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Spiking Neuron Devices consisting with Single-Flux-Quantum Circuits
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Abstract Single flux quantum (SFQ) circuits can be used for making spiking neuron devices, which are useful
elements for constructing intelligent, brain-like computers. The device we propose is based on the leaky inte-
grate-and-fire neuron (IFN) model and uses a SFQ pulse as an action signal or a spike of neurons. The operation
of the neuron device is confirmed by computer simulation. It can operate with a short delay of 100 ps or less and
is the highest-speed neuron device ever reported. An inhibitory pulsed neural network was developed for brain-like
information processing, by using SFQ spiking neuron devices. It consists of spiking neuron devices that are cou-
pled to each other through all-to-all inhibitory connections. The network selects neural activity. The operation of
the neural network was confirmed by computer simulation. SFQ neuron devices can imitate the operation of the
inhibition phenomenon of neural networks.
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work

gobooboobooobooboooobooobo,bbooboo
gbooobooo. oob,0obooboocoooooboboooo

1. 0D O0oo0onon

go,00000000b000boc0ob00oooo0oobooon
00000 [1,[2. 000000000000 OO0O0OOOO
goodo,bobooooboooooooooboobooOoOobobbbooo
oobooooooooooobooooboooOo.bOboooDoo0oo
oboooobooooboobooobooooobbooooboooooo

gboooooooboooooboooooo,oboooo0ad
goboooooooboooo -oboboooooo.

gooo,boobooooobooouooobooooooa
gooobooooooooo,ocboooooboobobboooo
ooooOoooOoooOooog . oooooooooo,

1 —



000000000000 (integrate-and-fire neuron model)
goooboooboobobooboobo,bobbobboboo
gooobooo.ooboo,0oboboooboooboobo
goooooobo,0obobooboobbooboboooo
gooooooooooooobobob.

000000, 0o00o (SFQ; Single flux quantum) O 0 O
goobooobooooboo,bo0obobooooboboo,oo
00 SFQUUO0000O00OO0O0OOOUOD B,00000
goooooboobobooboobobboo.oboob, g
gooboooooooooooooooooboobobobo
gooobbooooobbooooobbbo.oboboboo
goooooboooobog,skQUOO0O0ODOO0OODOO
g.o0oboobooboboboobobobooboobooo
g0,00000ob0o0oboobooboobobbooboo
goooo. ob,booboboooobboobooobboo
gooooooboooboboobUooboobo,oboo
goobooboooboobobooooboboooobobo
0000 ¢4o0000. DO0o0ooOoUoOoooOoooo
go,b00boobooboooobooboboooboo
gooooooooooo.

2. 00obOOooobooobooooo

01000000000000000O 2. 00000000
00 (dendrite), D00 (soma), 00000 (axon) O 300
gooobobooo. oboboobobobooboboo
goooobooobooboo,booboobooboobooo
gooboobooob. ooboo,0boobooboboo
goboobooob. obboobo,o0obooobboo
gboboboobobooboobooooooooooobooobo
g.0oboobooboobobobobobobobobooobo.
gooobooboobuobobobo,bobooobooboo
gbooobobo. boobobooobobobooboboo
00 Hodgkin-Huxley 0000000000000 DOOOOO
0000O0b0O0obOO0oOobDOoDb. ObOd, Hodgkin-Huxley O O
gogobooobboobbooobboobobooooboboo
gobooboooboobo. oboo,0ob00ooboboo
gbobgoboboboboobooooooooooo.

00000000000 W) 0000,000000000
gbobgobooboog.

du(t

W) _ ey -0, 1)
ooo,Iy)000b00o0Uo,-r000000,000 ¢O
gododb. boobobbobooobobbooooooboboo
goodobooooo,0o00 r000D00DO0OODODOOO0
god.jobboobobooobooboboooboooobog,
000000o00oo0oooOoo0,0000000w)Ooo
gojooooo0o. ooboob, 0000 ggggog
oooooooooooaa.

01 00000000000, 0000 (dendrite), 000 (soma),
00 (axon) 0 300000000000.

3. ooboobooobbooboooo

3.1 J00DOO0ODbOObOobOoDbOoDbOoo

goobooooobooobboobbooobboooo
000000O00000o0OO0OO0o0oUoOoOooo. 00 SsFQUOO
gooboooo,boo0obobuog,boboooooboobooboo
g,000bo0oboboboobo 3sgobuoobouoboboo
goob.gbooobooboboboboobooboob,bob, o
gobooooboOo. oboooboboo,obboboo
000000 (Josephson Transmisson Line; JTL) [3] 0O O
000000, 0000000000D00 SFQOOOODOO,
O0000000o0o0ooOO0oo SsFRQUDUOODDODOOOD. OO
00000o0o0o000,00000 SFPQOODOO0OODODO
goooCo -00g,0opooooooooo SskRQOOOOO
000. 0000000000 SFQODODOODOD0O0OO0OO0
goboobooboobo,b0boobobooboobo
poooooboboobobobboooo,b0ooooooooboboo
gooo.

gobo,0boobobooboobooboobooon
goboobooboooOo,b0o0oboobooboboobo
goooooooo.

3.1.1 J0O0O0OODOODODO

g20000000000O0DOO00. OD0O0DbOoOob0ODbOoo
0000000000000 00000 (LA;-LAy)ODOOO0O
ooooo,b000000 00000000000, 00
oooooo JoOooooooo bCcOoOOdOOD ideOOO
gooo.oooooooo Jyoboooooooobooboooo
goooooooooo,bCcodooooooooooog.

To
Output Subcircuit
O

—_—

Reset
terminal

Input
terminal idc

-

From
Output
Subcircuit

02 000O0O00O00000.



Output terminal
Input o & o S .

(From Leaky Integrator)

Inhibitory Input

Resetting Signals
O
(To Leaky Integrator)

& Confluence Buffer
nt

Out :

iiin2

03 0ooooooog.

goooo,booboooooooooobobboobooooooo
gooooooooooooooboooooobo,00000a
0000.0000 R, 000,000000 (Ji-LA1-R1-Jo)
gooooooooooooooboooobo. ooo,bobo0oo
000000, 000000000 LA-LAyDOOOOOOO
gooooooooooooooooooo.ooooo,o00
goodooooooooooooooooooboo. od
000 SFQUO0O0O0OO0O000DOOOO00O0OOOo0OOoooO
gboooooocoodoboocoooo,bocooo0oboooa
0L, 000000000000D00O. 00,00000 SFQ
ooooooOoo,0000 pO000O00ooooooood
gooooo,0boocoooboooon.

3.1.2 O00OOO0OO0OOCOO

030000000000000.SFQOOODODODODOO
o0o0oUooO0,SFQUOUOLOD0ODO (DLoO)OoUoooOoo
gooooooooobooJrLooooooo.oooboboooo
gobooooobooooboooboooooooobooooooo
gb.oood0oooobooooooooooooooooa
gobooooobooooboooooboooooooboooooboo
gooooboobooooobooOo. ooooooobooooa
g2000000000000000000DOOO00OODOO
ooo.o0oooo,0ooooooooOO0O00b0DbDO JoO
gooooo,0booboooocobooooobobooono
goooboo,boboocobooooboobobooobo
goooooooo. 0obooooooooooooboooDbo
gooobooooo,ocobouoo0obooobOoooobo
gooooboobooboobooboo,bo0boboooDbo
goboocoooooo.

3.1.3 U0DOOOO0OOOODOOO0ODOO

0400000 SFQUOOOOOOOOOOOO. OOOO
goo0ooood ND sO000D00D0O0. OD0ODODOOO
cooooooOoOoooooooSrFQoOOOODOOO, 00
oooooOoOOo0OO0O0 SFQOOODODOODOO. OOOOOO
gbooobooobooooboooooOoo,000b000o00
0000000000000000000 SFPQOODODOOO
ob0.00000,0000000000000000000
ooo,0o0000o000bocoooocooobooooooon.

Input subcircuit

T idcy “ddcy T TToTTTTTTTTTTTTTTTTTTTTTTTTT ;
i Input Input o

| (Excitatory) (Inhibitory)

i ®© Splitter
! Q Confluence Buffer

04 00000O0O0O0O0OOOOOOOOO. 0000000000
ooooo soooooog.

(A) . (B,

1Ll

threshold

0.75

0.

[¢)]

0.2

o

Input (mV)

U
(i

Internal state (mA)

(i)

Output (mV)

0 | | | |
2 3 4

Time (nsec)

o
-

05 SFQODOOO0DO00O0D0O0O0O00D00000.000 ()0
0D SFQOOOOO0, (Hi)0000,000 (i) 00 SFQOO
ooo.

SFQUOO0O0O0DO00O0OODO0O0DO0O0O0OO0ONONONOOnO
000000000000. 00000000 N=5, LAy =8
pH (N = 1-5), LBy = 8 pH, idc = 0.1 mA, Ry = 30 m€, O
00 LAsO LB, 00000000000 07000. 000
000000,00004Q, 000000000 0.1pF OO
0O00. 000000000000000,00000000
00 J,00000 03mADD,00000000 0.13 mA
ooo.



050 SFQOOOODNDOOODNDOOOONDNOOODOO
00D00000. 000 ()00 SFQOOOOO, ()00
00,000 (i)00 SFQDOODDO00D0. 00 SFQ OO
000000 SFQODOOOOD,D000000000000
0000000000000,00000000000000
000000D00000.05<(A)0000000000 SFQ
0000D00000,00000000000000000,0
000000000000000000.0000,00000
000000000000,00SFQOO0O00O0O0000
000D0. 0000 SFQOODDO000O0DNO00000
00 R,00000000000000000.00,0 5-(B)
0000000000 SFQOODOOONOO0DO, 000000
000000D0000,00000000000. SFQOOO
000000000000000000000,000000
0000. 000000000000 SFQOO00O000O0
0,00000000000000000000 (0 5-(C)0
oo).

00000000000000,000000000000
0000000000000000000000000000
00000,0000000000.

000000000,00000000000000000
000000. 000,00000000000000000
000D0. 0000000000000000,000000
000000D00000000D00000000000000.
000000 SFQOO0O0DD0000DO0000D0000
000D0000D00000D00000,000000000
oooooooo.

4. OJO0O0o0OOoOobOooboboooodgd

gboo,00b0boooboooboooooooboobooona
ooo00o0oo0oUoooOooOoDOoo0ooUo [4-16. OO
gboooobooooooobooooooobo,0cobobobooobo
goooooooogooooboooooooooo. oooo
gboboobooooboooooboo,obooo0obooobo
goooooooogooooobo.obooobobooooo
gooooooooooooooooooooboo, o000
goooooooooobooo-oo,00000,000d
o-ooooboocooooooooon.

goooO,o0o0b0b0000o0ooboboboooooonboogao
000000 4000000000000 UOO, 00 SFQ
goboobooobooobooobooo. ocoboobooooo
goboooooooooooooon.

4.1 00O0O0O0OOOOOOCOOO

oooooooooooooboooooboboooooo,
goboboooobooooboooboobobo. booboooboo
gopooooobooobooobooooooboooooboo
O[4]. 0 e000000000DOOO0OOODOOOOOOOO
gooo.ooobobooboog,0coooooooobobobog
gbobooooooooooooooo. obooooooooo
gooobooo,dbobcoboooboobooobooobooooa

neuron
excitatory /
input
output

global inhibitor

inhibitory
input In
n

06 0000000000O00O0O0O0O0O0. 00000000000
O,0000oooobooooooooooon.

3
=
>
7]
Q
o
=
)
=
=
c
o
o

Confluence Buffer

o7 ODOOoOoOOoOoooooooOoOCbOcOoOoOoOoooooooo.

0OooDooooOoOooo.
0000000000000000000,0000000
000000000000, 000000000000000
000000000000000000000,000000
00000000000000000.00000,00000
0000000000000,00000000000000
000000000000000000000,000000
00000,0000000000000000.

4.2 00000000000O00O0O0000
000000000000000000000000000
000000000000. 00000000000000,0
00000000000000000. 0000000000
0007000. 000000000000 30000000.
00000000000,3000000000000000 3
00000000000000000. 0000000000
0000000 SFQOOO0D000D,00000 SFQOO
000000.0000000000000000000 SFQ
000000,000000000000000000 SFQO
ooooooo.

4.3 0000000000
08000000 N; 0N, 000000000000000
0000000000, 000 ()00000, G)0o0o00o,



(a) neuron 1

o
o

(b) neuron 2

(mV)
o o
A~ O

Inpu
o
N

AL

—
oo

o
o
[

R B B

o o o 9o
M A O o
L

Output (mV) Internal state (mA)

o
o
— f—
N

2 3
Time (nsec)

2 3
Time (nsec)

08 D0DODOODODODOOOOODOOODOOOOOO. 000 ()00 SFQOOODO,
(i) 0000, 000 ()00 SFQOUOO0DO.

) 00000000000. 0000000000000
00000 N,O0O0O0oooOo0O0o0,000000000D00
gooooooooobooooooboboooo. ooob, o
goboooobooooboooobooooooobooooboo
gooooooboooboooboooooooboooooboo
gboooobooooobooodoo,oobooobooboooobo
goboobooooo. obooooosbobooboooood
. 0o0oobo,0o0o0oooooobooooboboooo
gooodogo,ooocooo.

OO0 SFQOOO0O0OOOO0O00O0OOOOO00OC0DOO0O0On
gobbodoooboooobooooobooooooooooooog.

5. 0 0O O

goboooooboooooooobooooboooooooobooo
good.ooooobooo,bbooooooooooboooo
goooooo,00ooooooo,ocooooooooog,
goboooooooooboo3sooooooooooooboo
O0.000000oooooocooogog,srQO0ODOOO
gboooooooooboo. boo,0o0o0b0oobo0obooooo
goboooooooodooooboobooooooboa,ood
goooooboooobobooobooooooobooooooo
gooo.

O O

[1] Wolfgang Maass, Christopher M. Bishop, ”Pulsed Neural
Networks”, MIT Press., Cambridge, 2001.

[2] Waulfram Gerstner, Werner Kistler, ”Spiking Neuron Mod-
els”, Cambridge University Press., 2005.

[3] Theodore Van Duzer, Charles W. Turner, ” Principles of Su-
perconductive Devices and Circuits -second.ed.-”, Prentice-
Hall PTR., New Jersey, 1999.

[4] T. Fukai, ”Competition in the temporal domain among
neural activities phase-locked to subthreshold oscillations”,
Biol. Cybern. 75, p.453, 1996.

[5] P. Fries, P.R. Roelfsema, A.K. Engle, P. Koning, W. Singer,
”Synchronization of oscillatory responses in visual cortex
correlates with perception in interocular rivalry”, Proc.
Natl. Acad. Sci. USA 94, p.12699, 1997.

[6] T. Fukai, S. Kanemura, ”Noise-tolerant stimulus discrimi-
nation by synchronization with depressing synapses”, Biol.
Cybern. 85, p.107, 2001.



