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A Supplementary Information

Network Formalisation

A sequence s ∈ S is represented as a discretised flow of activations of the neurons
in the IO layer i ∈ IIO. The input activation x of a neuron i ∈ Iall = IIO∪ICf∪ICs

at time step t is calculated as:

xt,i =


0 iff t = 0

(1− ϕ)yt−1,i + (ϕ)dt−1,i iff t ≥ 1 ∧ i ∈ IIO
yt−1,i iff t ≥ 1 ∧ i /∈ IIO

, (8)

where ϕ ∈ ]0, 1[ is the feedback rate reflecting a teacher forcing (TF) signal of
the desired output d to the input together with the generated output y of the
last time step (see [11]).

The internal state u of a neuron i at time step t is determined by

ut,i =


0 iff t = 0 ∧ i /∈ ICsc

c0,i iff t = 0 ∧ i ∈ ICsc(
1− 1

τi

)
ut−1,i +

1

τi

∑
j∈Iall

wi,jxt,j otherwise

, (9)

where c0,i is the initial internal state of the Csc units i ∈ ICsc ⊂ ICs (at time
step 0), and wj,i are the weights from the jth to the ith neuron.

The output (activation value) y of a neuron i at time step t is defined by

yt,i =


exp (ut,i + bi)∑

j∈IIO
exp (ut,j + bj)

iff i ∈ IIO

1

1 + exp (− (ut,i + bi))
iff i /∈ IIO

, (10)

where bi is the bias of neuron i. For the neurons in the input layer the transfer
function is problem-dependent but in the case of linguistic sequences a soft-max
function is used, while for the neurons within the other layers a logistic function
is utilised.

Training

In the forward pass (FP) the error E is accumulating the error between the
activation values (y) and the desired activation (d) of the IO neurons at every
time step as follows:

E(W ) =
∑
t

∑
i∈IIO

dt,i ∗ log

(
dt,i
yt,i

)
. (11)
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In the second step the partial derivatives of the calculated activation values
(y) and the desired activation (d) are derivated in a backward pass (BP):

∂E

∂ut,i
=


yt,i − dt,i +

(
1− 1

τi

)
∂E

∂ut+1,i
iff i ∈ IIO

yt,i (1− yt,i)
∑

k∈Iall

wk,i

τk

∂E

∂ut+1,k
+

(
1− 1

τi

)
∂E

∂ut+1,i
otherwise

,

(12)

where the gradients are 0 for the time step tmax + 1.

Sequence Encoding

To encode the symbolic sentences into neural activation, we follow closely the
encoding scheme, suggested by Hinoshita et al. 2011 [1]: The occurrence of a
character ck is reflected by a spike of neural activity of a specific neuron at
relative time step r as well as a rising phase backward in time (r−1, . . . , r−ω/2)
and a falling phase forward in time (r+1, . . . , r+ω/2) represented as a Gaussian.
The Gaussian g is defined by:

gk,r,i =

exp

(
−r2

2σ2

)
iff ck = Σk

0 otherwise

, (13)

where ω is the filter width and σ the filter sharpness factor. The desired activity
d of the neuron i is determined by:

ut,i =

{
λ ·max

(
gk=1...l,r=−ω/2...ω/2,i

)
iff t = µ+ kυ + r

0 otherwise
(14)

dt,i =
exp (ut,i)∑

j∈IIO
exp (ut,j)

, (15)

where λ is a factor, used for scaling the activity to d ∈ ]0, 0.9], µ is a head margin
to put some noise to the start of the sequence, and υ the interval between two
characters. The scaling factor is depending on the number of IO neurons and
determined by:

λ = ln

(
0.9

1.0− 0.9
(|IIO| − 1)

)
. (16)


