
0 1 0 0 1 0

0 1 0 0 1 0

1 0 0 0 0 1

0 0 0 1 0 1

1.1 4.3

0.2 6.7

3.1

1.3

0 0 0 0 0

0 0 0 0

0 0 0

0 0 0

0 0 0 0

Time step framework [1]

N
eu

ro
n 

ID

time

input

u m
em

in!"#[t]

out!"#[t]

𝜗

w

𝜑(𝑤, in!"#[t])

ww

time

Exact at forward (precise timings)

Exact at backward (differentiable ⇒ exact gradients).

Complexity scales with events sparsity.

Fewer observables: only the spike timings (HW-friendly).

Natural training of delays

in!"#[t + d]

d d d

!ℒ
!#

= !ℒ
!$%&!"#[&]

!$%&!"#[&]
!)*!"#[&+,]

!)*!"#[&+,]
!,

Gradients for the delays

Surrogate 
Gradient

Non 
differentiable

!ℒ
!#

= !ℒ
!$%&$%"&[&]

!$%&$%"&[&]
!()*$%"&+,)

!()*$%"&+,)
!,

Gradients for the delays

Trivial:

=1

Event-based framework [2]

input

𝜗

N
eu

ro
n 

ID

w

𝑇(𝑤, in$%"&)

ww

out/0"1

in/0"1

u m
em

time

+ 𝑑

DelGrad: Exact event-based gradients in spiking networks for training delays and weights

d d d

[1] Neftci, E. O. et al. Bringing the power of gradient-based optimization to spiking neural networks. (2019).
[2] Goltz, J., Kriener, L., et al. Fast and energy-efficient neu- romorphic deep learning with first-spike times. (2021).

Julian Göltz, Jimmy Weber, Laura Kriener, Sebastian Billaudelle, Peter Lake, Johannes Schemmel, Melika Payvand and Mihai A. Petrovici.

ouput ouput



DelGrad: Exact event-based gradients in spiking networks for training delays and weights

Results

0:0 0:5 1:0
input x [a. u.]

0:0

0:5

1:0

in
p
u
t
y

[a
.
u
.]

a

0 2fi
time

x
y

1-x
1-y

10 20 30
# hidden nrns

0
2
4
6
8

10
12
14

te
st

er
ro

r
[%

] w only
w & daxo

b

100 200 300
# parameters

0
2
4
6
8

10
12
14

te
st

er
ro

r
[%

] w only
w & daxo

c

10 20 30
# hidden nrns

w only
w & dden

100 200 300
# parameters

w only
w & dden

10 20 30
# hidden nrns

w only
w & dsyn

100 200 300
# parameters

w only
w & dsyn

2:5 5:0 7:5
dataset span [fi ]

2

4

6

8

10

12

14

16

18

20

te
st

er
ro

r
[%

]

– = 0fi (w only)
– = 0.5fi
– = 1.0fi
– = 1.5fi
– = 2.0fi

d

30 60 90 120 150 180 210 240
# hidden neurons

2

3

4

5

6

7

8

9

te
st

er
ro

r
[%

]

Mülle
r et

al.,
202

4

Mülle
r et

al.,
202

4

Gölt
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