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Introduction/Motivation

Embodiment is often perceived as one of the key features of biological
cognitive systems and has therefore been subject to increasing interest
within the neuroscientific community [1][2]. Following this endeavor,

the field of neurorobotics has evolved a multitude of different strategies
for linking simulations of biologically inspired neural networks to either
real-world robots [3] or virtual agents in simulated environments [4]. The
complexity of these approaches is however often limited by the available
compute resources for either the network simulation — especially in the
case of latency-restricted interactions with real-world actuators — or for
environmental simulations with rich physical dynamics.

In this work, we present a hardware framework for connecting the
accelerated neuromorphic BrainScaleS-2 platform to real-world sensors and
actuators and propose an application that utilizes the system'’s properties

for controlling the coils of brushless electric motors with microsecond-
precision. The presented setup will enable research in the field of biologically
plausible spiking neural networks in interaction with fast physical processes.
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FIGURE 1
Photograph of the 65nm BrainScaleS-2 neuromorphic ASIC. It features 512 AdEx neurons, 612x512 plastic
synapses and two embedded SIMD processors for implementing arbitrary on-chip plasticity rules

Methods

BrainScaleS-2 [5][6] is an established neuromorphic platform based on the
likewise named mixed-signal ASIC (Figure 1). It features 512 analog neuron
circuits that implement the Adaptive-Exponential Leaky-Integrate-and-Fire
model [7]. Each neuron receives synaptic input from 256 plastic synapses
with a digitally controlled weight of 6bit precision and integrated correlation
sensors for STDP-type learning rules. Amongst other observables, the
accumulated correlations can be digitized by highly parallel on-chip ADCs
and used within two embedded SIMD processors for calculating freely
programmable plasticity rules. The analog circuits of BrainScaleS-2 run in
continuous time, their time constants are accelerated 1000-fold compared to
biology. This speedup factor makes BrainScaleS-2 predestined for ultra-fast
robotic tasks that require control loops far beyond biological reaction times.

In addition to the ASIC, each BrainScaleS-2 system contains an FPGA used

for stimulating the analog accelerator, recording responses and connecting it
to external compute clusters. For the presented robotic hardware framework,
we implement a low-latency link for event data from external sensors (sensor
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FIGURE 2
Overview on the presented hardware framework for high-speed robotics. Sensory spikes are sent to the ASIC

via an FPGA and processed by the analog neural network. Motoric events are processed vice versa.

neurons) and to actuators (motor neurons) in this FPGA (Figure 2). Outgoing
and incoming spike traffic is channeled through separate serial links, which
— at the cost of serialization latency — allow for runtime-configurable virtual
spike channels without excessive hardware requirements for a parallel
connection. We separate incoming and outgoing spike traffic in separate
physical links to enable the use of different hardware modules for sensory
spike sources and motoric spike sinks.

Results and discussion

The presented hardware framework for connecting the BrainScaleS-2 system
to external spike-based sensors and actuators has been implemented and
tested in an experimental setup. With a serial clock of 16MHz and 256 virtual
input- and output channels, we measure a serialization latency of 640ns.
Adding the latency between ASIC and FPGA, we measure a total neuron-
to-output latency of 1.2us — one order of magnitude faster than typical
membrane dynamics on BrainScaleS-2. If less external spike channels are
required, the serialization latency is reduced accordingly.
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Using this framework, we present an initial biomorphic control circuit for
high-speed robotics: Interpreting the coils and magnets of a conventional,
fast-rotating brushless electric motor as muscular actors, we have
implemented the prototype of a spike-base controller for generating the
required rotating electric field. We envision this setup as a versatile platform
for the development of biologically plausible learning in spike-based robotic
systems. The 1000-fold acceleration factor will allow for greatly reduced
training time and thereby facilitate robotic experiments with spiking neural
networks of beyond-state-of-the-art size and complexity.

Acknowledgements

The presented work has received funding from the German Federal Ministry
of Education and Research (BMBF) under grant number 16ES1127, from the
European Union (H2020/2014-2020: 720270, 785907, 945539 (HBP)), from
the Lautenschlager-Forschungspreis 2018 for Karlheinz Meier and from the
German Research Foundation (DFG) under Germany’s Excellence Strategy
EXC 2181/1-390900948 (Heidelberg STRUCTURES Excellence Cluster).

The authors wish to thank all present and former members of the Electronic
Vision(s) research group contributing to the BrainScaleS-2 neuromorphic
platform.

References

[1] F. Kaplan, "Neurorobotics: an experimental science of embodiment”,
Frontiers in Neuroscience, vol. 2, 2008.

[2] R. Pfeifer and J. Bongard, "How the body shapes the way we think: a
new view of intelligence”, MIT press, 2006.

280 frontiersin.org



- 'th 1 1 i H
a front'ers 7™ HBP Student Conference on Interdisciplinary Brain Research

[3] H. Hagras, A. Pounds-Cornish, M. Colley, V. Callaghan and G. Clarke,
“Evolving spiking neural network controllers for autonomous robots,” IEEE
International Conference on Robotics and Automation, 2004. Proceedings.
ICRA '04. 2004, 2004, pp. 4620-4626 Vol.5.

[4] E. Falotico, L. Vannucci, A. Ambrosano, U. Albanese, S. Ulbrich, J. C.
Vasquez Tieck, G. Hinkel, J. Kaiser, |. Peric, O. Denninger, N. Cauli, M. Kirtay,
A. Roennau, G. Klinker, A. Von Arnim, L. Guyot, D. Peppicelli, P. Martinez-
Cafiada, E. Ros, P. Maier, S. Weber, M. Huber, D. Plecher, F. Réhrbein,

S. Deser, A. Roitberg, P. van der Smagt, R. Dillman, P. Levi, C. Laschi, A.

C. Knoll and M.-O. Gewaltig, “Connecting artificial brains to robots in a
comprehensive simulation framework: The neurorobotics platform”, Frontiers
in Neurorobotics, vol. 11, 2017.

[5] C. Pehle, S. Billaudelle, B. Cramer, J. Kaiser, K. Schreiber, Y. Stradmann,
J. Weis, A. Leibfried, E. Muller and J. Schemmel, “The BrainScaleS-2
accelerated neuromorphic system with hybrid plasticity”, Frontiers in
Neuroscience, vol. 16, 2022.

[6] E. MUller, E. Arnold, O. Breitwieser, M. Czierlinski, A. Emmel, J. Kaiser, C.
Mauch, S. Schmitt, P. Spilger, R. Stock, Y. Stradmann, J. Weis, A. Baumbach, S.
Billaudelle, B. Cramer, F. Ebert, J. Goltz, J. Ilmberger, V. Karasenko, M. Kleider,
A. Leibfried, C. Pehle and J. Schemmel, “A scalable approach to modeling
on accelerated neuromorphic hardware”, Frontiers in Neuroscience, vol. 16,
2022.

[7] R. Brette and W. Gerstner, "Adaptive Exponential Integrate-and-Fire
Model as an Effective Description of Neuronal Activity”, J. Neurophysiol. 94:
3637 — 3642, 2005.

281 frontiersin.org



