5. The latter figure shows the
outpu voltage wave form (a randon 1-0 bit stream for

three sampe values of the input voltage unde unstabé con-
ditions i.e, s=—15 mV (point X in Fig. 4), s=0 mV

(point Y in Fig. 4), and s=1.5mV (point Z in Fig. 4). It can

be sea tha the probability for an outpu of 1 can be con-
trolled by the input s. Generaly speaking the state
(1,—1,0) is dominar for a low value of s, wherea (0, O,

—1) is dominar for a high value of s. Intermedia¢ states
can alo be generatedbut thisis not a problem becaus their
duratian is always shot regardles of the input voltage value.
In this example the circuit changs its internd stae in a
cycle of (0, 0, 0) — (—1,00) — (0,-1,0) — (0,—1,1)

— (0, 0, 0).

The probability for an output of 1 isillustrated in Fig. 6
as afunction of the input voltage It is obtaineal by observing
the outpu 1-0 strean for 1 us and measuring the total du-
ration of an outpu of 1. It can be sea tha a probability
function required for the Boltzmam machire can be ob-
tainad very easily We will be able to fabricag Boltzmann
machire LSIs compacty using single-electra circuits.
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