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Abstract — Recent physiological experiments and
theoretical researches imply a possibility of informa-
tion coding with spatio-temporal patterns of action
potential spikes (spatio-temporal coding) in a brain.
In this coding, timing of the pulse propagates in a
network is very important. When the pulse timings
should be preserved, the number of the synaptic con-
nections will limit the size of the network on inte-
grated circuits. In this paper, an asynchronous coding
scheme for the synaptic communication is proposed,
which preserves the timing information of each pulse
while small number of wires is required. In the pro-
posed scheme, the firing time and the source of an
action potential are coded separately. The source in-
formation is expressed with a pulse sequence. When
pulse sequences overlap each other, an error occurs.
Error-rate and bit-rate are examined. The proposed
coding scheme is suitable for implementing a spatio-
temporal coding network with analog electronic cir-
cuit.

1 Introduction

Recent physiological experiments and theoretical re-
searches imply a possibility of information cod-
ing with spatio-temporal pattern of action potential
spikes (sp-atio-temporal coding) in a brain [1, 2]. The
state variables and parameters of the spatio-temporal
coding network such as time, the internal state of the
neuron, the nonlinear output function at the axon
hillock and synaptic delay and weight, are all contin-
uous. These continuous variables enable the network
to possess an analog information processing ability
[3]. Several asynchronous pulse neural network mod-
els suitable for analog circuit implementation have
been proposed [4]. However, it is difficult to real-
ize a complex asynchronous neural network structure.
That is, the number of synaptic connections limits the
size of the network on integrated circuits since the fine
pulse timings should be preserved.

In this paper, a coding scheme for inter-neuron
communications with action potentials is proposed,
which preserves the timing information of each pulse
while using a small number of wires. In the proposed
coding scheme, the followings should be achieved. (1)
A fine timing information of a pulse emission should
be retained, because timing of the pulse propagates in
a network is very important in spatio-temporal cod-
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ing. (2) The number of wiring should be kept as small
as possible. This is because the structure of an ana-
log integrated neural network circuit is usually two-
dimensional and the number of pins of the IC package
is limited. (3) Transmission error caused by collisions
of pulses should be low. If some neurons share a com-
mon channel, collisions of pulses arise. But the co-
incidence detector neuron should be able to receive
some simultaneous pulses in spatio-temporal coding
network.

In order to achieve the above points, a firing time
of an action potential and the source of it are trans-
mitted through separate wires. The firing time of one
action potential is expressed with one short pulse in
order to preserve the fine timing information. The
source of the action potential is specially coded with
corresponding pulse trains. A coding scheme similar
to the optical orthogonal coding is used [5, 6].

A construction method of the codes for the source
information is very simple. With the coding, receiver
neuron is poss ible to distinguish several simultaneous
action potentials on one communication line.

In Section 2, a transmitter block and a receiver
block are introduced. Section 3 proposes the cod-
ing methods. A theoretical analysis of the code is
discussed in Section 4.

2 An Asynchronous Pulse
Transmission System

In this section, transmitter block and receiver block
are introduced. Figure 1 shows a diagram of the trans-
mitter block. The action potential of the neuron with
pulse duration T is split into two by the pulse splitter.
One output is an input to a source encoder. Another
one is an input to a timing information encoder. In
the source information encoder, the input pulse is en-
coded with a corresponding pulse train pattern with
length, F'. Here, the length F' represents the num-
ber of 0’s and 1’s, and weight W is the number of
1’s in the sequence. We define a chip duration T, as
T. = Ty/F, where a frame duration Ty is the same
length as the width of an action potential. Namely,
frame consist of F pieces of chips (Fig. 1). The re-
sulting pulse sequence, which represents the source of
the corresponding single action potential, propagates
through the source information transmission line.
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Figure 1: Transmitter block.
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Figure 2: Receiver block.

The width of the short pulse output from the tim-
ing information encoder is much shorter than the du-
ration of the chip (7.) The short pulse is generated
on the beginning of the final chip (Fig. 1).

Figure 2 shows a diagram of the receiver block.
The input pulse stream from the source information
transmission line is copied into W. Each pulse passes
stream through a delay element with different delay
time. The delays and AND gate form a matched fil-
ter. If the short pulse reaches to AND gate at that
time, the generator restores the action potential.

3 Design of the Code

We assign each neuron a different code. Therefore,
the number of codes is the same as that of neurons,
N, in a transmission group. The code, C(N, W), is
constructed as follows. Here, the code C'is a family of
(0,1) sequences of length F' and weight W (1 < W <
N).

For example, Fig. 3 shows the code C(4,3). The
first 1’s bit of each code is sifted one by one. The
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interval between the first 1’s bit and the second 1’s
bit on the code 1 is 7 bit. This interval is calculated
from N(W —1)— (W —2). The corresponding interval
of the second code is 1 bit larger than that of the
first code. In the same way, the interval of the third
code’s is N(W — 1) — (W — 2) + 2. The fourth code’s
is N(W —1) — (W — 2) + 3. Therefore, that interval
of ith code is N(W —1) — (W —2) + (i — 1).

The interval of the second 1’s bit and third 1’s bit
on the code 1 is 11 bit. This interval is determined
with N(W —1) — (W — 2) + N. That is, this interval
is N bit larger than the interval between the first 1’s
bit and the second 1’s bit. Therefore, that of second
code is 12 bit. The third code is 13 bit. The fourth
code is 14 bit.

In the case of C(4, 3), the interval between the third
1’s bit and the final bit on the fourth code is 12 bit.
This interval is given by N(W —1)— (W —2)+ N (W —
1) — N In this way, each code overlaps one 1’s bit at
most.

This sequence satisfies the following two conditions.
(1) Each sequence can be distinguished from shifted



Code 1
Code 2
Code 3
Code 4

12345 67890
10000 00100
01000 00001
00100 00000
00010 00000

12345 67890
00000 00010
00000 00000
01000 00000
00010 00000

12345 67890
00000 00000
01000 00000
00001 00000
00000 00100

Figure 3: Code for N =4, W = 3.

12345 6789
00000 0000
00000 0000
00000 0000
00000 0000

versions of itself. (2) Each sequence can be distin-
guished from a possible shifted versions of every other
sequences in the set. That is, one 1’s bit is overlapped
at most. In the ith code, jth 1’s bit number S,; is

Jj—2
Siy=i+> {N(W-1)+i—W+1+ Nk}
k=0

:i+(j—1){N(%+W—2)+i—W+1}. (1)

The code length F' is
F:SNW+N(W—1)—(W—2)+N(W—2)

3 1
N{2W22W1}W2W1. (2)
Therefore, the code length F' is in proportion to the
number of code IV, and quadratic function of the code
weight W. Table 1 shows the F' for the number of
neurons NV is 10, 100 and 1000.

Table 1: Code Length (F') for N = 10, 100 and 1000.

W F(N=10) | F (N=100) | F (N = 1000)
2 33 393 3993

3 97 1087 10987

4 189 2079 20979

5 309 3369 33969

6 457 4957 49957

7 633 6843 68943

8 837 9027 90927

9 1069 11509 115909

4 Theoretical Analysis

In this section, we examine an error rate, FR, that
is a rate of undesirable receiving, and a bit-rate, BR,
which is the maximum number of action potentials
that are transmitted per second. Here let us assume
that the action potentials are transmitted periodically
with period Ty. Namely, the action potentials are
transmitted continuously. This case gives the worst
ER. When the short pulse is generated on the timing
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information transmission line, a occurence probability
of undesirable receiving P; is

P = {1_ ﬁ}P(N—l,W){%}W, (3)

where P(z,y) is the permutations of y chosen from
z. This applies all neurons but the neuron that emits
the short pulse. So, ER is

ER = 1-(1-P)N!

e - w W N_;)
1T (N—1-W)! {F} (

Figure 4 shows the relations between W and BR, with
N = 10,100 and 1000.
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Figure 4: ER versus W.

Next, we calculate BR. BR is the number of action

potential received par second without error. BR is
given by
N
BR = —(1—-ER
7 (1~ ER)
N
= 1— ER). )
(1= BR) 5)

Table 2 shows the BR for the number of neurons NV is
10, 100 and 1000. As the W increases, EFR decrease
exponentially. Even if N becomes large, ER doesn
not increase much. Indeed a code length becomes
very long with large N, and BR per one neuron is



Table 2: BR [1/T,] for N = 10,100 and 1000.

W [BR(N=10) | BR(N=100) | BR (N = 1000 )
2 | 191x1072 | 689x10-14 | 2.44x 10-126
3 | 9.05x102 1.25 x 102 1.20 x 10~ 10
4| 526x10"2 425 x 102 1.29 x 102

5 | 3.24x10°2 2.95 x 102 2.75 x 102

6 | 2.19x102 2.02 x 102 2.00 x 102

7 | 158x102 1.46 x 102 1.45 x 10~ 2

8 | 1.20x102 1.10 x 102 1.10 x 10~ 2

9 | 936x10-3 8.68 x 10-3 8.63 x 103

seriously limited. But BR of all the network is the
same if N increases. The spatio-temporal network
doesn’t need a high-speed data link. Therefore, this
coding scheme may make asynchronous simultaneous
communication possible in a large size network.

5 Conclusions

A coding scheme for the asynchronous synaptic com-
munication with action potentials has been proposed.
The firing time and the source of an action poten-
tial are coded separately. With the proposed coding
scheme, several simultaneous pulses can be transmit-
ted through one communication line set. The trans-
mitter block and receiver block have been proposed.
The error rate and bit-rate of the proposed scheme
have been analyzed.

The proposed coding scheme may be suitable for
low-speed asynchronous simultaneous communication
in the spatio-temporal coding network. In order to
implement the proposed scheme with electric circuits,
the characteristics of the transmission line, the effect
of noise and so on, should be considered.
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