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Abstract. This paper presents a spike-based control system applied to a fixed
robotic platform. Our aim is to take a step forward to a future complete spikes
processing architecture, from vision to direct motor actuation. This paper covers
the processing and actuation layer over an anthropomorphic robot. In this way,
the processing layer uses the neuro-inspired VITE algorithm, for reaching a tar-
get, based on PFM taking advantage of spike system information: its frequency.
Thus, all the blocks of the system are based on spikes. Each layer is imple-
mented within a FPGA board and spikes communication is codified under the
AER protocol. The results show an accurate behavior of the robotic platform
with 6-bit resolution for a 130° range per joint, and an automatic speed control
of the algorithm. Up to 96 motor controllers could be integrated in the same
FPGA, allowing the positioning and object grasping by more complex anthro-
pomorphic robots.

Keywords: Spike systems, Motor control, VITE, Address Event Representa-
tion, Neuro-inspired, Neuromorphic engineering, Anthropomorphic robots.

1 Introduction

Movement generation is one of the most studied topics at science and engineering.
The community known as neuro-engineers has a look into biological movement,
which is supposed to have nearly the perfect behavior, with the aim to mimic the
process [1]. The nervous system is the driver for movement generation in humans.
From the very beginning it is known that the nervous system uses spikes or action-
potentials to carry the information across the organism [2]. The excellent behavior of
those systems leads us to mimic them into electronic devices based on interconnected
neuron systems; they are called neuromorphic systems. Therefore, the challenge of
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the neuroengineering community is to create architectures of neuromorphic chips with
the same properties of human neural system: low power consumption, compact size
and scalability.

In our aim of generating intended movements towards a target in a biological, neu-
ral way with electronic devices, we have to deal with several problems when
implementing the spike processing blocks:

e How to consider the information: In these systems each neuron fires a spike when
it reaches a specific threshold in a completely asynchronous way. There are several
ways to encode these spikes; for example, the rate coded [3]: when the excitation is
low, the spike rate is low and thus the time between spikes is high; however, when
the signal excitation increases, the inter-spikes interval time (ISI) decreases, while
the spike rate increases. Consequently, the information is codified as the firing rate
or frequency.

e The way to implement this architecture: We have implemented it into a FPGA and
apparently it is not an asynchronous system but the clock frequency of these digital
systems is high enough to allow us to consider an asynchronous behavior for the
neurons.

e The other problem is related to the manner of holding communication between
different neuromorphic devices. Since neurons communicate in a point-to-point
manner and it is possible to integrate several thousands of artificial neurons into
the same electronic device (VLSI chip or FPGA), new communication strategies
have been adopted, such as the Address-Event-Representation (AER) protocol [4].
AER maps each neuron with a fixed address which is transmitted through the
interconnected neuron system.

In this way, with these three considerations, a neuromorphic chip is continuously
sending information about its excitation level to the system [5]. Thus, connecting
several of them with a parallel AER bus, all the information is available for real time
processing. Just by adding chips to the bus, it is possible to enlarge the system. That is
one of the most important reasons for using AER, i.e. the scalability allowed by paral-
lel connections. Since each chip has an internal arbiter to access the AER bus [5], real
time is limited by the digital clock.

Previous works show that the spikes paradigm in conjunction with AER technol-
ogy is a suitable join. There are VLSI chips for sensors [5-6], extended systems like
the spike-based PID motor controller [7], neuro-inspired robotics [8] and bio-inspired
systems for processing, filtering or learning [9-10].

At previous works we can find an approach to a spike processing architecture but
not entirely [11] and in [12] a complete one for real-time objects tracking with an
AER retina.

Our motivation for the entire research in progress is to succeed in integrating the
visual information from an AER retina to a bio-inspired robot by using just spikes for
the whole process. That is, to set up a complete neuro-inspired architecture to
generate intended movements.



In this paper we have developed the processing layer which generates the trajectory
and the actuation layer that applies the commands to reach a target by the motors that
mimic the biological muscles (Fig. 1). Both layers use the spikes processing blocks
presented in [13]. The processing stage is implemented in a Spartan-6 board with a
micro controller plug-in to send configuration parameters to the spike blocks. This
layer uses the neuro-inpired VITE (Vector Integration To Endpoint) algorithm devel-
oped by Daniel Bullock and Stephen Grossberg [14], although reformulated into the
spikes paradigm. The target position, at this moment, is fed manually and the speed of
the movement produced can be adjusted by a signal called GO also implemented as
spike streams [15].

The second layer is the actuation and it has been implemented in a Spartan-3 board
[7]. It has two different parts, the control and the power stage. At the first one we
adequate the signal (expanding the spikes) to feed the motors and the power stage
transforms the signal to the motors. The motors are controlled with PEM taking ad-
vantage of the way we have chosen for codifying the information: the frequency. It
operates in an open loop until we integrate the proprioceptive sensors to close the
loop. This integration will be carried out with other algorithm also purposed by Da-
niel Bullock and Stephen Grossberg [14], the Factorization of Length and Tension
(FLETE) algorithm.

The robotic platform used is a fixed stereo vision head with two arms with two de-
grees of freedom for vision sensors holding (Fig. 2).

In section two the first layer is presented: details of VITE algorithm transformed
into spikes processing blocks and hardware details in the FPGA. Then in section three
we describe the second layer and the advantages of using PFM modulation. In section
four a block diagram shows and explains the real hardware used. Then, the characteri-
zation of the robotic platform and their limits will show the range of configurable
parameters for the first layer. Finally the results of different movements are presented
with the main conclusions.
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Fig. 1. Layer diagram for the system. The PC sends several configuration parameters to the
processing layer across a microcontroller who communicates with the FPGA. Also, the PC sets
the target, shoots the movement and receives the spikes to monitor the complete architecture.



2 Processing Layer

This layer is responsible for planning the movement. It receives the target position
and generates a spike stream for the actuation layer. The VITE algorithm imple-
mented with spikes ensures a synchronized movement of several joints in order to
reach the target position. AER has been used for the communication with previous
and next layers.

The hardware used consists of a Xilinx Spartan-6 FXT 1500 FPGA platform de-
veloped by RTC lab under the VULCANO project (called AER-node board), that
allows high speed serial AER communications over RocketlO transceivers, and adap-
tation to particular scenarios through plug-in hardware PCBs connected on the top. It
includes a plug-in with a USB microcontroller that communicates with the FPGA
using SPI (Serial Peripheral Interface). This USB interface has been used for
configuring the spike-based blocks of the VITE algorithm.

2.1  Spike-Based VITE Algorithm

The VITE algorithm [14] calculates a non-planned trajectory by computing the differ-
ence between the target and the present position. It also introduces the problem to deal
with different frames of reference, one for the visual sensor, another one for the cen-
tral processing (typically the head) and the last one for the actuator. It solves the prob-
lem by using the motor frame for all the system.

This algorithm introduced a non-specific control signal called GO. This signal al-
lows separating the spatial pattern characteristics, such as distance and direction, from
the energy of the movement. Thus, this manages the movement rate. This signal is
introduced as a gate for the movement.

References [16] and [17] justify this algorithm. They show by means of electro-
myogram how the activity is present at any area of the motor cortex before the mus-
cles initiate the movement. More specifically, the activity is present at the premotor
cortex area.

The algorithm will be replicated for each motor present at the robotic platform.
Consequently it is very important to analyze the consumption of hardware resources
for the algorithm.

2.2  Hardware Resources Consumption

In general, in order to measure the hardware consumption in a FPGA, two points
should be considered: the dedicated resources included to build up complex devices
such as multipliers and the configurable logic blocks (CLBs) for general purposes.

The presented block does not use any multiplier or memory available. It just needs
counters and simple arithmetic operations. Therefore the measurements are focused
into the available slices at the FPGA.



The Spartan-6 FPGA present in the AER node board is the XC6SLX150T. It has
two slices per CLB, reaching a total of 23,038 slices. We have implemented the
system also in a Xilinx Virtex-5 prototyping board (XC5VFX30T FPGA) which has
5120 slices because this board was the first option for the whole architecture.

The VITE algorithm requires around 240 slices (VITE and AER bus interface) and
533 slices with a spikes-monitor block. Therefore, the AER node board is able to
implement up to 95 and 43 spike-based VITE in parallel respectively in front of 21
and 9 for the Virtex-5 prototyping board.

The results obtained let us control complex robotic structures with up to 240
degrees of freedom just with one board.

3 Actuation Layer

This layer will adapt the spike-based input signal in order to feed the motors of the
robot. It receives the AER output of the processing layer and adapts these addresses to
produce the output frequency signal (PFM) for the corresponding motor.

We propose to use PFM to drive the motors becasuse it is intrinsically a spike-
based solution almost identical to the solution that animals and humans use in their
nervous systems for controlling the muscles.

If we make a comparison between the common used modulation PWM (Pulse
Wide Modulation) and the PFM being proposed, we can find some advantages: a
typical use of microcontrollers with PWM output generators limits the performance
by the hardware timers and its bit resolution. But if PFM is used instead, the system
frequency is only limited by the input signal frequency, and the duty-cycle would be
limited by the motor driver (optical isolator and H bridges) which implies a low pass
filter. Thereby, the use of microcontrollers implies resource sharing, which is not
desirable for multi-motor controllers.

Moreover, the use of PFM instead of PWM considerably improves the power
consumption when driving the motors because PFM, in average, will produce a lower
commutation rate on the power stages. This is because PWM has a constant
commutation rate while with PFM the commutation depends on the input of the
system, thus it can be adjusted for low power.

Besides, there are more advantages of using PFM instead of PWM for motor
control. Resource consumption is half for PFM than PWM when using spike-based
controllers, and the power consumption is also much lower for PFM, as expressed
in [7].

For the control, right now, it operates in an open loop until we integrate the
proprioceptive robot sensor information to close the loop.

The hardware used to implement the actuation layer is a Spartan-3 family FPGA
by Xilinx. The board also includes a power stage that consists of optical isolators and
H bridges to feed up to four DC motors.

The board is called AER Robot [7].



4 Experimental Section

In this section we present the hardware scenario to develop the tests of the architec-
ture designed, the characteristics that fix the functionality of the system and the tech-
niques for the test carried out.

The boards, robotic platform and power supply are shown in Fig. 2.

To carry out the test, first of all it is necessary to characterize the architecture: the
power stage limits the actuation layer, the dc motors used and the relation between
the targets fixed and the movement of the robotic platform, that is, the resolution that
can reach our system:

e The power stage uses an optical isolator that limits the frequency up to 48.8 KHz
and the H bridge can reach this level. Thus this data give us the operation region.

e The DC motors need at least 15.4 us of pulse width to start-up. They include an
encoder with a resolution of 25K pulses/rev.

e Experimental findings with the saturation value (48.8 KHz) fixed as the input for
the system, the global resolution can be calculated as:

Resolution = 65 x 20/ 2NBITS -1 (degrees / generator step) €))

Where the parameter NBITS is the number of bits selected to implement the spike
generator that supply the target. For example, if we consider 16 bits the resolution
will be 2.031 degrees / step.

Robotic Platform

Control

Stage Programming

Tool

Programming
Tool
AER 'Rebot

Fig. 2. Scenario with all the elements to carry out the tests



We have carried out several tests changing the speed profile and filling the com-
plete movement range of the robotic platform. As it has been commented, the
achieved results are with open loop control. Consequently, the signal sent to the mo-
tors is the position instead of the speed. The next section shows the results.

5 Results

The tests are restricted by the monitor board [18] and its maximum spikes firing rate,
set to SMevps (Mega events per second).

Fig. 3, 4 and 5 show the results achieved. Both VITE behaviors are shown: spike-
based on real application (solid lines) and non-spike-based simulation with
MATLAB® (dotted lines). The speed of the movement is controlled by a slope profile
signal called GO which multiplies the error inside the VITE algorithm [15]. This
multiplication provides the speed at which it could provoke instability for the system.

We have plotted the results for one motor. The input signal is shared by them as
the target to reach. In the graphs, the red line represents the input generated with the
synthetic spikes generator, the purple line shows the speed profile and the green line
is the output delivered to the motor. The higher the slope, the faster the fixed target is
reached.

The figures show three different slope profiles that confirm the bell shape profiles
predicted by [17].
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Fig. 3. Performance achieved corresponding to 1 % GO signal slope. The bell shape profile
signals represent the speed. The ripple in the spike-base behavior is due to the function that
transforms the spikes into a continuous signal. It takes a total of 17 seconds to reach the target
if we look through the position.
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Fig. 4. Performance achieved corresponding to 10 % GO signal slope. The bell shape profile
signals represent the speed. The ripple in the spike-base behavior is due to the function that
transforms the spikes into a continuous signal. It takes a total of 11 seconds to reach the target

if we look through the position.
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Fig. 5. Performance achieved corresponding to 100 % GO signal slope. The bell shape profile
signals represent the speed. With this high slope, the ripple in the spike-base behavior is more
significant than in the others. It takes a total of 9 seconds to reach the target if we look through

the position.



6 Discussion and Conclusions

A complete spike processing architecture is proposed with excellent results in a fixed
robotic platform. The bell shape profiles achieved with the spikes VITE algorithm
implemented confirm the studies in [17] about the asymmetric speed profiles for
higher speeds. The internal signal “GO” of the VITE algorithm is responsible for
putting the movement on speed. Moreover, the signal has a temporal effect. Conse-
quently, if its effect is not enough, the target could not be reached. But the temporal
effect avoids instability.

The latency present in all results at the beginning can be interpreted as the previous
activity detected at the premotor cortex in humans. In the hardware architecture, this
latency is due to the counter that generates the slope profile signal. It can also be un-
derstood as the motor priming.

It is possible to reach a high resolution (0.25 degrees by step of the generator with
19 bits) but it always depends on the robot used.

We have fed the motors with the position according to an open loop control and the
results fit with the expected behavior. If we change the robotic platform or include
some control, it is possible to use the speed profile (available due to an integrator at
the final processing blocks chain of the algorithm) for the motors. Nevertheless, the
next step is to close the loop, although from a biological point of view, which means
using the proprioceptive sensors of length and tension at the joints of the robot. The
algorithm FLETE considers both sensors called neurotendinous spindle and muscles
spindles and also the gamma neurons. The last step will be to include the feedback of
the retina for fine tuning and passive movements updates.
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