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This document describes neuromorphic controllers. In one
aspect, a method for controlling one or more joints of a
robotic arm includes receiving, by neuromorphic controller
comprising a spiking neural network (SNN), a target value
of a joint control variable for a joint of the robotic arm. The
SNN 1ncludes two position proprioceptor neurons, two-
speed proprioceptor neurons, a presynaptic imhibitory neu-
ron, an extensor motor neuron, and a tlexor motor neuron.
The neuromorphic controller updates an actual value of the
joint control variable for the joint of the robotic arm based
on the target value of the joint control variable. The updating
includes generating, by one of the two position propriocep-
tor neurons, the first spikes to one of the extensors motor
neurons or the tlexor motor neuron based on a difference
between the actual value of the joint control variable and the
target value of the joint control variable.
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NEUROMORPHIC SMOOTH CONTROL OF
ROBOTIC ARMS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of Greek Patent

Application No. 202101003523, filed Aug. 2, 2021, which 1s
incorporated herein by reference.

FIELD

[0002] This specification generally relates to controllers
for robotic arms.

BACKGROUND

[0003] Robotic arms are used for many purposes, iclud-
ing performing tasks in industrial facilities and performing
everyday tasks to assist people (e.g., by assisting with
cating, drinking, etc.). A robotic arm typically includes links
that are connected by joints that enable translational and/or
rotational movement of the links and an end effector (e.g.,
tool or gripper) for performing the tasks. Controllers can
control the motion of the joints to move the links and the end
ellector into target positions.

SUMMARY

[0004] This specification generally describes neuromor-
phic controllers that provide smooth control of robotic arms.
The control can be realized using a spiking neural network
(SNN), with control models that imitate experimentally
identified neuronal connectomes that allow animals and
humans to achieve smooth reaching movements. Being
biologically plausible, the control models inherit not only
the potential to replicate the dynamics of human reaching
movements, but also the minimal complexity of their bio-
logical counterpart.

[0005] Smooth control should be used when robotic arms
need to interact with humans, e.g., for industrial robotic
arms and assistive robotic arms. The smooth control for
industnal robotic arms ensures the safety of the workers that
work alongside and/or interact with the robotic arms. The
smooth control provides the same safety while also making
the user experience more pleasant when used to control
assistive robotic arms. The prolonged life expectancy of
robot motors when smooth control 1s employed 1s an addi-
tional advantage of the robotic arm control techniques
described 1n this document.

[0006] Robotic arm controllers can exploit neuronal
ensembles to approximate the differential equations used 1n
classical control theory and achieve robotic arm control. The
techniques described 1n this document exploit not only the
units of brain computation, 1.¢., neurons, but also the con-
nectome of brain controllers to tackle specific tasks. In this
way, the robotic arm controllers can achieve similar results
with less complicated SNNs, resulting 1n 1mprovements in
energy elliciency, latency, and explainability. For example,
the SNNs described in this document are substantially
smaller and more eilicient than neuron ensembles that
typically require thousands of neurons per ensemble. The
controllers can be applied to robotic arms to allow {for
smooth control of discrete and continuous movements. The
controllers can be used for industrial robot arms, patient-
assistive arms, and other types of robotic arms or other types
of robots, to address safety and user-friendliness.
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[0007] Neuromorphic controllers described 1n this docu-
ment are based on the neuronal connectome of some animals
(e.g., primates and rodents) and humans mmto an SNN to
control the rotation of a single joint. The neuromorphic
controller can be used as a building block to scale up to the
multiple joints of real-world robotic arms, e.g., robotic arms
with multiple joints providing multiple degrees of freedom
such as a six degree of freedom robotic arm. The neuro-
morphic controllers of multiple joints of a robotic arm can
be coordinated to improve the dynamics of the movements
of the robotic arm, e.g., to make the movements smoother
and similar to that of humans, and can enable fast adaption
of the robotic arm to a new environment.

[0008] According to some implementations, a method for
controlling one or more joints of a robotic arm can include
receiving, by a neuromorphic controller comprising a spik-
ing neural network (SNN), a target value of a joint control
variable for a joint of the robotic arm. The SNN 1ncludes
position control proprioceptor neurons, speed control prop-
rioceptor neurons, an extensor motor neuron, and a flexor
motor neuron. The neuromorphic controller generates an
actuation signal that causes the joint of the robotic arm to
move based on a diflerence between the target value of the
joint control variable and an actual value of the joint control
variable. Generating the actuation signal includes generat-
ing, by one of the position control proprioceptor neurons,
first spikes to one of the extensor motor neuron or the tlexor
motor neuron based on a difference between the actual value
of the joint control variable and the target value of the joint
control variable, generating, by one of the speed control
proprioceptor neurons, second spikes to one of the extensor
motor neuron or the flexor motor neuron based on whether
a change 1n speed of movement of the joint of the robotic
arm 1s positive or negative, and generating a value of the
actuation signal based on spiking activity of the extensor
motor neuron or the flexor motor neuron. The actuation
signal 1s output to the joint to cause the joint to move.

[0009] Implementations can include one or more of the
following features. In some aspects, generating, by one of
the position control proprioceptor neurons, a first spike to
one of the extensor motor neuron or the flexor motor neuron
based on a difference between the actual value of the joint
control variable and the target value of the joint control
variable includes determining, by a first position control
proprioceptor neuron, that the actual value of the joint
control variable 1s less than the target value of the joint
control variable and, 1n response, generating the first spikes
to the extensor motor neuron; or determining, by a second
position proprioceptor neuron, that the actual value of the
target control vaniable 1s greater than the target value of the
joint control variable and, in response, generating the first
spikes to flexor motor neuron. A quantity of the first spikes
can be based on a magnitude of the difference between the
actual value of the joint control variable and the target value
of the joint control vanable.

[0010] In some aspects, generating, by one of the speed
control proprioceptor neurons of the SNN, the second spikes
to one of the extensor motor neuron or the flexor motor
neuron based on whether a change 1n speed of movement of
the joint of the robotic arm 1s positive or negative includes
determining, by a first speed control proprioceptor neuron,
that the change 1n speed of movement of the joint of the
robotic arm 1s positive and, in response, generating the
second spikes to the flexor motor neuron; or determining, by
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a second speed control proprioceptor neuron, that the change
in speed of movement of the joint of the robotic arm 1is
negative and, 1n response, generating the second spikes to
the extensor motor neuron.

[0011] In some aspects, updating the actual value of the
joint control variable based on spiking activity of the exten-
sor motor neuron or the flexor motor neuron includes
reducing a speed of movement of the joint as the actual value
of the target control variable joint approaches to the target
value of the target control variable.

[0012] Some aspects adjusting, by a presynaptic inhibitory
(PSI) neuron of the SNN, at least one of (1) a first connection
weight between the {irst position control proprioceptor neu-
ron and the extensor motor neuron or (i11) a second connec-
tion weight between the second position control propriocep-
tor neuron and the flexor motor neuron. The PSI neuron can
adjust the first connection weight and/or the second connec-
tion weight based on a difference between the target value of
the joint control variable and the actual value of the joint
control variable.

[0013] Some aspects can include updating, by an addi-
tional neuromorphic controller for an additional joint of the
robotic arm, an additional actual value of an additional joint
control variable of the additional joint based on a target
value of the additional joint control variable, on whether a
change 1n speed of movement of the additional joint of the
robotic arm 1s positive or negative, and at least one of (1)
spikes generated by the extensor motor neuron of the
neuromorphic controller or (1) spikes generated by the
flexor motor neuron of the neuromorphic controller. Some
aspects include coordinating, by the additional neuromor-
phic controller, movement of the additional joint based on
movement of the joint. Some aspects include determining,
the target value of the joint control variable of the joint of the
robotic arm based on user mput recerved from one of (1) a
joystick, (1), a speech recognition 1image, or (111) a camera.
[0014] The methods 1n accordance with the present dis-
closure can mclude any combination of the aspects and
features described herein. That 15, methods 1n accordance
with the present disclosure are not limited to the combina-
tions of aspects and features specifically described herein,
but also may include any combination of the aspects and
features provided.

[0015] Particular embodiments of the subject matter
described 1n this specification can be implemented to realize
one or more of the following advantages. Using neuromor-
phic controllers that imitate neuronal connectomes of
humans and animals enables smooth control of the various
links of robotic arms, including, for example, gradually
increasing the speed during movement mnitiation and timely
decreasing 1t as the joint approaches its target arrangement,
¢.g., target angle of a revolute joint or target length of a
prismatic joint. This smooth motion ensures the safety of
people that work alongside and/or interact with robotic
arms, improves the user experience for people who nteract
with assistive robotic arms, and increases life expectancy
and reduces failures in robot motors. The control models
implemented using SNNs described in this document
improve energy efliciency, latency, and explainability rela-
tive to conventional control models. Coordinating the
motion ol multiple joints using neuromorphic controllers
improves the quality of movement of the overall robotic
arm, €.g., by providing smoother motion, reducing over-
shoots of links of the arm, and leveraging the 1nertial motion
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of primary joints for the movement of subordinate joints to
imitate the motion of human arms.

[0016] The inclusion of speed control proprioceptor neu-
rons enables the neuromorphic controller to provide smooth
motion by confining the speed at which a variable for the
joint changes (e.g., angle for revolute joints or length for
prismatic joints) within a specific range. The inclusion of a
presynaptic ihibitory neuron further enhances this smooth
motion by adjusting presynaptic weights of the motor neu-
rons 1n a range that reduces or prevents overshoots, while
allowing for accurate correction of small differences
between targets and actual arrangements.

[0017] The details of one or more implementations of the
present disclosure are set forth 1n the accompanying draw-
ings and the description below. Other features and advan-
tages of the present disclosure will be apparent from the
description, drawings, and from the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0018] FIG. 1 depicts an example neuromorphic controller
for controlling a joint of a robotic arm.

[0019] FIG. 2 depicts example neuromorphic controllers
configured to provide coordinated smooth movement of two
joints of a robotic arm.

[0020] FIG. 3 depicts an environment i which a robot
controller controls the joints of a robotic arm.

[0021] FIG. 4 1s a flow diagram of an example process for
controlling a joint of a robotic arm.

[0022] FIG. S depicts graphs that illustrate some advan-
tages of using a neuromorphic controller to control a joint of
a robotic arm.

[0023] Like reference numbers and designations in the
various drawings indicate like elements.

DETAILED DESCRIPTION

[0024] FIG. 1 depicts an example neuromorphic controller
100. The neuromorphic controller 100 can be configured to
control a joint 150 of a robotic arm or other type of robot or
moveable object, such as objects with a hinge or a vehicle.
For example, as the neuromorphic controller 100 can dictate
any scalar amount, the neuromorphic controller 100 can be
used to control the linear or angular speed of a wheeled or
flying vehicle. For brevity, the description that follows 1s 1n
terms of joints of robotic arms.

[0025] In general, a robotic arm can include multiple links
and a mechanical joint between each pair of adjacent links
that controls the movement of the adjacent links relative to
one another. For example, a robotic arm can include two
links with a revolute joint that controls an angle between the
two joints. In another example, a robotic arm can include
three links with a revolute joint between each pair of links.
In yet another example, a robotic arm can include two links
with a prismatic joint that provides linear sliding movement
between the two links.

[0026] The neuromorphic controller 100 can be used to
control a joint 150 of a single joint robotic arm or a joint of
a robotic arm that has multiple joints. For example, a control
system can include an individual neuromorphic controller
for each of one or more joints of a robotic arm. As described
below, the controller output of two or more neuromorphic
controllers can be coordinated to improve the control
smoothness of adjacent links and provide human-like arm
movements.
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[0027] The neuromorphic controller 100 can be imple-
mented as a spiking neural network (SNN). A spiking neural
network 1s an artificial neural network that uses biologically
realistic models of neurons to closely imitate natural neural
networks. The neuromorphic controller 100 can be 1mple-
mented using special-purpose circuitry, €.g., special-purpose
machine learning circuits. For example, the neuromorphic
controller 100 can be implemented using a neuromorphic
Processor, €.g., a neuromorphic research chip, such as Intel’s
Loihi chip, or a neural network processor, such as
BrainChip’s Akida™ chip. In such special-purpose circuitry,
the neurons can be implemented as hardware neuron cores
that output spikes based on voltage or current inputs to the
neurons. The spikes can be signals, e.g., messages, sent
between neurons and, 1n some cases, can carry a message
payload. A spike can be a voltage signal having a positive
voltage level and a short duration, e.g., having a spike width
of about 1 millisecond.

[0028] In some implementations, the neurons used for the
neuromorphic controller 100 follow the one-step leaky-
integrate-and-fire (LIF) dynamics (each presynaptic spike
directly increases the membrane voltage of the postsynaptic
neuron). However, the model could be effectively imple-
mented with non-leaky neurons (IF), two-step LIF neurons
(ecach presynaptic spike generates a current, which 1s in turn
integrated into the voltage of the postsynaptic neuron’s
membrane potential) or Izhikevich neurons.

[0029] The voltage, or a voltage value that represents a
voltage 1n software 1f the SNN 1s modeled 1n software, can
be increased at the neuron upon receipt of each spike until
a threshold 1s reached using the LIF dynamics. When the
threshold 1s reached, that neuron can fire, €.g., output spike
signals to a next neuron 1n the network. Connection weights
at the mput to a neuron can control the increase in the
voltage value at the neuron caused by each spike.

[0030] The neuromorphic controller 100 can receive a
desired target value of a joint control variable (labeled as 0
in the figures) and determines, e.g., computes, an actuation
signal that 1s provided to an actuator of the joint 150 being
controlled by the neuromorphic controller 100. The joint
control variable can be any scalar amount, such as the angle
ol a revolute joint, or the length of a prismatic joint, or the
angular speed/linear speed of a motor.

[0031] In some implementations, the target value of the
joint control variable 1s determined based on user input. For
example, the neuromorphic controller 100 or another com-
ponent can determine the target value for the joint control
variable for the joint 150 based on input from a user through
a joystick, using voice input through a speech recognition
engine, or from a camera using object recognition. The
control of the joint 150 1s realized by comparing the actual
value of the joint control vanable (labeled as 0 1n the figures)
with the target value of the joint control variable (0%).

[0032] The actuation signal can correspond to the actual
value of the jomt control variable and/or represent a change
to the actual value of the joint control variable. The neuro-
morphic controller 100 can continuously determine and
output the actuation signal to move the joint 150 from a
current arrangement (e.g., current position, length, or angle)
to the target arrangement corresponding to the target value
of the joint control variable. For example, motor neurons
131 and 132 of the neuromorphic controller 100, which are
described 1n detail below, can generate spiking activity (e.g.,
a series of spikes) that are translated into torques that
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represent changes in the actual value of the joint control
variable. In this example, the actuation signal that the
neuromorphic controller 100 sends to the joint 150 can be
the torques (or values that represent the torques) that are
generated based on the spiking activity.

[0033] A robot controller can provide, to the neuromor-
phic controller 100, target values of the joint control vari-
able, e.g., 1n a sequence, to guide the neuromorphic con-
troller 100 to provide the desired robot arm movement. The
neuromorphic controller 100 uses the target value of the
joint control variable and the actual value of the control
variable to control the joint 150 1n accordance with the target
values receirved from the robot controller. The neuromorphic
controller 100 can receive the actual value of the joint
control variable from a sensor 151 that measures the actual
value of the joint control variable, e.g., continuously.

[0034] The neuromorphic controller 100 includes several
types of neurons that make up the SNN. In particular, the
neuromorphic controller 100 1includes position control pro-
prioceptor neurons 121 and 122, speed control proprioceptor
neurons 123 and 124, a presynaptic ihibitory (PSI) neuron
129, and motor neurons 131 and 132. The presynaptic
inhibitory neuron 129 1s optional and can be used to prevent,
or reduce the amount by which, the joint 150 overshoots 1ts
target arrangement as described below.

[0035] The neuromorphic controller 100 includes current
converter modules (CCMs) 111-114. The CCMs 111 and 112
encode the actual value of the joint control vanable into
current values. The CCMs 111 and 112 can receive the actual
value of the joint control varniable from a sensor 151 that
measures that actual value at the joint 150.

[0036] Similarly, the CCMs 113 and 114 convert the target
value of the joint control variable 1into current values. The
current values can be actual electrical currents when the
SNN of the neuromorphic controller 100 1s implemented
using hardware components, e.g., analog components, or
values that represent currents when the SNN 1s implemented
in soitware.

[0037] The CCMs 111-114 generate current pulse outputs
based on their respective inputs. The current pulse outputs of
the CCMs 111-114 stimulate the neurons of the network,
driving their spiking activity.

[0038] The neuromorphic controller 100 includes two
CCMs for each value of the joint control variable to encode
both positive and negative values of current values and
target values of the joint control variable. For that reason, the
two values are provided to their two respective CCMs with
opposite signs. The CCMs 111-114 can be governed by a
rectified linear activation function (ReLU)-like transfer
function. That 1s, the CCMs 111-114 can output a value of
zero when 1ts mput argument 1s negative, while outputting
linear values for positive input arguments, returning a pro-
portion of the input argument. The current pulse output of a
CCM 1s proportional, e.g., directly proportional, to the input
of the CCM when the mput 1s non-negative. Otherwise, the
output of the CCM 1s zero. In that way, the activity 1n a pair
of CCMs (e.g.,, CCM 111 and CCM 112) 1s mutually
exclusive. For example, when the actual value of the joint
control variable 1s positive, the CCM 111 1s mactive, while
the CCM 112 1s active, and vice versa. As the current pulse
outputs are proportional to the input of the CCM, the current
pulse outputs of the CCM 111 are proportional to negative
actual values of the joint control variable and the current
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pulse outputs of the CCM 112 are proportional to positive
actual values of the joint control vanable.

[0039] Similarly, when the target value of the joint control
variable 1s positive, the CCM 114 1s mactive, while the CCM
113 1s active, and vice versa. In particular, the current pulse
outputs of the CCM 114 are proportional to negative target
values of the joint control vaniable and the current pulse
outputs of the CCM 113 are proportional to positive target
values of the joint control vanable.

[0040] The output current pulses of each CCM are pro-
vided as iput to position control proprioceptor (PPC)
neurons 121 and 122. The position control PPC neurons 121
and 122 are part of a sensing stage 120 of the neuromorphic
controller 100 that also includes speed control PPC neurons
123 and 124. The PPC neurons 121-124 can each be
implemented as spiking neurons in an SNN. The PPC
neurons 121-124 are also referred to as PPCs for brevity. In
an SNN 1mplementation, the position control PPC neuron
121 may only spike, e.g., output or fire spikes, when the
actual value of the joint control variable 1s less than the
target value of the joint control variable. For example, 11 the
actual angle of the joint 150 1s less than the target angle for
the joint 150, the position control PPC neuron 121 can
output spikes. If the actual value of the joint control variable
1s equal to or greater than the target value of the joint control
variable, the position control PPC neuron 121 will not output
spikes.

[0041] Similarly, the PPC neuron 122 may only spike
when the actual position of the joint 150 1s greater than the
target position. For example, 11 the actual angle of the joint
150 1s greater than the target angle for the joint 130, the
position control PPC neuron 122 can output spikes. I the
actual value of the joint control variable 1s equal to or less
than the target value of the joint control variable, the position
control PPC neuron 122 will not output spikes.

[0042] The sign of the connections from each CCM 111-
114 1s seclected to dictate the following behavior of the
position control PPC neurons 121 and 122. The goal of these
two PPC 121 and 122 1s to fire spikes 1n a mutually exclusive
manner, with spikes from PPC 121 indicating that the actual
value of the joint control variable 1s less than the target value
of the joint control variable, while the spikes of PPC 122
indicate that the actual value of the joint control variable 1s
greater than the target value of the JOIIlt control variable.

Notably, the magnitude of these differences may not be
encoded 1n the spiking activity itself, e.g., the presence of
spikes 1n each neuron, but 1n the firing rate of each neuron,
¢.g., the number of spikes per unit time. In this example, 1t
will always be PPC 121 firing if the actual value of the joint
control variable 1s x less than the target value or 2x less than
the target value, but 1t will fire twice as many spikes, e.g., per
unit time, when the actual value 1s 2x less than the target
value. That 1s, the rate of spikes 1s based on, e.g., propor-
tional to, the magnitude of the difference between the target
value of the joint control variable and the actual value of the
joint control variable.

[0043] To achieve this behavior, the sign of the connec-
tions from the CCMs 112 and 113 to the PPCs 121 and 122
are selected as follows. In FIG. 1, a connection with an
arrow 1ndicates an excitatory connection while a connection
with a dot indicates an inhibitory connection. CCM 113
excites PPC 121, while CCM 112 inhibits PPC 121. There-
fore, when the target value of the joint control variable 1s
positive making CCM 113 active and the actual value 1s
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positive making CCM 112 active but less than the target
value, the overall current value stimulating PPC 121 will be
positive. For example, the overall current value mput to the
PPC 121 can be based on the difference between the
excitatory current value input from CCM 113 and the
inhibitory current value input from CCM 112. This overall
positive input causes PPC 121 to output spikes (indicating
that 0 is less than 09) at a rate that is based on, e.g.,
proportional to, the magnitude of the difference 1s (how
much less is 0 than 09). At the same time, the same CCMs
112 and 113 excite and inhibit PPC 122, respectively. In that
way, the overall current value stimulating PPC 122 will be
negative (e.g., the diflerence between the excitatory current
value mput from CCM 112 and the inhibitory current value
iput from CCM 113), and no spikes will be elicited there
(indicating that 0 is not greater than 0%). This ensures the
mutually exclusive activation of PPC 121 and 122.

[0044] CCM 113 inhibits PPC 122, while CCM 112
excites PPC 122. Therefore, when the target value of the
joint control variable 1s positive, making CCM 113 active,
and the actual value 1s positive making CCM 112 active but
greater than the target, the overall imnput to PPC 122 will be
positive. For example, the overall current value mput to the
PPC 122 can be based on the difference between the
excitatory current value input from CCM 112 and the
inhibitory current value input from CCM 113. This overall
positive input causes PPC 122 to output spikes (1ndicating,
that 0 is greater than 0%) at a rate that is based on, e.g.,
proportlonal to, the magnitude of the difference (how much
greater is O than 0%). At the same time, the exact same CCM
112 and 113 1nhibit and excite PPC 121, respectively. In that
way, the overall current value stimulating PPC 121 will be
negative (e.g., diflerence between the excitatory current
value mput from CCM 113 and the inhibitory current value
input from CCM 112), and no spikes will be elicited there
(indicating that 0 is not less than 09). This ensures the
mutually exclusive activation of PPC 121 and 122.

[0045] The connectivity of the other two CCMs 111 and
114 to the PPC 121 and 122 can be selected using the same
rationale, when considering negative actual and target val-
ues for the joint control vaniable. CCM 111 excites PPC 121,
while CCM 114 inhibits PPC 121. Therefore, when the
target value of the joint control variable 1s negative making
CCM 114 active and the actual value 1s negative making
CCM 111 active but 1s less than the target value, the overall
current value stimulating PPC 121 will be positive. For
example, the overall current value input to the PPC 121 can
be based on the diflerence between the excitatory current
value mput from CCM 111 and the mhibitory current value
input from CCM 114. This overall positive input causes PPC
121 to output spikes (indicating that 0 is less than 0) at a
rate that 1s based on, e.g., proportional to, the magmtude of
the difference is (how much less is 0 than 09). At the same
time, the same CCMs 114 and 111 excite and 1nhibit PPC
122, respectively. In that way, the overall current value
stimulating PPC 122 will be negative (e.g., the difference
between the excitatory current value input from CCM 114
and the mhibitory current value mput from CCM 111), and
no spikes will be elicited there (indicating that 0 1s not
greater than 0%). This ensures the mutually exclusive acti-

vation of PPC 121 and 122.

[0046] CCM 111 inhibits PPC 122, while CCM 114
excites PPC 122. Therefore, when the target value of the
joint control variable 1s negative, making CCM 114 active,
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and the actual value 1s positive making CCM 111 active but
greater than the target, the overall input to PPC 122 will be
positive. For example, the overall current value mput to the
PPC 122 can be based on the difference between the
excitatory current value input from CCM 114 and the
inhibitory current value mput from CCM 111. This overall
positive input causes PPC 122 to output spikes (indicating,
that O is greater than 0¢) at a rate that is based on, e.g.,
proportional to, the magnitude of the difference (how much
greater is O than 0%). At the same time, the exact same CCM
114 and 111 inhibit and excite PPC 121, respectively. In that
way, the overall current value stimulating PPC 121 will be
negative (e.g., diflerence between the excitatory current
value mput from CCM 111 and the inhibitory current value
iput from CCM 114), and no spikes will be elicited there
(indicating that 0 is not less than 0%). This ensures the
mutually exclusive activation of PPC 121 and 122.

[0047] The indication of whether the actual value of the
joint control variable 1s less than or greater than the target
value 1s used to update the actual value towards the target
value. For that reason, the position control PPCs 121 and
122 are connected to their respective motor neurons, the
extensor motor neuron 131 and the flexor motor neuron 132.
These motor neurons 131 and 132 are part of an actuation
stage 130 of the neuromorphic controller 100.

[0048] The extensor motor neuron 131 integrates the out-
put spikes of PPC 121, indicating that the actual value of the
joint control variable 1s less than the target value, 1nto its
spiking activity. That 1s, the output spikes of PPC 121 cause
the extensor motor neuron 131 to output spikes 1f a suflicient
number of outputs spikes reach the extensor motor neuron
131 to satisty its threshold. More frequent spikes from PPC
121 result 1n more spikes output by the extensor motor
neuron 131. The spikes of the extensor motor neuron 131
cause an increase 1n the actual value (0) of the joint control
variable to reach the target value (0%) of the joint control
variable. The output of the extensor motor neuron 131 1s
connected to an actuation signal generator 135 that translates
the spikes to actuation signals, e.g., to torques. The actuation
signal generator 135 sends the torques to the joint 150.
Theretfore, each of the spikes of the extensor motor neuron
131 are translated to an mcremental increase of the actual
value of the joint control variable.

[0049] The flexor motor neuron 132 integrates the output
spikes of PPC 122, indicating that the actual value of the
joint control variable 1s greater than the target value, 1nto its
spiking activity. That 1s, the output spikes of PPC 122 cause
the flexor motor neuron 132 to output spikes if a suflicient
number of outputs spikes reach the flexor motor neuron 132
to satisiy its threshold. More frequent spikes from PPC 122
result 1n more spikes output by the flexor motor neuron 132.
The spikes of the flexor motor neuron 132 decrease the
actual value (0) of the joint control variable to reach the
desired value (09). The output of the flexor motor neuron
132 i1s connected to the actuation signal generator 135,
which translates the spikes to actuation signals as described
above. Therefore, each of the spikes of the flexor motor
neuron 132 are translated to an imncremental decrease of the
actual value of the joint control variable.

[0050] The connections between the position control PPCs
121 and 122 and their respective motor neurons 131 and 132
differ from the other synaptic connections of the network, by
incorporating facilitation using facilitating synapses 125 and
126. This means that the synaptic eflicacy of the connections
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1s not static, but 1t increases with each presynaptic spike until
saturating at a maximum value. This property 1s used for
these connections to improve the smoothness of the control.
When an abrupt change occurs in the target value for the
joint control variable, the activity of eirther of the PPC 121
or 122 increases abruptly as well. In that way, absent
tacilitation, the abrupt increase would be propagated to the
motor neurons 131 and 132 and could cause a sudden and
jerky eflect on the actual controlled value (0) of the joint
control variable. Incorporating facilitation, this eflect is
mitigated as follows. The initial, abrupt increase in the
activity of either PPC 121 or 122 1s not propagated wholly
to either motor neuron 131 or 132, because the 1initial
synaptic weights are low, but instead gradually boosts the
cllicacy of these synaptic weights. The gradual increase of
the synaptic weights results 1n a gradual activation of motor
neurons 131 or 132, which, 1n turn, leads to a smooth
increase or decrease of the actual value (0) of the joint
control variable.

[0051] Facilitating synapses are synapses whose weight
increases with an increase 1n received spikes. That is, the
weight of the facilitating synapse 125 increases gradually
upon receipt of spikes from the position control PPC 121.
Similarly, the weight of the {facilitating synapse 126
increases upon receipt of spikes from the position control
PPC 122. As time passes without receiving spikes, the
weight of the facilitating synapse 125 or 126 decreases, e.g.,
decays over time. The presynaptic spikes output by PPC 121
are scaled by the facilitating synapse 125 based on the
weight of the facilitating synapse 125 before aflecting the
extensor motor neuron 131. Similarly, the presynaptic spikes
output by PPC 122 are scaled by the facilitating synapse 126
based on the weight of the facilitating synapse 126 before
affecting the flexor motor neuron 132.

[0052] In addition to the position control described above,
the neuromorphic controller 100 also incorporates speed
control, which 1s the first derivative of the actual value of the
jomt control vaniable. To incorporate speed control, the
neuromorphic controller 100 includes an additional pair of
speed control PPC neurons 123 and 124 whose firing
activity encodes how the speed of the joint control variable
varies. Notably, there 1s no target speed, as there 1s with
position, as described above. The two PPC 123 and 124 fire
in a mutually exclusive manner in response to negative or
positive speed, respectively. The neuromorphic controller
100 1ncludes a speed tracker 139 that keeps track of the
change in the actual value of the joint control variable over
time using a sliding window and estimates the first deriva-
tive of the speed of change of the joint control variable by
computing the difference between the actual values of the
jomt control variable at the endpoints of that window and
dividing by the length of the window, simulating the behav-
1ior of a digital differentiator. The speed tracker 139 trans-
forms the speed value at every time instance to a current
value (e.g., electric current value), using a concept similar to
the CCMs 111-114 described above. More specifically, the
speed tracker 139 translates the speed value to a current
value via a linear transformation, which 1s then multiplied by
the two opposite signs of the connections targeting the PPCs
123 and 124. Before feeding the currents into these neurons,
the negative one 1s rectified to zero using a ReLLU function
and the respective neuron receirves no current, while the
positive current 1s directly fed to 1ts respective neuron. The
resulting current value 1s fed to PPCs 123 and 124 with
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opposite signs, to ensure mutually exclusive firing. In this
way, when the estimated speed 1s positive, PPC 124 will be

excited, while PPC 123 will be inhibited, and vice versa.

[0053] The 1nclusion of PPCs 123 and 124 1n the neuro-

morphic controller 100 improves the smoothness of the
control 1n a way that 1s explained by their connections to the
motor neurons 131 and 132. Specifically, PPC 124, whose
spiking indicates an increase 1n the speed of the actual value
of the joint control variable 1s activating the flexor motor
neuron 132 to decrease the actual value of the joint control
variable. Therefore, PPCs 123 and 124 are counteracting the
cllect that their own activity indicates, introducing some
push-pull dynamics that improve the control. The rationale
behind these dynamics 1s the desire to have a timely decel-
eration of the actual value of the joint control variable when
approaching the target value. Therefore, in this context, a
large speed magnitude 1s a good indication for the network
to start decelerating. The opposite eflect 1s realized by the
connection of PPC 123 to the extensor motor neuron 131.

[0054] The PSI neuron 129 further improves the control
behavior, by introducing adaptive feedback, which mini-
mizes the overshoot intlicted on the actual value of the joint
control variable. The PSI neuron 129 1s part of a feedback
adaption stage 128 of the neuromorphic controller 100. The
PSI neuron 130 adjusts a connection weight 141 used to
weight the spikes output by the position control PPC 121,
which may also be weighted by the facilitating synapse 125.
The PSI neuron 130 also adjusts a connection weight 142
used to weight the spikes output by the position control PPC

122, which may also be weighted by the facilitating synapse
126.

[0055] The advantages of this PSI neuron 129 are shown
when considering two extreme cases ol diflerence between
target and actual values of the joint control variable. When
the difference between the target and actual values 1s small,
the PSI neuron 129 provides a large connection weight 141
between PPC 121 and the extensor motor neuron 132 and/or
a large connection weight 142 between PPC 122 and the
flexor motor neuron 132, i order to propagate the low
spiking activity of PPC 121 or PPC 122 to motor neurons
131 and 132 to decrease the diflerence between the target
and actual values of the joint control variable.

[0056] However, with that weight selection configuration,
when a really large difference between target and actual
value appears, the network may not handle the previously
selected weight 1deally, giving rise to an overshoot past the
target value of the joint control variable. The strong con-
nection weight can drive the change 1n the current value and
thus the spikes output by the PPCs 121 and 122 strongly and
the network may not decelerate on time, leading to the
overshoot.

[0057] With these two extreme cases 1n mind, it may be
preferred to have the weight of that connection to be large
when the network needs to cope with small differences,

while getting smaller when facing larger changes. To intro-
duce this kind of adaptive feedback, the PSI neuron 129 is
included in the neuromorphic controller 100. The spiking
activity of the PSI neuron 129 reflects the spiking activity of
the error position of PPCs 121 and 122. In this way, the PSI
neuron 129 fires intensively when the positional error i1s
large, e.g., when one of the position control PPCs has high
spiking activity, while it only fires slightly when the position
error 1s small, when neither position control PPC has spiking
activity (e.g., no output spikes) or the one that has spiking
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activity has low spiking activity (e.g., output spikes at less
than a threshold rate). For example, the rate of spikes output
by the PSI neuron 129 can be proportional to the rate of
spikes being recerved by the PSI neuron from one of the

position PPCs 121 or 122.

[0058] The spikes of the PSI neuron 129 are used to
modulate the connection weight 141 between PPC 121 and
the extensor motor neuron 131 and the connection weight
142 between PPC 122 and the flexor motor neuron 132. The
weights 141 and 142 increase with an increase in spikes
from the PSI neuron 129 and decrease with a decrease 1n
spikes from the PSI neuron 129. The modulation of the
weight 1s divisive, to simulate how presynaptic inhibition
works 1n real synapses (increasing PSI activity induces a
proportional decrease on the weight).

[0059] As described above, the extensor motor neuron 131
integrates the output spikes of PPC 121 and outputs spikes
to the actuation signal generator 135 to increase the actual
value (0) of the joint control variable to reach the target
value (09 of the joint control variable. The flexor motor
neuron 132 integrates the output spikes of PPC 122 and
outputs spikes to the actuation signal generator 135 to
decrease the actual value (0) of the joint control variable to
reach the desired value (09). The actuation signal generator
135 translates the spikes into appropriate actuation signals,
¢.g., torques, and outputs the actuation signals to the actuator

of the joint 150.

[0060] The actuation signal generator 135 translates
spikes received from the extensor motor neuron 131 1nto
actuation signals that cause the actuator of the joint 150 to
move 1ts links such that the actual value of the joint control
variable increases. The amount of movement represented by
cach actuation signal can be proportional to the spiking
activity of the extensor motor neuron 131. Similarly, the
actuation signal generator 135 translates spikes received
from the tlexor motor neuron 132 into actuation signals that
cause the actuator of the joint 150 to move 1ts links such that
the actual value of the joint control vanable decreases. The
amount of movement represented by each actuation signal
can be proportional to the spiking activity of the flexor motor
neuron 131.

[0061] The sensor 151 of the joint 150 can measure the
actual value of the joint control variable and provide the
actual value of the joint control variable to the neuromorphic
controller 100. The neuromorphic controller can provide the
actual value of the joimnt control variable to the CCMs
111-114 to continue generating actuation signals to control
the joint.

[0062] Although the neuromorphic controller 100 includes
two position control PPCs 121 and 122, two speed PPCs 123
and 124, two motor neurons 131 and 132, one of each of
these components can be used for unidirectional control,
¢.g., only increasing the value of the joint control variable.
In this example, the decrease can happen without control,
¢.g., decay with time.

[0063] FIG. 2 depicts an example neuromorphic controller
200 configured to provide coordinated smooth movement of
two joints of a robotic arm. The example neuromorphic
controller 200 includes a first neuromorphic controller 210
for controlling a first joint of a robotic arm and a second
neuromorphic controller 220 for controlling a second joint
of a robotic arm. The first and second neuromorphic con-
trollers 210 and 220 include the same components as the
neuromorphic controller 100 of FIG. 1 and can operate 1n a
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similar manner. However, the neuromorphic controllers 210
and 220 can coordinate movements to provide a smooth
overall movement of the robotic arm. Although the example
neuromorphic controller 200 includes two neuromorphic
controllers 210 and 220, more controllers can be used for
robotic arms having more than two joints. The neuromorphic
controller 200 can be expanded to provided coordinated
smooth movement of more than two joints as well, e.g., by
including an individual neuromorphic controller for each
joint and connecting the extensor and flexor motor neurons
ol adjacent joints.

[0064] In this example, the first neuromorphic controller
210 1s used to control a primary joint and the second
neuromorphic controller 220 1s used to control a subordinate
joint that 1s subordinate to the primary joint. This arrange-
ment enables the neuromorphic controller 200 to control the
subordinate joint based on the position and speed of the
primary joint, which 1s similar to the biological control of
amimal and human joints. For example, the timing of tlexion/
extension of the wrist (subordinate joint) of a human 1is
typically dependent on the movement of the elbow (primary
joint). In particular the extensor or flexor of the wrist can
have a 90 degree phase diflerence from the extensor or flexor
of the elbow.

[0065] To mimic this relationship, the outputs of the
extensor motor neuron and the tlexor motor neuron of the
first neuromorphic controller 210 are provided to the exten-
sor motor neuron and the flexor motor neuron, respectively,
of the second neuromorphic controller 220. The extensor
and flexor motor neurons of the second neuromorphic con-
troller 220 can be configured to adjust their outputs based on
a combination of the outputs of its PPC neurons for the
subordinate joint and whether and how much the primary
joint 1s being tlexed or extended. For example, 11 the primary
joint 1s being transitioned from flex to extend, the extensor
and flexor motor neurons of the second neuromorphic con-
troller 220 can detect a change 1n the sign of the outputs of
the extensor and tlexor motor neurons of the first neuromor-
phic controller 210. In response, the extensor and flexor
motor neurons of the second neuromorphic controller 220
can adjust the position of the subordinate joint to provide a
smoother motion for the robotic arm, e.g., by making a
similar transition between extend and flex as the primary
joint at a later time to mimic the 90 degree phase diflerence.

[0066] A coordination controller can be used to coordinate
the control of the subordinate joint based on movement of
the primary joint. For example, the coordination controller
can receive the signals output by the extensor and flexor
motor neurons of the first neuromorphic controller 210. The
coordination controller can then determine how to aflect the
control of the extensor and/or flexor motor neurons of the
second neuromorphic controller 220 and send output sig-
nals, e.g., spikes, to the extensor and/or flexor motor neurons
ol the second neuromorphic controller 220. In this way, the
coordination between two joints 1s tlexible and configurable
for various use cases.

[0067] FIG. 3 depicts an environment 300 1n which a robot
control system 310 controls the joints of a robotic arm 320.
In this example, the robotic arm 320 has three joints 322,
324, and 326. The joint 322 adjusts the position of a link 342
between the joint 322 and the joint 324. For example, the
joint 322 can rotate the link 342 about an axis. The joint 324
adjusts the position of a link 344 between the joint 324 and
an end effector 346. For example, the joint 324 can rotate the
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link 344 about an axis. The joint 326 can adjust the end
cllector 346, ¢.g., by rotating the end effector 346.

[0068] The robot control system 310 includes a neuromor-
phic controller 312 for each joint of the robotic arm 320. A
neuromorphic controller 312-1 can control the joint 322 by
sending actuation signals to an actuator of the joint 322.
Similarly, a neuromorphic controller 312-2 can control the
joint 324 by sending actuation signals to an actuator of the
joint 324 and a neuromorphic controller 314-3 can control
the joint 326 by sending actuation signals to an actuator of
the joint 326.

[0069] FEach neuromorphic controller 312 includes an
SNN 314 that can be implemented using the neuromorphic
controller 100 of FIG. 1 or a neuromorphic controller similar
thereto. For example, one or more of the neuromorphic
controllers 312 can include a PSI neuron while others may
not

[0070] In some implementations, each neuromorphic con-
troller 312 can control 1ts joint independent of each other
neuromorphic controller 312. That 1s, the robot control
system 310 may not coordinate the control of joints.

[0071] In some implementations, two or more of the
neuromorphic controllers 312 can coordinate control of their
jomts. In this example, the joint 322 would be the primary
jomt and the joint 324 1s subordinate to joint 322. In
addition, the joint 326 1s subordinate to joint 324. The
neuromorphic controller 312-2 can control the joint 324 in
coordination with the neuromorphic controller 312-1. For
example, the neuromorphic controllers 312-1 and 312-2 can
be connected 1n the same or a similar manner as the
neuromorphic controllers 210 and 220 of FIG. 2. In this way,
the link 344 and be moved based on the movement of the
link 342. For example, the link 344 can be moved using a 90
degree phase shift, as described above. The neuromorphic
controller 312-3 can control the joint 326 1n coordination
with the neuromorphic controller 312-1 or the neuromorphic
controller 312-2, or without coordination with either con-
troller.

[0072] FIG. 415 aflow diagram of an example process 400
for controlling a joint of a robotic arm. The process 400 can
be performed by a robot control system that includes a
neuromorphic controller, such as the robot control system
310 of FIG. 3 or the neuromorphic controller 100 of FIG. 1.
For brevity, the operations of the process are described as
being performed by a neuromorphic controller, which can be
implemented on a computer or in special-purpose circuitry
as described above.

[0073] The neuromorphic controller receives a target
value of a joint control variable for a joint of a robotic arm
(402). The joint control variable can be any scalar amount,
such as the angle of a revolute joint, or the length of a
prismatic joint, or the angular speed/linear speed of a motor.
In some implementations, the target value of the joint
control variable 1s determined based on user mput. For
example, the neuromorphic controller or another component
can determine the target value for the joint control variable
for a joint based on mput from a user through a joystick,
using voice input through a speech recognition engine, or
from a camera using object recognition.

[0074] As described above, the neuromorphic controller
can 1mnclude an SNN. The SNN can include position control
proprioceptor neurons, speed control proprioceptor neurons,
an extensor motor neuron, and a flexor motor neuron. For
example, the SNN can include two position control prop-
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rioceptor neurons and two speed control proprioceptor neu-
rons, as shown 1n FIG. 1. In some implementations, the SNN
also includes a PSI neuron.

[0075] The neuromorphic controller generates an actua-
tion signal based on a difference between the target value of
the joint control variable and actual value of the joint control
variable (404). This updating can be performed using the
SNN and can include constituent operations 406-410.

[0076] One of the position control proprioceptor neurons
generates the first spikes to one of the extensor motor neuron
or the flexor motor neuron based on a difference between the
actual value of the joint control variable and the target value
of the joint control variable (406). As described above, each
position control proprioceptor neuron receives current pulse
inputs from CCMs based on the sign of the actual and target
values of the joint control vanables and the difference
between the actual value of the joint control variable and the
target value of the joint control varniable. When the actual
value 1s greater than the target value, a first position control
proprioceptor neuron can output spikes to the extensor
motor neuron. When the actual value 1s less than the target
value, a second position control proprioceptor neuron can
output spikes to the flexor motor neuron. The operation of
the position control proprioceptor neurons 1s described with
reference to FIG. 1.

[0077] One of the speed control proprioceptor neurons
generates the second spikes to one of the extensor motor
neuron or the flexor motor neuron based on whether a
change 1n speed of movement of the joint of the robotic arm
1s positive or negative (408). When the change 1n speed 1s
positive, a first speed control proprioceptor neuron can
output spikes to the flexor neuron. When the change 1n speed
1s negative, a second first speed control proprioceptor neu-
ron can output spikes to the extensor neuron. The operation
of the speed control proprioceptor neurons 1s described with
reference to FIG. 1.

[0078] The neuromorphic controller generates a value of
the actuation signal based on spiking activity of the extensor
motor neuron or the flexor motor neuron (410). The spiking
activity of the proprioceptor neurons can cause one of the
extensor motor neuron or the flexor motor neuron to output
spikes. If the extensor motor neuron outputs spikes, an
actuation signal generator can translate the spikes into an
actuation signal that causes the joint to move such that the
actual value of the joint control variable increases. If the
flexor motor neuron spikes, the actuation signal generator
can translate the spikes 1into an actuation signal that causes
the joint to move such that the actual value of the joint
control variable decreases.

[0079] As described above, 11 a PSI neuron 1s included, the
PSI neuron can adjust the connection weights between one
ol the position control proprioceptor motor neurons and the
extensor motor neuron and/or the connection weights
between one of the position control proprioceptor motor
neurons and the tlexor motor neuron. The adjustment to the
welghts can be based on spiking activity of the PSI neuron,
which can be based on a difference between the target value
of the joint control variable and the actual value of the joint
control variable.

[0080] The neuromorphic controller causes the joint to

move by outputting the actuation signal to the joint (412).
The actuator of the joint causes the joint to move 1n response
to the actuation signal.
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[0081] A determination 1s made whether to continue mov-
ing the robotic arm (414). This determination can be based
on whether the joint has moved such that the actual value of
the joint control variable matches the target value for the
joint control variable. It so, the neuromorphic controller can
determine to end the movement of the joint, e.g., until a new
target value for the joint control variable 1s received. If not,
the process 400 can return to operation 402 at which a new
target value 1s received or to operation 404 where the
neuromorphic controller continues moving the joint until the
actual value matches the target value.

[0082] FIG. 5 depicts graphs that illustrate some advan-
tages of using a neuromorphic controller to control a joint of
a robotic arm. The graphs 1illustrate the differences 1n
changes of a joint based on a change 1n a target angle 512
of the joint from about zero degrees to about 30 degrees.

[0083] The graph 510 shows a comparison between a
non-facilitating movement 512 of joint without using a
neuromorphic controller and facilitating movement 513 of
the joint using a neuromorphic controller. As shown 1n the
graph 510, the facilitating movement 513 has a more gradual
increase 1n the angle relative to the non-facilitating move-
ment 512, which can be caused by the PSI neuron and/or the
facilitating synapses adjusting the connection weight to the
motor neurons. As the joint approaches the target angle, the
rate of change of the angle slows down 1n the non-facilitat-
ing movement, which can be caused by the speed control
PPC neurons and/or the adjustment to the connection
weights. This provides a smoother motion by reducing any
jerking motions at the beginning and end of the transition
between angles.

[0084] The graph 520 shows a comparison between the
angular velocity of the non-facilitating movement 322 of the
joint without using a neuromorphic controller and the angu-
lar velocity of the facilitating movement 523 of the joint
using a neuromorphic controller. Similar to the change 1n the
angle shown 1n the graph 510, this graph 520 shows that the
change 1n angular velocity increases and decreases more
gradually 1n the facilitating movement 523 than in the
non-facilitating movement 522.

[0085] The graph 530 shows a comparison between the
angular acceleration of the non-facilitating movement 532 of
the joint without using a neuromorphic controller and the
angular acceleration of the facilitating movement 533 of the
joint using a neuromorphic controller. The facilitating move-
ment 333 has a more gradual increase 1n angular accelera-
tion and a more gradual decrease 1in angular acceleration
than the non-facilitating movement 532. The peak accelera-
tions of the facilitating movement 533 are also lower in
magnitude than the peak accelerations of the non-facilitating
movement 532, which demonstrates the smoother and less
abrupt motions of the facilitating movement 533 as com-
pared to the non-facilitating movement 532. The reduction
in angular jerk 1s shown in the graph 540. This graph 540
shows that the angular jerk of the facilitating movement 543
1s less than the angular jerk of the non-facilitating move-
ment.

[0086] Embodiments of the subject matter and the func-
tional operations described in this specification can be
implemented in digital electronic circuitry, 1 tangibly
embodied computer soitware or firmware, in computer hard-
ware, including the structures disclosed in this specification
and their structural equivalents, or 1n combinations of one or
more of them. Embodiments of the subject matter described
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in this specification can be implemented as one or more
computer programs, 1.€., one or more modules of computer
program 1nstructions encoded on a tangible non transitory
program carrier for execution by, or to control the operation
of, data processing apparatus. Alternatively or in addition,
the program 1instructions can be encoded on an artificially
generated propagated signal, e.g., a machine generated elec-
trical, optical, or electromagnetic signal, that 1s generated to
encode information for transmission to suitable receiver
apparatus for execution by a data processing apparatus. The
computer storage medium can be a machine-readable stor-
age device, a machine-readable storage substrate, a random
or serial access memory device, or a combination of one or
more of them. The computer storage medium 1s not, how-
ever, a propagated signal.

[0087] The term “data processing apparatus’™ encompasses
all kinds of apparatus, devices, and machines for processing
data, including by way of example a programmable proces-
sor, a computer, or multiple processors or computers. The
apparatus can include special purpose logic circuitry, e.g., an
FPGA (field programmable gate array), an ASIC (applica-
tion specific integrated circuit), a neuromorphic research
chip, such as Intel’s Loihi chip, or a neural network pro-
cessor, such as BrainChip’s Akida™ chip. The apparatus can
also include, 1n addition to hardware, code that creates an
execution environment for the computer program in ques-
tion, e.g., code that constitutes processor firmware, a pro-
tocol stack, a database management system, an operating,
system, or a combination of one or more of them.

[0088] A computer program (which may also be referred
to or described as a program, software, a soltware applica-
tion, a module, a software module, a script, or code) can be
written 1n any form of programming language, including
compiled or interpreted languages, or declarative or proce-
dural languages, and 1t can be deployed in any form,
including as a standalone program or as a module, compo-
nent, subroutine, or other unit suitable for use 1n a computing,
environment. A computer program may, but need not, cor-
respond to a file 1n a file system. A program can be stored in
a portion of a file that holds other programs or data, e.g., one
or more scripts stored in a markup language document, 1n a
single file dedicated to the program in question, or in
multiple coordinated files, e.g., files that store one or more
modules, sub programs, or portions of code. A computer
program can be deployed to be executed on one computer or
on multiple computers that are located at one site or dis-
tributed across multiple sites and interconnected by a com-
munication network.

[0089] As used 1n this specification, an “engine,” or “soit-
ware engine,” refers to a software implemented 1nput/output
system that provides an output that 1s different from the
input. An engine can be an encoded block of functionality,
such as a library, a platform, a software development kit
(“SDK?”), or an object. Each engine can be implemented on
any appropriate type of computing device, e.g., servers,
mobile phones, tablet computers, notebook computers,
music players, € book readers, laptop or desktop computers,
PDAs, smart phones, or other stationary or portable devices,
that includes one or more processors and computer readable
media. Additionally, two or more of the engines may be
implemented on the same computing device, or on different
computing devices.

[0090] The processes and logic tlows described in this
specification can be performed by one or more program-
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mable computers executing one or more computer programs
to perform functions by operating on input data and gener-
ating output. The processes and logic tlows can also be
performed by, and apparatus can also be implemented as,
special purpose logic circuitry, e.g., an FPGA (field pro-
grammable gate array), an ASIC (application specific inte-
grated circuit) a neuromorphic research chip, such as Intel’s
Loih1 chip, or a neural network processor, such as
BrainChip’s Akida™ chip.

[0091] Computers suitable for the execution of a computer
program 1include, by way of example, can be based on
general or special purpose microprocessors or both, or any
other kind of central processing unit. Generally, a central
processing unit will receive 1structions and data from a read
only memory or a random access memory or both. The
essential elements of a computer are a central processing
unit for performing or executing instructions and one or
more memory devices for storing instructions and data.
Generally, a computer will also include, or be operatively
coupled to receive data from or transier data to, or both, one
or more mass storage devices for storing data, e.g., mag-
netic, magneto optical disks, or optical disks. However, a
computer need not have such devices. Moreover, a computer
can be embedded 1n another device, e.g., a mobile telephone,
a personal digital assistant (PDA), a mobile audio or video
player, a game console, a Global Positioning System (GPS)
receiver, or a portable storage device, e.g., a universal serial
bus (USB) flash drive, to name just a few.

[0092] Computer readable media suitable for storing com-
puter program instructions and data include all forms of non
volatile memory, media and memory devices, including by
way ol example semiconductor memory devices, e.g.,
EPROM, EEPROM, and flash memory devices; magnetic
disks, e.g., internal hard disks or removable disks; magneto
optical disks; and CD ROM and DVD ROM disks. The
processor and the memory can be supplemented by, or
incorporated 1n, special purpose logic circuitry.

[0093] To provide for interaction with a user, embodi-
ments of the subject matter described 1n this specification
can be implemented on a computer having a display device,
e.g., a CRT (cathode ray tube) momtor, an LCD (liquid
crystal display) monitor, or an OLED display, for displaying
information to the user, as well as input devices for provid-
ing input to the computer, e¢.g., a keyboard, a mouse, or a
presence sensitive display or other surface. Other kinds of
devices can be used to provide for interaction with a user as
well; for example, teedback provided to the user can be any
form of sensory feedback, e.g., visual feedback, auditory
teedback, or tactile feedback; and mput from the user can be
received 1n any form, including acoustic, speech, or tactile
input. In addition, a computer can interact with a user by
sending resources to and receiving resources from a device
that 1s used by the user; for example, by sending web pages
to a web browser on a user’s client device 1n response to
requests received from the web browser.

[0094] FEmbodiments of the subject matter described 1n
this specification can be implemented 1n a computing system
that includes a back end component, e.g., as a data server, or
that includes a middleware component, e.g., an application
server, or that includes a front end component, e.g., a client
computer having a graphical user interface or a Web browser
through which a user can interact with an implementation of
the subject matter described in this specification, or any
combination of one or more such back end, middleware, or
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front end components. The components of the system can be
interconnected by any form or medium of digital data
communication, €.g., a commumnication network. Examples
of communication networks include a local area network

(“LAN”) and a wide area network (“WAN™), e.g., the
Internet.

[0095] The computing system can include clients and
servers. A client and server are generally remote from each
other and typically interact through a communication net-
work. The relationship of client and server arises by virtue
ol computer programs running on the respective computers
and having a client server relationship to each other.
[0096] While this specification contains many specific
implementation details, these should not be construed as
limitations on the scope of any mnvention or of what may be
claimed, but rather as descriptions of features that may be
specific to particular embodiments of particular inventions.
Certain features that are described 1n this specification in the
context of separate embodiments can also be implemented 1n
combination i a single embodiment. Conversely, various
features that are described 1n the context of a single embodi-
ment can also be mmplemented 1n multiple embodiments
separately or in any suitable subcombination. Moreover,
although features may be described above as acting 1n
certain combinations and even mnitially claimed as such, one
or more features from a claimed combination can in some
cases be excised from the combination, and the claimed
combination may be directed to a subcombination or varia-
tion of a subcombination.

[0097] Similarly, while operations are depicted in the
drawings 1n a particular order, this should not be understood
as requiring that such operations be performed 1n the par-
ticular order shown or 1 sequential order, or that all 1llus-
trated operations be performed, to achieve desirable results.
In certain circumstances, multitasking and parallel process-
ing may be advantageous. Moreover, the separation of
vartous system modules and components in the embodi-
ments described above should not be understood as requir-
ing such separation in all embodiments, and 1t should be
understood that the described program components and
systems can generally be integrated together in a single
soltware product or packaged into multiple software prod-
ucts.

[0098] Particular embodiments of the subject matter have
been described. Other embodiments are within the scope of
the following claims. For example, the actions recited 1n the
claims can be performed 1n a different order and still achieve
desirable results. As one example, the processes depicted 1n
the accompanying figures do not necessarily require the
particular order shown, or sequential order, to achieve
desirable results. In certain implementations, multitasking
and parallel processing may be advantageous.

What 1s claimed 1is:

1. A method for controlling one or more joints of a robotic
arm, the method comprising:

receiving, by a neuromorphic controller comprising a
spiking neural network (SNN), a target value of a joint
control variable for a joint of the robotic arm, wherein
the SNN comprises position control proprioceptor neu-
rons, speed control proprioceptor neurons, an extensor
motor neuron, and a flexor motor neuron;

generating, by the neuromorphic controller, an actuation
signal that causes the joint of the robotic arm to move
based on a difference between the target value of the
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joint control variable and an actual value of the joint
control vaniable, the generating comprising,

generating, by one of the position control proprioceptor
neurons, first spikes to one of the extensor motor
neuron or the flexor motor neuron based on a dii-
ference between the actual value of the joint control
variable and the target value of the joint control
variable,

generating, by one of the speed control proprioceptor
neurons, second spikes to one of the extensor motor
neuron or the flexor motor neuron based on whether
a change 1n speed of movement of the joint of the
robotic arm 1s positive or negative, and

generating a value of the actuation signal based on
spiking activity of the extensor motor neuron or the
flexor motor neuron; and

causing the joint to move by outputting the actuation
signal to the joint.

2. The method of claim 1, wherein generating, by one of
the position control proprioceptor neurons, a first spike to
one of the extensor motor neuron or the flexor motor neuron
based on a difference between the actual value of the joint

control variable and the target value of the joint control
variable comprises:

determiming, by a first position control proprioceptor
neuron, that the actual value of the joint control vari-
able 1s less than the target value of the joint control
variable and, 1n response, generating the first spikes to
the extensor motor neuron; or

determining, by a second position proprioceptor neuron,
that the actual value of the target control variable 1s
greater than the target value of the joint control variable
and, 1n response, generating the first spikes to flexor
motor neuron.

3. The method of claim 2, wherein a quantity of the first
spikes 1s based on a magnitude of the difference between the
actual value of the joint control variable and the target value
of the joint control vanable.

4. The method of claim 1, wherein generating, by one of
the speed control proprioceptor neurons of the SNN, the
second spikes to one of the extensor motor neuron or the
flexor motor neuron based on whether a change 1n speed of
movement of the joimnt of the robotic arm 1s positive or
negative comprises:

determining, by a first speed control proprioceptor neu-
ron, that the change 1n speed of movement of the joint
of the robotic arm 1s positive and, in response, gener-
ating the second spikes to the flexor motor neuron; or

determiming, by a second speed control proprioceptor
neuron, that the change m speed of movement of the
joint of the robotic arm 1s negative and, 1n response,
generating the second spikes to the extensor motor
neuron.

5. The method of claim 1, wherein updating the actual
value of the joint control variable based on spiking activity
of the extensor motor neuron or the flexor motor neuron
comprises reducing a speed of movement of the joint as the
actual value of the target control variable joint approaches to
the target value of the target control variable.

6. The method of claim 1, further comprising adjusting,
by a presynaptic mnhibitory (PSI) neuron of the SNN, at least
one of (1) a first connection weight between the first position
control proprioceptor neuron and the extensor motor neuron
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or (11) a second connection weight between the second
position control proprioceptor neuron and the flexor motor
neuron.

7. The method of claim 6, wherein the PSI neuron adjusts
the first connection weight and/or the second connection
weight based on a difference between the target value of the
joint control variable and the actual value of the joint control
variable.

8. The method of claim 1, further comprising updating, by
an additional neuromorphic controller for an additional joint
of the robotic arm, an additional actual value of an additional
jo1nt control variable of the additional joint based on a target
value of the additional joint control vanable, on whether a
change 1n speed of movement of the additional joint of the
robotic arm 1s positive or negative, and at least one of (1)
spikes generated by the extensor motor neuron of the
neuromorphic controller or (1) spikes generated by the
flexor motor neuron of the neuromorphic controller.

9. The method of claim 8, further comprising coordinat-
ing, by the additional neuromorphic controller, movement of
the additional joint based on movement of the joint.

10. The method of claim 1, further comprising determin-
ing the target value of the joint control variable of the joint
of the robotic arm based on user input recerved from one of
(1) a joystick, (11), a speech recognition i1mage, or (111) a
camera.

11. A system comprising;:

a robotic arm comprising one or more joints; and

one or more neuromorphic processors comprising a neu-

romorphic controller comprising a spiking neural net-
work (SNN), the neuromorphic processor being con-
figured to perform operations comprising;:
receiving a target value of a joint control variable for a
joint of the robotic arm, wherein the SNN comprises
position control proprioceptor neurons, speed con-
trol proprioceptor neurons, an extensor motor neu-
ron, and a flexor motor neuron;
generating actuation signal that causes the joint of the
robotic arm to move based on a difference between
the target value of the joint control variable and an
actual value of the joint control variable, the gener-
ating comprising,
generating, by one of the position control proprio-
ceptor neurons, first spikes to one of the extensor
motor neuron or the flexor motor neuron based on
a difference between the actual value of the joint
control variable and the target value of the joint
control variable,
generating, by one of the speed control proprioceptor
neurons, second spikes to one of the extensor
motor neuron or the flexor motor neuron based on
whether a change 1n speed of movement of the
joint of the robotic arm 1s positive or negative, and
generating a value of the actuation signal based on
spiking activity of the extensor motor neuron or
the flexor motor neuron; and
causing the joint to move by outputting the actuation
signal to the joint.

12. The system of claim 11, wherein generating, by one of
the position control proprioceptor neurons, a first spike to
one of the extensor motor neuron or the flexor motor neuron
based on a difference between the actual value of the joint
control variable and the target value of the joint control
variable comprises:
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determining, by a {first position control proprioceptor
neuron, that the actual value of the joint control vari-
able 1s less than the target value of the joint control
variable and, 1n response, generating the first spikes to
the extensor motor neuron; or

determiming, by a second position proprioceptor neuron,
that the actual value of the target control variable is
greater than the target value of the joint control variable
and, 1n response, generating the first spikes to flexor
motor neuron.

13. The system of claim 12, wherein a quantity of the first
spikes 1s based on a magnitude of the diflerence between the
actual value of the joint control variable and the target value
ol the joint control varnable.

14. The system of claim 11, wherein generating, by one of
the speed control proprioceptor neurons of the SNN, the
second spikes to one of the extensor motor neuron or the

flexor motor neuron based on whether a change 1n speed of
movement of the joimnt of the robotic arm 1s positive or

negative comprises:

determiming, by a first speed control proprioceptor neu-
ron, that the change 1n speed of movement of the joint
of the robotic arm 1s positive and, in response, gener-
ating the second spikes to the flexor motor neuron; or

determining, by a second speed control proprioceptor
neuron, that the change 1 speed of movement of the
joint of the robotic arm 1s negative and, 1n response,
generating the second spikes to the extensor motor
neuron.

15. The system of claim 11, wherein updating the actual
value of the joint control variable based on spiking activity
of the extensor motor neuron or the flexor motor neuron
comprises reducing a speed of movement of the joint as the

actual value of the target control variable joint approaches to
the target value of the target control variable.

16. The system of claim 11, wherein the operations
comprise adjusting, by a presynaptic inhibitory (PSI) neuron
of the SNN, at least one of (1) a first connection weight
between the first position control proprioceptor neuron and
the extensor motor neuron or (11) a second connection weight
between the second position control proprioceptor neuron
and the flexor motor neuron.

17. The system of claim 16, wherein the PSI neuron
adjusts the first connection weight and/or the second con-
nection weight based on a difference between the target
value of the joint control variable and the actual value of the
joit control vanable.

18. The system of claim 11, wherein the operations
comprise updating, by an additional neuromorphic control-
ler for an additional joint of the robotic arm, an additional
actual value of an additional joint control variable of the
additional joint based on a target value of the additional joint
control variable, on whether a change 1n speed of movement
of the additional joint of the robotic arm 1s positive or
negative, and at least one of (1) spikes generated by the
extensor motor neuron of the neuromorphic controller or (11)
spikes generated by the flexor motor neuron of the neuro-
morphic controller.

19. The system of claim 18, wherein the operations
comprise coordinating, by the additional neuromorphic con-
troller, movement of the additional joint based on movement
of the joint.
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20. A computer readable medium carrying instructions
that, when executed by one or more processors, cause the
one or more processors to perform operations comprising:

receiving, by a neuromorphic controller comprising a

spiking neural network (SNN), a target value of a joint
control variable for a joint of a robotic arm, wherein the
SNN comprises position control proprioceptor neurons,
speed control proprioceptor neurons, an extensor motor
neuron, and a flexor motor neuron;

generating, by the neuromorphic controller, an actuation

signal that causes the joint of the robotic arm to move
based on a diflerence between the target value of the
joint control variable and an actual value of the joint
control variable, the generating comprising,
generating, by one of the position control proprioceptor
neurons, first spikes to one of the extensor motor
neuron or the flexor motor neuron based on a dif-
ference between the actual value of the joint control
variable and the target value of the joint control
variable,

generating, by one of the speed control proprioceptor

neurons, second spikes to one of the extensor motor
neuron or the flexor motor neuron based on whether
a change 1n speed of movement of the joint of the
robotic arm 1s positive or negative, and

generating a value of the actuation signal based on

spiking activity of the extensor motor neuron or the
flexor motor neuron; and
causing the joint to move by outputting the actuation
signal to the joint.
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