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Abstract: Neuronal population activity in the brain is the combined response of information in the
spatial domain and dynamics in the temporal domain. Modeling such Spatio-temporal mechanisms is a
complex process because of the complexity of the brain and the limitations of the hardware. In this
paper, we demonstrate how information processing principles adapted from the brain can be used to
create a brain-inspired artificial intelligence (Al) model and represent Spatio-temporal patterns. The
same is demonstrated by designing the tiny brain using spiking neural networks, where activated
neuronal populations represent information in the spatial domain and transmitting signals represent
dynamics in the temporal domain. Spatially located sensory neurons excited by input visual stimuli
further activate motor neurons to trigger a motor response that causes behavior modification of the
robotic agent. Initially, an isolated brain network is simulated to understand the excitation part from
sensory to motor neurons while plotting waveform between membrane potential and time. The response
of the network to stimulate robot body movements is also plotted to demonstrate representation. The
simulation shows how the response of particular visual stimuli modifies behavior and helps us
understand the body and brain synchronization. The perceived environment and resultant behavior
response allow us to study body interaction with the environment.

Keywords: brain-inspired Al; spatio-temporal patterns; Spiking Neural Networks; neurorobotics;
feature detection; behaviour modification.
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1. Introduction

The universe evolves and exists within space-time and has complex creations like the
human brain [1,2]. The human brain can constantly learn, take actions, sense, interpret results,
and modify behavior accordingly. Our brain utilizes deep learning to create or destroy synapses
between spatially located neurons by exchanging data means of electrical impulses and
representing whole connections as deep knowledge in space-time [3-5]. But it is almost
impossible to model human brain dynamics as it contains 86 billion neurons, each with an
average of 7,000 synapses. The modern-day computational capabilities, though advanced
exponentially, are insufficient to simulate the whole human brain. But we can adopt a simpler
approach by simulating and modeling sub-organizational levels of the brain or modeling a
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simple nervous system like C. elegans [6-8] organism to understand complex systems. Instead
of accurately creating the brain, we can adopt brain dynamics principles to create a brain-
inspired Al [9-12] model to represent complex Spatio-temporal patterns.

Modeling brain-inspired Al can be employed to develop intelligent bio-realistic
systems, which can help us cure and investigate the brain and help us understand life more
clearly[13,14]. This may also reduce experiments on animals to some extent. With simulation,
we can study diseases and how they affect the human body and can understand life more
closely.

The paper is structured as follows: Spiking neural networks introduced in Section II.
Experimentation detail, tools, and methodology are explained in Section 1l1. It also introduces
our approach to develop visual perception, the neuron model, brain modeling, robot and
environment setup, simulation, and functional implementation. Section IV presents the
simulation results of our approach. Finally, Section V concludes the paper and provides
research applications.

2. Materials and Methods

2.1. Spiking Neural Network.

Spiking Neural Networks (SNNs)[15-17] are our main building blocks. These are also
called the third generation neuron network through which brain-like behaviors can be
ascertained, and it has capabilities to encode and decode Spatio-temporal information; it offers
a solution for achieving information processing for cognitive psychology. From the bio-
realistic perspective, neuronal information is done through electrical signals or spikes, as these
networks are more biologically plausible. The information does not flow continuously, but
networks operate using time-dependent discrete spike events. These consecutive spikes form
Spatio-temporal patterns. SNNs are more energy-efficient than traditional Al networks or
machine learning models because of asynchronous spike-based computations [18-22].
Furthermore, SNNs can be trained unsupervised using Spike Timing Dependent Plasticity
(STDP) [23,24] for deep learning to build structures for deep knowledge representation.

2.2. Experimentational details.

This paper presented a way to encode vision features as Spatio-temporal patterns and
further decode them for robotic agent behavior modification. We developed a tiny brain with a
spiking neural network with structural and dynamics properties inspired by bio-realistic brains.
In this Spatio-temporal system, spatially located neurons are electrically excitable cells and
transmit spikes to each other across the synapses and represent the Spatio-temporal pattern of
events while communicating.

In the closed-loop environment, the following steps demonstrate our methodology:
Develop connected neurons with synapses to form neuronal populations; Simulate the brain
with a set of neuronal populations; Implement vision perception and stimulus capability in a
robotic agent to behave like living creatures; Simulate and connect the brain and the robot in a
closed-loop environment; Perceive natural image patches and detect features using robot eyes
(cameras); Activate the sensory neuronal population and detect features of the detected image
patch according to the associated coordinates; Connect with the respective motor neuron to the
sensory neuronal population to excite them and stimulate movement electrically.
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To perceive the environment, robot cameras are used because digital cameras function
like an eye, where the image sensor behaves as a retina. In vivo axons of retinal neurons deliver
visual information in the form of spikes to the different brain areas to perform several functions.
In this approach, the natural image patch perceived by the robot camera excites the neuronal
population. In vivo, the somatic motor system responsible for muscle movements controls
skeletal muscles to move bones around joints. A neural signal stimulates muscle fiber by
generating an action potential. Similarly, in current experimentation, the simulated brain
produces signals to control the robot. Here brain motor neurons voltage is directly linked with
robot joints rotation movement. Every input stimulus changes environmental perception for the
agent. So, while performing simulation, we can observe robot interactions with its environment
and can check how future sensory influences the robot’s actions, thus allowing us to study
brain-body synchronization. We can investigate the brain's responses to input stimuli. Thus this
research bridges robotics and neuroscience, facilitating seamless communication by means of
Spatio-temporal patterns between these two disciplines. The experiment was designed so that
a robot perceives some images through the camera, responds to visual stimuli, and switches
behavior.

We know that brain-inspired Al is a multidisciplinary field encompassing neuroscience,
computer science, engineering, and many others. We used the interdisciplinary platform called
Neurorobotics Platform (NRP) [25,26] developed for the Human Brain Project (HBP)[27,28].
NRP simulates experiments in closed perception-action loops with Closed Loop Engine (CLE),
where Transfer functions (TFs) are used to represent and connect the brain/robot simulation to
robot/brain stimulation.

In NRP, all the communications are handled by the Robot Operating System (ROS)
[29] topics. ROS is a well-known middleware in the robotics field.
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Figure 1. Schematic diagram of the brain-body interaction experiment.

It can interface with many physics’ libraries, robot simulators, and hardware. ROS node
is an executable that is used to transfer data and communicate with other nodes within single
or multiple machines. ROS nodes communicate with each other with topics. ROS messages
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are a data type used to subscribe or publish to a topic. Nodes can publish and subscribe
messages to a topic to perform two-way communication. When one publisher node publishes
data, the subscribers subscribe to published topics to receive data.

Figure 1 demonstrates body-brain interaction in a closed loop. For establishing realistic
experiments in NRP, brain stimulation is coupled with Gazebo [30] for physics simulation and
can be used for the physical simulation of robotic agents and the environment. The Gazebo
provides a robot designer and accurate simulation. The Gazebo has capabilities for algorithm
testing and training Al agents in realistic scenarios.

The simulation of the robot population in complex environments is also possible.
Gazebo bundled with excellent 3d Ul navigation, physics engine like Bullet, high-quality 3d
graphics. Gazebo communicates with simulated robots through the ROS with asynchronous
event-based communication through Topics.

2.3. Visual perception.

Image features are mathematical representations of key areas. Visual perception
systems need to understand the important aspects of an image. Eventually, these are the vector
representations of the visual content, which allow us to perform mathematical operations on
them. Features play a vital role in many computer vision problems like motion estimation,
object detection, segmentation, image alignment, and a lot more. The selection of an efficient
feature detector algorithm is very important. There are several doctor algorithms presented,
like Scale Invariant Feature Transform (SIFT)[31], Speed up Robust Feature (SURF)[32],
Binary Robust Independent Elementary Features (BRIEF)[33], and Oriented FAST and
Rotated BRIEF (ORB) [34]. But ORB is the open-source, fastest, good matching performance,
and efficient choice over SIFT and SURF [35]. For matching Brute-Force Matcher in the
OpenCV library, It is a very simple matcher that does distance calculations between descriptor
one feature from the input image with all source image features.

2.4. Neuron model.

A vivo neuron cell is composed of 3 functional units, those are dendrites, soma, and
axon. The soma is a cell body and is the spherical part of the neuron. It is a central processing
unit that performs an important nonlinear processing step. While dendrites is an ‘input device
and axon is an output device. Suppose a signal coming through dendrites exceeds a certain
threshold, soma spikes. That spike delivers to other neurons with an axon where synapse is a
neuronal junction, that transmission of electric impulses between two nerve cells that connect
the axon of one neuron to another neuron. Suppose a neuron sends a signal across a synapse
that is received by connected neurons. In that case, the transmitting neuron is called a
presynaptic neuron, and the receiving neuron is the postsynaptic neuron [36].

Potential difference u(t) of postsynaptic neurons can be recorded with an intracellular
electrode. That measures the difference between the inner part of the neuron and the outer part.
This potential difference is called the membrane potential. If there is no input spike, then the
neuron is at rest, called constant membrane potential urest. Received spike change potential of
the neuron. Suppose membrane potential reaches its threshold value, neuron fire and decays
back to urest. The positive or negative change in the potential declares excitatory or inhibitory
synapse.
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Current computational resources are capable of simulating the Hodgkin—Huxley neuron
model [37,38] dynamic behavior having various ion channels of the soma, dendrites, and
hundreds of spatial compartments and can reproduce the neuron having all features like all
ionic channels, synapses. But in this way, we may lose mathematics control. On the other side,
over-simplified modeling may lose biological realism.

So for spiking neuron network modeling, we selected the integrate-and-fire (IAF)
neuron model [39-43]. Because of its conceptual simplicity, the IAF model can be used to
explore some general principles of neurodynamics, where it can either be stimulated by a spike
input of synaptic input from presynaptic neurons or external current.

A schematic diagram of the Integrate-and-fire model is presented in Figure 2. This
diagram shows a network with three neurons, one presynaptic neuron sO and two postsynaptic
neurons m0 and m1. The soma circuit of neurons comprises a Resistor Capacitor pair driven
by the current I(t). As both components are connected in a parallel manner, the RC circuit
charged by I(t) can be written as I(t) = IR + IC, here IC is responsible to charges the capacitor
C and IR is the divided current that passes through the resistor R. According to Ohm's law, the
amount of current passing through two points is directly proportional to the voltage across two
points and inversely proportional to the resistance of the circuit. Suppose u is the voltage across
the resistor, then IR = u/R. On the other hand, the capacitance of a capacitor is defined as the
charge stored per unit potential difference change, If g is the charge from capacitance definition
C=g/uand Capacitive current IC = C (du/dt).

Thus, I(t) = IR + IC can be written as:

— au
1(t) = — T C— (1)
By multiplying the equation by R

More generally, we write:

synapse
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Figure 2. Schematic diagram of the integrate-and-fire model having soma and synapse circuit.
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In this equation, u(t) is the potential difference or membrane potential at time t, 7,,=RC
the membrane time constant and R is the membrane resistance. Equation (2) describes how
membrane potential behaves as a function of time when current is injected into the neuron.

A presynaptic spike §(t — tso(f)) from neuron s0 is low-pass filtered at the synapse
between presynaptic neuron sO and post postsynaptic neuron ml generates an input spike
a (t = tso(f)).

Once membrane potential u(t) across the capacitance reaches threshold v i.e., u(t) = v
at time tm1(f) a (t — t,,,1 (f)) output spike is recorded. After generating spikes, neurons enter
a resting state for a duration t,.:. During the resting period, the membrane potential remains
constant a uyeg¢

So, according to equation (2), the IAF model's current state is characterized by
membrane potential that receives excitatory or inhibitory spikes by synaptic inputs. Spikes
generated with IAF neurons are discrete events in time rather than continuous values.

2.5. Brain model.

The brain model comprises 3 presynaptic sensories and a postsynaptic motor neuronal
population, where a set of IAF neurons is bundled in a single neuronal population. Each neuron
in the sensory neuronal population is connected with a single motor neuron. There are several
tools that exist to develop and simulate a functioning virtual model of a brain circuit using a
spiking neural network having different levels of detail. In our case NEST [44] simulator with
PyNN[45] (Simulator-independent language for building neuronal network models ) is used
because NEST is currently supported inside NRP through the PyNN abstraction layer and runs
within a distributed and parallel environment.

presynaptic sensor
neurons

postsynaptic motor
neurons

Populations
iafPop_Motor:
iafPop_Sensor:

Cells
I

Synapses

Inputs

Brain Morphology Concept Brain Model Description
(Spatial Structure)

Figure 3. Initial brain morphology concept designed in Open Source Brain Platform.
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For initial brain morphology concept development Figure 3, initial analysis, testing,
and simulation, we used the Open Source Brain (OSB) online platform [46]. With OSB we can
share and collaboratively develop computational models of neural systems. It has various tools
like 3D visualization, analysis, and models simulation directly over the internet browser. PyNN
INEST models are easily converted into NeuroML[47,48] format that is supported in Open
Source Brain.

In OSB each neuron is placed in space with a 3d coordinate system as associated 3-
dimensional vector keys. We also implemented a pulse generator with NeuroML as an input
device connected with each sensor neuron. The pulses typically have a duration between 1ms
and 2ms and an amplitude of about 100 mV, and it's also called action potentials or spikes. The
action potential is the elementary unit of signal transmission. We don't consider forms of the
pulse. Since isolated spikes do not look similar, so the spike's anatomy does not carry any
information. But it is considered as a series of events in time. In other words, a time when a
particular neuron spike and the total count of the spike within the given window matter. These
events occur at regular or irregular intervals—a sequence of pulses emitted by a single neuron
from a spike train. In spikes, train action potentials are well separated because even a strong
spike can not excite a second spike immediately after or during the first one.

Let us consider 2 presynaptic neurons s1, s2 which transmit signals and excites to the
connected postsynaptic neuron m. Suppose neuron sl spikes continuously at time t1(1),
t1(2),...., and neuron s2 fires at t2(1),t2(2),... . Each input spike from presynaptic neurons
excites a postsynaptic potential em1, em2, respectively. So equation (3) is the total change in
the potential of neuron m is approx the sum of all postsynaptic potentials.

um(t) = ZZ Ems (t - t_{) T Upest (3)

To investigate the total change in the membrane potential of postsynaptic neurons we
simulated the network and demonstrated in Figure 4 having sensory neuronal populations
Ps1(n0, n1,,n2, n3,,n4), Ps2(n5, n6,,n7, n8,,n9) and Ps3(n10, n11,,n12, n13,,n14) and motor
neuronal populations Pm1(n0), Pm2(nl) and Pm3(n2). In this figure, a plot of membrane
potential vs. time is demonstrated. Where presynaptic neurons of sensory populations Ps1, Ps2,
Ps3 are excited with a pulse generator as an input device, those further excite postsynaptic
neurons of motor populations Pm1, Pm2, Pm3. To differentiate excitation activities of different
ipopulations, a delay of 10ms is provided in every pulse generator. Note that this was done
only for visualization purposes, so we recorded a spike train at motor neurons after simulation.
In the simulation, we tested if we stop pulse generators for populations Ps2 and Ps3, spike
sequence from Pm2, and Pm3 also stop. Stopping some neurons in a particular population lets
us stop input pulse generators for n7, n8, n9 in population Ps2. The recorded frequency of
waveform at the n1 of Pm2 also decreases, meaning a lower firing rate. That demonstrates that
spatially located neurons spike activity in time; the firing rate of presynaptic neurons affects
postsynaptic neuron activation. After testing and analyzing, the network was redeveloped in
NEST.
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Figure 4. Membrane potential vs. Time plot for Sensor and Motor neurons in OSB simulation.
2.6. iCub robot.

For deploying realistic humanoid embodiments in the experiment, we selected an iCub
robot [49] is an Open Source robot. The motivation behind its selection is its humanoid design.
It provides human-like manipulators that play a vital role in embodied cognition and brain-
inspired Al research [50-55]. iCub height is 104 cm, like a child. The upper body of the robot
has been allocated 3d degrees of freedom (DOF). Hands have 9 DOF, each with 5 independent
fingers. Each leg has 6 DOF for providing bipedal locomotion. From a sensory point of view,
It is equipped with two 320X240@60Hz cameras positioned at the eyes, microphones to
perceive its current environment, have gyroscopes and accelerometers, and force/torque
sensors. Each joint is instrumented with positional sensors, using absolute position encoders.
It also has lines of LEDs for representing facial expressions.

We used a gazebo plugin to control each joint and receive images from cameras. Joints
are controlled by two PIDs, positions, and velocities. The gazebo plugin publishes the encoder's
values to a ROS topic. Other nodes subscribe to published topics to provide translation and
rotation movements to the robot.

2.7. Environment.

The experiment environment is performed in a 3-dimensional virtual space that contains
a floor, a virtual screen, and some decorative elements. iCub is placed in front of the virtual
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screen so that cameras attached with robot eyes can continuously take the pictures and publish
them on the ROS topic. We use NRP state machines to generate events that influence the
environment. State Machine can control and monitor any properties that are being published
on ROS topics. Like spiking activity, sensor output, simulation time. So we used it to switch
virtual screen Natural image patches after some interval of time.

2.8. Functional implementation.

The functional implementation shows in Figure 5. where iCub cameras are published
on the ROS topic, which is mapped with Robot2Neuron TFs through MapRobotSubscriber
(parameters functional mapping decorator to the robot). OpenCV can not read images directly
from ROS Topic. For that, we used CVBridge. Visual perception python program loops over
3 natural image patches displaying handshake, hand-waving, and kick illustrations. These
images are stored in an array and compare their features with the camera input image. Feature
extraction implemented with ORB and matching with Brute-Force Matcher. Sensory
Populations Ps1, Ps2, Ps3 mapped with features 11(f0, f1,..., f4), 12(f5, 16,..., f9) and 13(f10,
f11,..., f14), where 11, 12, 13 are input natural image patches having f0, 1, f2,....., f14 features.
When features (f0, f1,..., f4) matches the input image 11, it excites mapped population Psl
neurons using associated keys. Neurons are stored in an associated array with 3d coordinate
keys and mapped with image features using 2d coordinates keys. Poisson generators generate
spikes to activate presynaptic neurons according to detected image features for assessing
sensory neurons MapSpikeSink (Parameters functional mapping decorators to the neural
network).

Brain python programs control brain functionality. We constructed a feedforward
network of 18 neurons, 15 sensories (5 in each population), and 3 motor IAF neurons. Neurons
are stored in an array that follows a 3d coordinates key scheme. Each sensory population, i.e.,
Ps1, Ps2, and Ps3 mapped with motor neurons in population Pm1, Pm2, and Pm3, respectively.
Brain implementation is done with PyNN and simulation handled by the NEST simulator.

Neuron2Robot TFs side postsynaptic motor neurons mapped with a behavior modifier
python program using MapSpikeSink decorator. In the behavior modifier program, we access
the voltage of actor neurons, the amplified voltage to provide input signals to robot joints.
Populations Pm1, Pm2, and Pm3 produce a set of motor responses that cause behavior
modification. In the mathematics Set terminology if B1, B2 and B3 are behaviors reflection of
RO, R1,..., Rn responses, the behaviors can be declared as B1 = {R0, R1, R2}, B2 = {R3, R4,
R5} and B3 = {R6, R7, R8}. If the robot's current behavior is B1, after getting motor responses
R3, R4, and R5, behavior B1 is smoothly modified and switched to B2. It was a mixing of
responses from two behaviors. For example, the robot gets R3, R4, R5, R6, R7, and R8
responses that result in hybrid behavior Bh = B2 U B3. Bh will have both properties from B2
and B3. On the other hand, if the robot is in any behavior and stops getting a response belongs
to that behavior. The robot produces only single one-degree movements, not behavior itself;
suppose the current behavior of the robot is B3. It stops getting R6 and R7 responses, so R8
results in one joint movement, so the robot will perform single-joint movements and not
resultant behavior.

So, it’s important to receive a number of motor responses equal to the required
responses for proper behavior modification. MapRobotPublisher decorator is used for
publishing modified joint movements as a ROS topic.
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Figure 5. Spatio-temporal data processing from Visual perception to behaviors modification.

Published joint position and velocity topics are used to modify iCub behavior.
Perceived natural image patch causes stimulate joint movement and modify behaviors.

3. Results and Discussion

Figure 6 presents the result of the experiment. Here 6(A) are the screenshots from
experimentation taken while iCub perceiving natural image patches and passing through
different behaviors. To support the experiment, three behaviors were designed,
B1(handshake), B2(hand-waving), and B3(kick). In 6(B), a spike train of motor neurons is
captured in a time window. 6(C) is a plot of joint positions that are the result of a single
response. Initially, the robot perceives a blank virtual screen and remains in an idle state. As
soon as the state machine switches image 11 and displays it in the virtual screen, the visual
system matches the features and excites spatially located sensory neurons, and a Temporal
sequence or spike train starts at neuron m0, demonstrating mo fully activated. Activation m0
produces motor responses; here, we just plotted {RO} in the form of joint movement. While
staying in behavior B1 the robot body motion offset the robot's initial pose and changed future
perception of the environment. Next, when it perceives image 12, A spike train for m1 starts
and produces respective motor responses, single movement plotted to represent {R3} response.
As its realistic simulation, iCub is not fixed with any external constraint. Behavior movement
in any part also causes disturbance in the initial pose and robot cameras to start detecting some
wrong features, which activates wrong neurons. We can notice while inputting image 12; the
robot detects wrong coordinates of features that produce some wrong spikes and responses.
Before the input image, I3 robot forcibly resets so that it can smoothly switch the robot to
behavior B3. So visual stimuli encoded in space-time patterns with spatially located neurons
spike activity in time to produce movement stimuli. Here we can notice response is recorded
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only on active neurons. So, these spike trains are the result of the temporal dynamics of the
spatial neurons. Vision perception represented Spatio-temporal patterns and applied that
representation to modify robot behavior.

00 00 00 00 00:08 00 00 0006 L
20
ficub_hbp_ros_0/r_hip_pitch/pos//data " "
—— ficub_hbp_ros_0/r_shoulder_pitch/pos//data ]Olllts Monitor
15 4 — ficub_hbp_ros_0/r_shoulder_roll/pos//data |
10 ! 4 ! ! |
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3 &, | |

0o S 10 15 20 25 30

Figure 6. Experiment screenshots from top to down, reflected behaviors, spike train, robot joint state.
4. Conclusions

This paper presents an approach to design the Spatio-temporal system that represents
information processing in both space and time based on the three-dimensional geometric
structure of nervous systems and the temporal evolution of activity patterns. This is
implemented with spatially located neurons, transmit spikes to each other across the synapses
in time, and represent Spatio-temporal patterns of events while communicating. The
experiment is designed with the Neurorobotics Platform as part of the Human Brain Project to
demonstrate the concept. Input visual stimuli cause simulated brains to produce signals that
stimulate robot body movements and change the robot’s perception of the environment. It
allows us to observe robot interaction with the environment because a robot simulated as a real
robot also influences its future sensory input, which greatly helps us understand how the body
and brain work together to change its behavior to a given stimulus.
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