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Motivation and objective 

• Design and test a multilayer SNN for motion estimation that functionally mimics 
the cortical motion pathway 

• Translating principled firing-rate computational models into event-based SNNs

• A “build-to-comprehend” paradigm

• A compositional approach to built 
complex visual descriptors

What?

How?



The Architecture
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𝑽𝒑 𝑣𝑥, 𝑣𝑦



Event-based dataset

• Synthetic stimuli: sinusoidal drifting gratings with 

different orientation, spatial frequency and speed 

• 𝜃: 0°, 180° evenly spaced with step of 15 °

• sf:  from 0.2 to  1.6 cyc/deg with step of 0.2 

cyc/deg

• 𝑣𝑠: ± 1, 2, 3, 4 deg/sec

• Natural stimuli: drummer's movement
. . .



V1 receptive fields (RFs)
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Feed-forward kernels:
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Receptive fields
even symmetry

𝑥𝜗 = 𝑥𝑐𝑜𝑠 + 𝑦𝑠𝑖𝑛 𝜗 −
𝜋
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𝑦𝜗 = − 𝑥𝑠𝑖𝑛 + 𝑦𝑐𝑜𝑠 𝜗 −
𝜋
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ℎ𝑓𝑓
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ℎ𝑓𝑏

ℎ𝑓𝑏

ℎ𝑓𝑏

ℎ𝑓𝑏

Recurrent kernels:

g(𝒏) ≃ C 𝑒 Τ−𝑡 𝜏𝑒− Τ𝒏∗𝒏 𝜎2cos(𝒌𝟎 ∗ 𝒏 ± 𝛹)

Static Gabor-like RF:



Spatial frequency
and orientation tuning



Motion Energy Unit 

𝐸 𝒏, 𝑡; 𝜃, 𝑣𝑓 = 𝑟𝑐
𝑂𝑁 𝒏, 𝑡; 𝜃, 𝑣𝑓 + 𝑟𝑠

𝑂𝑁 𝒏, 𝑡; 𝜃, 𝑣𝑓
+𝑟𝑐

𝑂𝐹𝐹 𝒏, 𝑡; 𝜃, 𝑣𝑓 + 𝑟𝑠
𝑂𝐹𝐹 𝒏, 𝑡; 𝜃, 𝑣𝑓

 

   
 

 

 

 

  

  

 
 

 

 

          
        

     
         

 
o e

    

 
o e

    

 
o e

    

   
   

    

 

 
 

 

 

 

 
 

 

 

 
      
      

        

 Approx. “Energy Unit” response: 

Spatio-temporal RFs: 

g(𝒏) ≃ C 𝑒− Τ𝒏∗𝒏 𝜎2cos(𝒌𝟎 ∗ 𝒏 ± 𝛹)

time

g(𝒏, 𝑡) ≃ C’ 𝑒 Τ−𝑡 𝜏𝑒− Τ𝒏∗𝒏 𝜎2cos(𝒌𝟎 ∗ 𝒏 ± 𝜔0𝑡)

𝜔0 = 𝒗𝒇 ∗ 𝒌𝟎

where: 

Motion Energy



𝑣𝜃 𝒏, 𝑡 =
σ𝑖
𝑁𝐺(𝒏) ∗ 𝐸(𝒏, 𝑡; 𝜃, 𝑣𝑓𝑖)

𝜖 + σ𝑖
𝑁𝐺 𝒏 ∗ 𝐸(𝒏, 𝑡; 𝜃, 𝑣𝑓𝑖)

Decoding stage

Sf tuning 0.6 cyc/deg

𝑣𝑓 tuning ±1, 2, 3, 4 deg/s

𝜔0 0.6, 1.2, 1.8, 2.4 cyc/s



𝑣𝜃 𝒏, 𝑡 =
σ𝑖
𝑁𝐺 𝒏 ∗ 𝐸(𝒏, 𝑡; 𝜃, 𝑣𝑓𝑖)

𝜖 + σ𝑖
𝑁𝐺 𝒏 ∗ 𝐸(𝒏, 𝑡; 𝜃, 𝑣𝑓𝑖)

𝑽𝒑 𝑣𝑥, 𝑣𝑦
𝐼𝑂𝐶∗

𝑣𝑥 𝒏, 𝑡 =
2

𝑁


𝜃𝑖= 𝜃1

𝜃𝑁

𝑣𝜃𝑖 𝒏, 𝑡 cos(𝜃𝑖)

𝑣𝑦 𝒏, 𝑡 =
2

𝑁


𝜃𝑖= 𝜃1

𝜃𝑁

𝑣𝜃𝑖 𝒏, 𝑡 sin(𝜃𝑖)

Decoding stage

SNN

Estimated Optical Flow
Decoder

Stimulus

* Intersection-of-constraints mechanism 



Conclusions 

Wh       h  “  k -home-m      ” ?

• Reverse engineering the brain

• We presented a bio-inspired spiking neural network architecture

• “perceptual engines” provide computational primitives that 

can be composed to obtain more powerful image descriptors

• High usage flexibility both in firing-rate and spiking contexts 
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- Extra -
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Origin of the “time-variable synapses”

Gabor-like functions of any phase 𝜳:  

g(𝒏) = αℎ 𝒏 − 𝒅 + 𝛽ℎ 𝒏 + 𝛾 ℎ 𝒏 + 𝒅

≃ C 𝑒 Τ−𝑡 𝜏𝑒− Τ𝒏∗𝒏 𝜎2cos(𝒌𝟎 ∗ 𝒏 ± 𝛹)

൞

𝛼 = −𝐵𝑠𝑖𝑛 𝛹 − 𝐴𝑐𝑜𝑠(𝛹)

𝛽 = cos(𝛹)

𝛾 = 𝐵𝑠𝑖𝑛 𝛹 − 𝐴𝑐𝑜𝑠(𝛹)

where: 



- Extra -

• Adaptive Exponential Integrate-and-Fire 
neuron model (AdEx)

𝐶𝑚
𝑑𝑉𝑚
𝑑𝑡

= −𝑔𝐿 𝑉𝑚 − 𝐸𝐿 + 𝑔𝐿∆𝑇𝑒
(𝑉𝑚−𝑉𝑇)

∆𝑇 − 𝜔 + 𝐼

𝜏𝜔
𝑑𝜔

𝑑𝑡
= 𝜂 𝑉𝑚 − 𝐸𝐿 - 𝜔

𝑔𝑠𝑦𝑛 𝑡 =ഥ𝑔𝑠𝑦𝑛𝑒
(−

𝑡 − 𝑡𝑜
𝜏

)

Neurons and synapses model

𝑉 → 𝑉𝑟𝑒𝑠𝑡
𝜔 → 𝜔 + 𝜅

If the membrane voltage crosses a certain 
threshold voltage 𝑉𝑇 , spike is emitted, and 
the neuron is reset: 

• Synapse: exponential function

𝐶𝑚: membrane capacitance
𝑉𝑚: membrane potential
𝑉𝑇:  threshold
𝐸𝐿: leak reversal potential
𝑔𝐿: leak conductance
∆𝑇: slope factor
𝜔: adaptation current
𝐼: input (post-synaptic) current
𝜂: adaptation coupling parameter
𝜏𝜔: adaptation time constant
𝜏: single time constant
𝜅: spike - triggered adaption


