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ABSTRACT

Spiking Neural Networks (SNNs) have great advantages in discrete
event data processing because of their binary digital computation
form. However, due to the limitation of the current structures of
SNNs, the original event data needs to be preprocessed to reduce the
time calculation steps and information redundancy. The traditional
methods of dividing data into frames lead to the loss of a large
amount of time information. In this paper, we proposed an efficient
Recurrent Spiking Neural Network (RSNN) to reduce the time do-
main information loss of original slice samples with the spiking
based neural dynamics for processing the dynamic spatial-temporal
information. By constructing the Recurrent Spiking Neural Net-
work model, the recurrent structure was used to preprocess slices
before it was further input into the spiking structure to enhance
the time correlation between slices. In addition, in order to match
the two-dimensional spatial structure of data sample frames effi-
ciently, this paper adapts a variation of structures of the recurrent
neural network, named Convolution LSTM (CONLSTM). Through
experiments on event based datasets such as DVS128-Gesture and
CIFAR10-DVS, we find that the proposed model could not only
behave better than some other spiking based models but also save
energy and power consumption which paves the way for practical
applications of neuromorphic hardware.

KEYWORDS

Spiking Recurrent Neural Networks, Dynamic Spatial-Temporal
Information, Event-driven, Neural Dynamics

1 INTRODUCTION

INSPIRED by the neural dynamics of biological neurons [3], Spiking
Neural Networks (SNNs) were proposed to bridge the gap between
biological neuroscience and artificial intelligence by using discrete
spikes as communication carrier [8, 19, 23, 37]. This binary and dis-
crete form of computation makes SNNs have lower computational
power consumption and better anti-noise ability [17, 31]. Moreover,
there are various advantages in the practical deployment of neuro-
morphic hardware because of the event-driven nature [1, 4, 18, 20],
which makes SNNs regarded as the next generation of neural net-
works [22, 25]. Neurons of the SNNs use the form of spike signal
integral-fire for data processing. The membrane potential on the
spiking neurons is gradually accumulated under the influence of
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the spike signal transmitted by other neurons. When the membrane
potential value is higher than the firing threshold, the spike will be
fired outward. This mode simulates the dynamics of real biological
neurons, which makes SNNs have powerful memory ability and
are very suitable for processing dynamic spatial-temporal informa-
tion. However, due to the discrete data form of SNNs, the value is
not derivable at the point of spiking transmission when using the
backpropagation (BP) [11] based method to train the parameters in
SNN.

Unlike static images, dynamic spatiotemporal patterns with neu-
ral spikes could express more information[33]. However, most
current spiking based models could not leverage these strengths,
among which network structure is an important one. Most of the
structures of typical SNNs are shallow and fully connected [26, 28],
which means these kinds of structures could not extract and en-
code external features adequately. Although some works tried to
construct ANN-SNN mixed models [36, 38], they were proposed
for static image recognition, they cannot be applied to dynamic
spatio-temporal information recognition directly.

CSNN [35, 36], they drew inspiration from the visual pathways
in the biological visual system that process static images. They
constructed a network that blends Convolutional Neural Networks
(CNNs) with Spiking Neural Networks . This network structure
employs convolutional layers to capture spatial features from static
images, thus enhancing the feature extraction capabilities of the
Spiking Neural Networks, leading to improved performance. How-
ever, traditional two-dimensional convolutions are generally used
for processing static images, limiting the use of this Convolutional
Spiking Neural Network (CSNN) to static data. To address this lim-
itation, we aimed to develop a feature extraction structure with
spatiotemporal processing capabilities. We achieved this by com-
bining the Convolutional LSTM structure with the Spiking Neural
Network, resulting in the proposed Recurrent Spiking Neural Net-
work (RSNN). RSNN is grounded in principles inspired by biological
visual mechanisms, making it more versatile and no longer confined
to static visual stimuli.

We use neuromorphic datasets to evaluate the performance of
RSNN. As one of time series based spatio-temporal information,
the neuromorphic vision datasets are acquired by Dynamic Vision
Sensor (DVS) [32] in real time to collect the dynamic scene of the
outside environment. So due to the spike based nature of both SNNs
and DVS based datasets, it is a natural association to build a bridge
between them. Some researchers tried to build a deep SNN [5, 6,
14, 15]to recognize images in DVS-CIFAR10 [39]. This work [27]
constructed an SNN model to recognize scoring in basketball games
with an address event representation (AER) sequence. Someone [21]
wanted to utilize neural dynamics to extract the spatiotemporal
information that is hidden in time series data. Inspired by human
brain, this work [10] analyzed temporal and spatial characters of
electroencephalographic signals.
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While SNNs exhibit versatility in the tasks mentioned above,
they have limitations in extracting performance from dynamic spa-
tiotemporal information. Dynamic data contains abundant tempo-
ral information as well as intricate spatial details. SNNs effectively
capture temporal information due to their time-based memory ca-
pabilities but often struggle to efficiently extract spatial texture
features from each frame at each time step. This limitation con-
tributes significantly to the restricted performance of Spiking Neu-
ral Networks. In our work with RSNN, the Convolutional LSTM
plays a pivotal role in enhancing performance. It preserves tempo-
ral information while efficiently extracting spatial texture features
through convolution. Additionally, the discrete pulse-triggered data
computation pattern of SNNs grants RSNN a notable advantage in
energy efficiency, which we have validated through experimenta-
tion. We evaluated the proposed method on several event-driven
datasets (DVS-128Gesture [2] and CIFAR10-DVS [16]). The main
contributions are as follows:

o This paper proposed an RNN-SNN hybrid model that adopted
RNN for feature extraction and SNN for feature recognition.
The proposed hybrid RSNN model can learn more sensory
information by RNN based structure, and SNN part could
classify the event based spatial-temporal information ade-
quately.

e Through the proposed hybrid RSNN model, the feature ex-
traction and encoding were ensembled into one framework.
We design a particular RNN-SNN training method for train-
ing the proposed model by combining the advantages of BP
and surrogate gradient methods respectively.

e We demonstrate the efficiency and effectiveness of the pro-
posed RSNN model after evaluating it on two time series
datasets. Experiments show that we can construct such a
reasonable hybrid structure and it can achieve state-of-the-
art performance on those event-driven datasets with less
computational power with full use of neural dynamics.

2 METHODS

Inspired by the information processing mechanism in biological
neural systems, we propose a hybrid network structure with RNNs
as a feature extractor and Spiking Neural Networks as a decision
maker. The proposed model is called Recurrent Spiking Neural
Network (RSNN) as shown in Fig.1. The RNNs part of this pro-
posed model framework structurally mimics the V1 of the retina
in human brain which provides a strong reference for research on
neural networks in the field of vision. The SNNs part as a classifier
acquires the image features after spike encoding from the feature
extractor and learns network parameters through the SNN training
method. RSNN model is a unified system model that integrates
feature extraction, coding, and learning.

2.1 Overview of the proposed RSNN model

In the processing of visual information by the biological neural
systems, external visual stimuli are extracted by the visual cortex
in a hierarchical structure, and these features are then fed to the
cerebral cortex in the form of bio-spike electrical signals for sub-
sequent decision processing. It is this efficient feature extraction
model that allows the biological neural systems to perform well
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on visual tasks. The visual signal is generated by retina acquired
from the external environment and then transmitted through the
Lateral geniculate nucleus (LGNs) to the visual cortex, where the
features of image signals are efficiently extracted by a multi-layered
physiological construct. These layer-by-layer feature extraction op-
erations capture features of original information from spatial and
temporal perspectives. In previous work, the feature extraction
function of the biological visual neural systems in spatial dimen-
sion was mainly simulated, which showed high accuracy and noise
immunity in static image recognition tasks but was not effective
for temporal data recognition due to the lack of feature extraction
modules in the temporal dimension. Our proposed RSNN model
focuses on feature extraction operations in spatiotemporal dimen-
sion of bio-vision systems by analogous and migration with RNN
modules.

In RSNN, the ability of RNN to remember information makes the
image signals in previous moments also affect the feature extraction
at the current moment. Through the ability of temporal memory, the
performance of feature extraction in temporal dimension belonging
to RSNN is promoted to a higher level. For feature extraction in
the spatial dimension, we add a convolution module to the basic
RNN network framework. Before the formal cyclic processing of
the data stream, we obtain feature extraction in spatial dimension
through convolution and pooling operations by convolving the
image frames of the current and past moments and reducing the
image size by a pooling layer at each moment of output. These
operations of the network are also biologically interpretable. The
operation of the convolution layer simulates the extraction of im-
portant external optical information at biological retina, and CCs
layer in the cerebral cortex is also biological basis for layer-by-layer
extraction of image features by the convolution layer. Spatiotem-
poral dynamics mechanism of biological neurons, which enables
the biological visual nervous system to have the ability to remem-
ber information in temporal dimension. The biggest innovation
of our work is referring to this structural property, by introduc-
ing a convolutional RNN module, to exploit the recognition and
classification ability of the RSNN system model for neuromorphic
temporal datasets within the scope of biological interpretability. In
addition, considering the attention mechanism of the human visual
system for complex dynamic images, we also add a self-attention
component to RSNN to further improve overall performance.

2.2 Feature extraction and encoding

The neuromorphic datasets used in our work are collected by DVS
camera. Through the camera’s sensitive unit, it senses changes in
the intensity of the external light, resulting in a spike signal. Be-
cause the imaging mode of DVS camera is to feel the change of
light intensity and only respond to the change of external lighting
conditions to generate spike events[24], it has the ability to image
moving objects. Compared with the conventional camera in the ac-
cumulation of light imaging within the exposure time, DVS camera
can more accurately present high-speed moving objects, which is
not easy to cause motion blur and other problems. And, the output
data form is discrete binary spikes, which is consistent with the
input data form of SNN and is also convenient for further data
processing in the later period. This neuromorphic event data can
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Figure 1: RSNN model

be expressed as E(x;, yi, tj, pi) (i = 0, 1...N — 1)Where (x;, y;) repre-
sents the coordinate position within the horizon of the camera lens
where the event is located,; represents the moment when the event
occurs, and p; represents the channel where the event is located.
Neuromorphic event data has two channels, which respectively
represent the spikes generated by the enhancement of light and the
spikes generated by the attenuation of light. For DVS cameras, the
changes in the direction of external illumination enhancement and
attenuation will produce events, and the corresponding p; values
are -1 and 1, respectively. The DVS camera generates an event in a
few microseconds on average, and the amount of event data gen-
erated in the sampling period of tens of milliseconds is very large.
Therefore, it is necessary to preprocess the dataset first. We use
slicing as a data preprocessing method, and the specific approach
will be explained in the experimental section.

Considering that the conventional RNN model is prone to prob-
lems such as gradient explosion and gradient disappearance when
processing long time series data, as a result, it is difficult to pro-
cess data samples that are deep in time. In response to it, we use a
variant of RNN, Long Short Term Memory (LSTM) network in this
paper. By adding some gating mechanism, this variant model can
retain the past information, which is able to restrain the long-range
dependence problem to a certain extent effectively. The gating
mechanism of LSTM is realized through a continuously guided
gating function. There are three kinds of gates in this network, they
are input gate, forget gate and output gate. The input gate is used
to control the retention degree of neuron state value at the current
moment, the forget gate is used to control how much neuron state
at the previous moment needs to be forgotten, and the output gate
controls how much neuron state at the current moment outputs
to the hidden layer state of the neuron. In addition, different from
the conventional discrete binary gating function, the gating unit
in the LSTM model has not only 0 and 1, but values between them,
indicating that a certain proportion of information is allowed to
pass through. It is more common for the gating function to adopt a
logistic function. Considering that the form of data to be processed
is a two-dimensional image, in order to better fit the structure of
data and facilitate feature extraction, we add convolution operation
on the basis of LSTM structure to construct Convolutional LSTM

(CONVLSTM).The Convolutional LSTM network was initially in-
troduced in a paper[29], which blends the concepts of CNN and
RNN. This integration enables the network to extract both temporal
and spatial information effectively. Extensive research has shown
that CONVLSTM networks perform well in tasks involving video
frame sequences. The expression of the network is:

ir = 0(Wxi * X¢ + Wy % Hp—1 + bi) (1)

fe = o(Wyp * X + Wy = Hp—1 + by) (2)

0t = 0(Wxo * X¢ + Wh; * Hp—1 + bo) (3)

¢t = froci—1 + irotanh(Wye * Xy + Wy * Hr—1) (4)
H; = osotanh(cy) (5)

Where, the symbol * represents the convolution operation, and o is
the haddam operator. The variable c; stores the information about
the model unit, which is controlled by both the input gate and the
forget gate, and then the variable is controlled by the output gate
after input to the tanh function to obtain the hidden value H; of the
model hidden layer at the current time. Hidden values preserve the
state information accumulated by the model at the last moment and
guide the output at the next moment with the input. In the equation,
the CONVLSTM model is different from the one-dimensional LSTM,
which convolves the input at the current time with the hidden state
at the previous time. Using two-dimensional convolution to carry
out data input at each fixed moment, the convolution of the static
frame image at this moment can better extract the features of the
static image frame. In addition, with the convolution of hidden
layers of the past time, the CONVLSTM model can have a more
accurate grasp of the sample features on both the dynamic time
sequence and the static image by embedding convolution operation
in the LSTM sequential processing system.

In the course of processing external dynamic images, the biolog-
ical visual system will pay more attention to some detailed features
with more information, that is, spend more calculation resources
on these features, which is also called the attention mechanism of
biological vision. In order to achieve a similar function in computer
vision, the attention mechanism is inspired by this. Our work also
uses the self-attention mechanism to verify the ability of the model
to extract dynamic features. We add the attention operation be-
fore each frame of the image is entered into the CONVLSTM. That
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is, more important features are given greater weight through self-
attention, and then further time sequence operations are carried out.
The algorithm belonging to this kind of self-attention is introduced
as follows. For a flattened image tensor XeRHW*C  we define a
query:Q = XWy.a key:K = XWj, and a value:V = XW,.where
We, Wy €R* and W,eRC*% are learnable matrices.As shown in
equation 6, self-attention is calculated by the dot product of ten-
sor Q and K, and then the weight distribution coefficients of each
feature are obtained by the softmax function. This coefficient is
then multiplied by the eigenvalue correlation tensor V, thus giving
more weight to important information and reducing the allocation
of attention to non-important information. Since the attention co-
efficient is determined by both image X and the trainable weight, it
is a kind of self-attention.

oK™
S

2.3 Spiking based classification

Ap(Q,K, V) = softmax( W 6)

We use Spiking Neural Network as the decision module of the whole
model. Spike neurons are the basic elements of SNN. Relevant re-
searchers have established a variety of models based on the neuron
dynamics of real biological neurons, such as Hodgkin Huxley model,
which more accurately presents the ion flow process of biological
neurons. Although the model structure of Leaky Integrate and Fired
(LIF) neurons is simple, it also dynamically presents the changes
of cell membrane potential, and the calculation is simple, which is
convenient for the construction of large-scale networks. Our work
uses LIF neurons. The complex intermembrane ion flow is ignored
in the LIF neuron model, and only the process of macro membrane
potential change is modeled mathematically. The expression is as
follows:

O (1)~ Ve + X(1) )
Where V(t) represents the membrane potential at the current mo-
ment, X (t) represents the stimulus received by the neuron at this
moment, 7 is a time constant, and V¢ is the resting potential. The
connotation expressed by the formula is that the change of the
membrane potential at a certain time is determined by the current
state of the membrane potential and the external input. There’s also
the concept of a membrane potential threshold V;;. When the cell
membrane potential exceeds the threshold, the spike is emitted, and
after that, the membrane potential is reset back to the resting po-
tential Vy¢s;. LIF reduces computational costs with uncomplicated
modeling while retaining a certain amount of biological rationality.
In order to facilitate the realization of this process by a computer
program, the discrete expression form is given here:

H(t) = f(V(t - 1),X(2)) ®
S(t) = g(H(t) = Vin) ©
V(1) = H(t)-(1 = S(2)) + Vres-S(t) (10)

Where, g: a gated function and represents the spike emission process.f*:
Function that describes the network’s state changes over time. H(t):
Represents the membrane potential of spiking neurons at the cur-
rent time step. S(¢): Represents the spikes emitted by the spiking
neural network at the current time step. V,.¢s;: Represents the rest-
ing membrane potential of the spiking neuron.
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As the trigger of the spike in SNN is represented by a gate func-
tion that cannot be differentiated, it is also difficult to apply the
conventional BP algorithm to the parameter training of SNN. At
present, the commonly used method is to convert ANN to SNN.
This method is to directly assign the parameters trained by ANN
directly to SNN. However, this method has two defects. First, the
delay is large. In addition, since the weight training is completed
on ANN and the parameters are not continued to be trained in
the spike activity, it also loses a lot of spatio-temporal information.
Another method for training SNN is gradient substitution, that is,
the function with a higher slope replaces the non-differentiable gate
function in the backpropagation of error so that it can be trained
more conveniently by BP algorithm.

Your work should use standard IKIEX sectioning commands:
section, subsection, subsubsection, and paragraph. They should
be numbered; do not remove the numbering from the commands.

Simulating a sectioning command by setting the first word or
words of a paragraph in boldface or italicized text is not allowed.

2.4 Experimental settings

The experiments are evaluated on a server equipped with 5 cores
Intel(R) Xeon(R) Gold 5218 CPU with 2.40GHz and 1 NVidia GeForce
RTX 4090 GPU. The operating system is Ubuntu 20.04. Besides, we
use spikingjelly [7] as our basic software simulation platform.

We experiment with the performance of our model on two
datasets, DVS-128Gesture and CIFAR-10DVS. Among them, the
DVS-128Gesture was obtained by sampling the presenter’s action
in real time with the DVS camera, and the CIFAR-10DVS was ob-
tained by dynamically moving the static dataset in front of the DVS
camera. Our RSNN model adopts the method of phased training,
that is, the RNN module is trained first, and then combined into
the RSNN network to train the subsequent SNN parts.

Our experiments are carried out on pytorch framework and
spikingjelly, which is a framework for spiking neural networks de-
veloped on the basis of pytorch. We compared several RNN module
structures to find the difference in their feature extraction capabil-
ities. The differences of various methods will be introduced later.
The network structure of RNN module we adopted is the structure
of convolutional LSTM. The structure of SNN module is quoted in
the paper[9]. This SNN is composed of several convolution layers
and two fully connected layers. For different datasets, the number
of convolution layers is different. For all convolution layers, the
size of convolution kernel is 3, the stride is 1, and the padding is
1. We used LIF neuron as the basic element of SNN, and the time
constant of the neuron was set as 7=2.0. In the pre-processing of
video samples, we adopt the method of average segmentation and
addition, in which the number of frames of segmentation is T=20.

We utilized the data preprocessing approach provided by spik-
ingjelly. The specific method was to select the time step T required
for the experiment, and then each sample was evenly divided into
T parts in the time dimension. We combine all the time information
in a period of time into one frame. In the cut time segment, the
events in the same spatial position are added together, and finally,
the corresponding position of the frame is the addition result. This
preprocessing method reduces the complexity of the original data
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and provides convenience for subsequent data processing.In our
experiments, we used a slice size of 20 frames.

2.5 RNN module pre-training

RNN module is responsible for the intensive extraction of dynamic
time sequence features in the whole RSNN model. The main frame-
work of the network is the CONVLSTM network. On this basis,
some details are optimized and improved. Firstly, in terms of the
module structure of RNN, we generally adopt two different struc-
tures, namely multi-layer CONVLSTM and convolution LSTM with
self-attention mechanism. The purpose of conducting experiments
on RNN of these two structures is to verify the advantages of self-
attention mechanism in feature extraction and energy consumption.
In addition, we found that, although the pooling layer can acceler-
ate the training speed, it also reduces the scale of the picture, which
affects the accuracy of the model. Therefore, the number of pooling
layers and the training speed should be balanced. In addition, for
the output of the CONVLSTM, we employed five different decision
layer structures as follows:

Take the last frame: Take the output of the last time step of the
convolution LSTM and input it into Convolutional Neural Network.

Add all frames: Add the frames output by each time step of
convolution LSTM to one frame, then input to Convolutional Neural
Network.

All frames are averaged:After averaging the values of the
frames added together,then input to Convolutional Neural Network.

Temporal dimension concatenation: Concatenate frames
at each time step along the temporal dimension, then input to
Convolutional Neural Network.

One-dimensional LSTM as the decision layer: The output
of the CONVLSTM, flattened over time steps, and then fed into a
one-dimensional LSTM.

In the first method, since CONVLSTM has the memory ability in
the temporal dimension, the content of the last output frame selec-
tively remembers the content of the previous moment. Therefore,
we believe that the last frame contains all the information of the
moment to some extent, so we choose the information of the last
frame as the subsequent input. In the second method, we add the
values of frame output on all-time steps to obtain a new frame after
summing. The reason for this operation is that the information of
each time step can be well preserved because the selective memory
of convolutional neural network cannot ensure that the useful in-
formation can be completely retained. In the third method, in order
to simplify the data, we choose to average the values obtained by
the second method. In the fourth method, the output vector shape
of CONVLSTM is (w, h, ¢, t), where w and h are the length value
of the vector,c is the channel numbers of output by the convolu-
tion layer, and ¢ is all the output steps of CONVLSTM. In order to
retain the temporal and spatial information as comprehensively
as possible, we hope to reduce the loss of information through as
few simple processing operations as possible. So we superpose the
features in the time dimension. In this way, the information in the
time dimension is transferred to the channels, and all information is
preserved comprehensively. Finally, the shape of the ground vector
is (w, h, cxt). In the fifth method, in order to retain more informa-
tion, we hope to use one-dimensional LSTM layer to replace the
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original convolutional layer. We add the output of the LSTM of the
last layer by step size to get the final output, and then judge the
voting layer.

We visualized the output of the final layer of the CONVLSTM
for these five methods, and the visualized results are shown in
Fig.2. We present the feature diagram of each time step for each
method. However, due to the difference in the number of frames
processed by each method, we took out the CONVLSTM output
of the trained RNN model and added all channels together at each
time step. To make the feature representation more obvious, we
enhanced each image. Each group of pictures has two lines, and
each line has a total of 10 pictures, from the first picture to the
20th are the times step of the feature maps. In Fig.2, origin img
is the sample of input, which is the temporal image of the action
left hand in the DVS-128Gesture dataset. AVG is the feature im-
age output by convolution LSTM after the training of the frame
averaging method. It can be seen from the figure that the feature
image obtained by this method can basically obtain the arc track
drawn by the human arm on the left front of the human body, and
as time goes by, the frames of subsequent moments retain part of
the features of the frames at previous moments, that is, give play
to the ability of timing memory. It preserves the characteristics
of the present moment and the moments before it. However, it is
also obvious that the noise of this method is quite serious, so that
the human body is completely submerged in the noise, and the
track of hand movement is not clear. The feature map obtained
by SUM method is relatively clear, without so many chaotic noise
particles as the previous method. However, the defect is that the
contour of the arm rotation in the feature map at different moments
is similar, and the position of the arm at the current moment is
not highlighted, although remembering previous information, the
realization of features is not particularly significant for left hand
clockwise, which is a cyclical movement. The lastframe method
does the same thing, focusing only on the broad outline of the arm
rotation and not on any particular point in time. The 120channels
method, which produces a feature graph that lightens the arm ro-
tation while highlighting the human body, we believe that this
method is advantageous to sample classification because there is a
right-hand clockwise category in DVS-128Gesture, The arm rotates
on the right side of the human body, and the clear outline of the
human body as a reference is more conducive to the differentiation
of these categories. Finally, The FC to LSTM method. The feature
map obtained by this method is the clearest among these methods,
and the rotation outline of the arm and the human body is the most
obvious. At different times, the outline of the arm does not look
like a circle, which can be distinguished by the shades of color.

We analyze the performance comparison of two structures and
five processing methods on two datasets. The two structures are
multi-layer convolutional LSTM(CL) and attention-adding convo-
lutional LSTM(CLA) respectively. The structures of the two models
are shown in Table 1, where nC3 refers to a convolutional layer
with n input channels and a convolution kernel size of 3x3. MPn
refers to the max pooling layer with the pooling kernel size of nxn,
and likewise APn refers to the average pooling layer. CLn refers to
the CONVLSTM whose convolution kernel is nxn and the number
of input channels is m, L and FC are one-dimensional LSTM and
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Figure 2: output feature map comparison

Table 1: RNN module structure

Dataset Model structure

CL(fc to Istm): Input-2CL3-MP2
-4CL3-MP2-61441.-1536L-384L-100-AP10

CL(others): Input-2CL3-MP2-4CL3
-MP2-6C3-MP2-64C3-64C3-MP2
-32C3-2048FC-512FC-100-AP10
CIFAR10DVS
CLA(fc to Istm): Input-AP4-2CLA3
-10240L-2560L-640L-100-AP10

CLA(others): Input-AP4-2CLA3-10C3
-MP2-64C3-64C3-MP2-32C3
-2048FC-512FC-100-AP10

CL(fc to Istm): Input-2CL3-MP2
-4CL3-MP2-6144L-1536L-384L-110-AP10

CL(others): Input-2CL3-MP2-4CL3
-MP2-6C3-MP2-64C3-MP2-64C3-MP2
512FC-128FC-110-AP10
DVS128Gesture
CLA(fc to Istm): Input-AP4-2CLA3
-10240L-2560L-640L-110-AP10

CLA(others): Input-AP4-2CLA3-10C3
-MP2-64C3-MP2-64C3-MP2
-512FC-128FC-110-AP10

fully connected layers respectively. In addition, CLA represents the
CONVLSTM with attention.

The main structure of the model is divided into two parts. The
first part acts as the RNN module of the feature extraction layer.

The multi-layer CONVLSTM consists of two hidden layers, and the
number of channels of the two hidden layers is 4 and 6 respectively.
The CONVLSTM with added attention has a 4x4 average pooling
layer and a convolution attention LSTM with one hidden layer. The
second part for CNN or LSTM to make decisions through features, in
the use of lastframe, sum, avg, 120 channels as the intermediate data
processing method, with the CNN network as a decision module,
for CIFAR-10DVS dataset, We used a four-layer convolution, and
DVS128Gesture three-layer convolution. With the FC to LSTM
method, we use a three-layer LSTM as the decision module. In
order to facilitate the comparison of various methods, we plot the
changes in the accuracy of several methods of different datasets on
the same line chart which are shown in Fig.3. there are four graphs,
where the first line is the curve of the multilayer convolution model
and the second line is the curve of the model with added attention.
The five methods are plotted in the same diagram. Since the size of
the CIFAR-10DVS dataset is larger, we trained a total of 150 epochs,
and for the smaller DVS128Gesture dataset, we trained a total of 300
epochs. We can get a general rule from the four figures, that is, the
three basic methods, last frame, sum, and mean, their performance
is not different, and the accuracy curve has a similar trend. However,
although the method using LSTM instead of the full connection
layer has the least intermediate information processing steps, it
has the worst performance, because of the low complexity of the
model. In other methods, the output of the previous RNN module
is followed by a structure with multi-layer convolution, while the
fc to Istm method directly uses three-layer LSTM to replace CNN,
and its performance naturally decreases as the complexity of the
model decreases. In Table 2 we show the optimal performance of
each method.

2.6 RSNN model analysis

After the best RNN model is obtained, the combination of RNN and
SNN can be carried out. We first chose the RNN module model with
the best performance to combine with the SNN network. For the two
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Table 2: RNN module accuracy

model method DVS128Gesture CIFAR10DVS
lastframe 0.944 0.684
sum 0.958 0.695
Convolution LSTM mean 0.955 0.678
120channels 0.861 0.642
fc to Istm 0.771 0.399
lastframe 0.944 0.649
sum 0.951 0.647
Convolution LSTM with attention mean 0.965 0.663
200channels 0.958 0.637
fc to Istm 0.823 0.466

Multilayer convolution in DVS128Gesture
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Ad A AN NANNN®OHO OO T

EPOCH

Attention in DVS128Gesture

ACC

R R =]
NS OO O o
NANNN®mmomon oS

Multilayer convolution in CIFAR10-DVS

— FCTOLSTM
—— 120CHANNELS
SUM
LASTFRAME
— MEAN
"HRRIINBREBELAIREEG
Attention in CIFAR10-DVS
— FCTOLSTM
—— 200CHANNELS
SUM
LASTFRAME
— MEAN
PHLARTIFBRIIFIESAIIFER
EPOCH oo e e

Figure 3: Accuracy comparison

Table 3: The performance comparison between the proposed
RSNN and other SNN models

model DVS128Gesture CIFAR10-DVS

Our RSNN(CL) 0.955 0.669

Our RSNN(CLA) 0.951 0.671

SCNN (4layer) — 0.692
SCNN (3layer) 0.906 —
CNN-based SNN[12] 0.936 —-
SLAYER([30] 0.934 —
STBP[12] 0.934 —

STBP[34] — 0.605

datasets, we adopt the SNN network in the form of two-dimensional

convolution of different sizes. For CIFAR-10DVS, we adopt four-
layer convolution SNN, and for DVS-128Gesture, we adopt three-
layer convolution SNN. Here we call SNN of this convolution form
SCNN, The structure of the two SCNNss is {128SC3-BN128-MP2-

128SC3-BN128-MP2-1285C3-BN128-MP2-128SC3-BN128-MP2-1285C3-

MP2-(128Xmxm)SL-(32xXmxm)SL-Nx10} and {128SC3-BN128-MP2-
128SC3-BN128-128SC3-BN128-MP2-128SC3-BN128-(128Xmxm)SL-
(32xmXxm)SL-Nx10}. Same as the expression before, SC here repre-
sents the convolutional layer of SCNN and SL represents the fully
connecting layer composed of spiking neurons. In particular, m
here is determined by the size of the image input. N refers to the
number of categories, and its values are 11 and 10, respectively.
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Table 4: Energy Consumption Comparison between CONVLSTM(RNN) and RSNN

872

RSNN(CLA) RSNN(CL) CONVLSTM(RNN) 873

synops(led) 231 133 — o
floats(1e4) — — 27.67 56
energy(le-7J) 0.21 0.12 12.73 -

accuracy 0.948 0.952 0.958 878

879

880

In order to verify that our RNN module can improve the perfor- using 32-bit floating-point implementation on a 45nm technology, 881
mance of the entire RSNN network through its feature extraction Emac (Energy for Multiply-Accumulate) is 4.6pJ, and E4c (En- 882
capability, we conducted experiments on SCNN and RSNN. In the ergy for Accumulate) is 0.9p]. We will perform an analysis and 883
experiments of RNN modules, the CONVLSTM structure obtained comparison based on these data. In spiking neural networks, we 884
the best performance on the two datasets when SUM method was calculate the number of spike emissions according to the concept 885
adopted, and the CONVLSTM structure with attention was the of total Synaptic Operations which is named Synops. Unlike ANNs, 886
best performance when MEAN method was adopted. Therefore, we in spiking neural networks, each spike emission corresponds to 887
adopt the RNN modules constructed by these two methods to form an accumulation operation, which results in lower energy con- 888
the RSNN network for subsequent experiments. The experimental sumption per calculation compared to traditional ANNs. Our RSNN 889
results are shown in Table 3. network, which we used in previous experiments, takes contin- 890
As shown in Table 3, the performance of the two RSNN networks uous numerical frames as input to the SNN layer directly after 891

is better than the SNN network in the DVS-128Gesture dataset, processing by CONVLSTM, effectively serving as an encoder layer. 892
which shows that the addition of the RNN module improves the The calculation in the first layer of this encoder is in the form of 893
performance of the original model, because the structure of Convo- multiplication and accumulation, similar to CNN operations. This 894
lutional LSTM promotes the further extraction of spatiotemporal direct encoding of continuous numerical images incurs additional 895
details. In the comparison between the two RSNN networks, the energy consumption. To highlight the energy advantage of SNN, 896
performance of RSNN(CL) is slightly better. We analyze that there we applied a simplified SNN structure to RSNN and conducted ex- 897
is a 4x4 average pooling layer in the first layer of the network periments on the DVSGesture dataset. The experimental results 898
model of CLA. This pooling layer is added in consideration of the also indicate that our RSNN model has a greater energy advantage 899
limitation of hardware performance because it reduces the original over the RNN model, with a relatively minor decrease in accuracy 900
input feature graph of 128x128 to 32x32. This also causes part of consumption. For more specific comparisons, refer to Table 4. 901
the spatial information lost, affecting the final performance. There- Since the structures of CONVLSTM and convolutional LSTM 902
fore, RSNN (CLA) can maintain a similar performance to RSNN (CL) with attention models are the same as RSNN in the convolutional 903
when the size of the input feature map is smaller, which also proves LSTM part, the difference lies in the subsequent CNN decision and 904
that the self-attention mechanism can promote the model to ex- SNN network. For simplicity, the energy consumption comparison 905
tract spatio-temporal information. However, the accuracy of RSNN is made between CNN and SNN only. In the case of SNN networks, 906
model on CIFAR-10DVS is inferior to SNN model. We believe that we calculate the number of spike emissions by running one epoch 907
this is because the pooling layer in RNN module reduces the size of on the test set and then computing the average number of spike 908
the picture. The input image of SNN decision in RSNN is 32x32 and emissions for a single image. 909
SNN is 128x128. So we retrain with the convolution LSTM without 910
the pooling layers The result obtained is 0.711, which also proves 911
the validity of RSNN on CIFAR-10DVS. 3 CONCLUSION 912
We compared the performance of our model with other models in In this paper, a dynamic visual cognitive model RSNN based on 913
DVS-128Gesture, and listed two models in total, SNN (CNN based) biological brain is proposed. Inspired by the time memory ability 914
and SLAYER. The accuracy of our model was about 2% higher in of human visual system neurons for dynamic images, we use the 915
the DVS-128Gesture, and this was based on the premise that there RNN module to simulate the function of this part and take the pulse 916
were fewer SNN layers, and our model had more advantages in neural network with the same data transmission mode as biological 917
power consumption and performance. neurons as the decision-making module. Based on this, we con- 918

2.7 Energy consumption analysis

In the previous section, we mentioned that spiking neural networks
have a significant energy consumption advantage over traditional
artificial neural networks (ANNs), which we have also demonstrated
in our experiments. For traditional ANNS, energy consumption is
typically calculated based on the number of floating-point oper-
ations (FLOPs). According to the data provided in the paper[13],

struct the dynamic DVS image model. We show that this model
can greatly improve the ability of a single SNN structure network
to identify DVS data and achieve better performance with fewer
SNN layers through efficient spatio-temporal feature extraction,
which can achieve lower energy consumption, and shallower SNNS
are convenient for other training methods. In the future, we will
further study the recognition decision principle from biological
visual systems and apply the relevant structural functions to the
performance improvement of SNN model in the field of vision.

919

920

921

922

923

924

925

926

927

928



RSNN: Recurrent Spiking Neural Networks for Dynamic Spatial-Temporal Information Processing ACM MM, 2024, Melbourne, Australia

929 REFERENCES [23] Kaushik Roy, Akhilesh Jaiswal, and Priyadarshini Panda. 2019. Towards spike- 987
930 [1] Filipp Akopyan, Jun Sawada, Andrew Cassidy, Rodrigo Alvarez-Icaza, John based machine intelligence with neuromorphic computing. Nature 575, 7784 988
031 Arthur, Paul Merolla, Nabil Imam, Yutaka Nakamura, Pallab Datta, Gi-Joon Nam, (2019?’ 607—61‘7' i L. . i 989
etal. 2015. Truenorth: Design and tool flow of a 65 mw 1 million neuron pro- [24] Yannick Schnider, Stanistaw Wozniak, Mathias Gehrig, Jules Lecomte, Axel von
932 grammable neurosynaptic chip. IEEE transactions on computer-aided design of Arnlmi LucaA Benini, Davide Sca‘ramuzza, and Apgellkl Pantazi. 2023. Neuro- 990
33 integrated circuits and systems 34, 10 (2015), 1537-1557. morphic Optical Flow and Real-time Implementation with Event Cameras. 2023 991
.. [2] Arnon Amir, Brian Taba, David Berg, Timothy Melano, Jeffrey McKinstry, IEEE/CVF Conference on Computer Yision anfl Pattern Recognition Workshops -
4 Carmelo Di Nolfo, Tapan Nayak, Alexander Andreopoulos, Guillaume Garreau, (CVPRW) (2023), 4129_41'38' https://apl.semantlcs'(:hola‘r.org/CorpusID:258170484 2
935 Marcela Mendoza, et al. 2017. A low power, fully event-based gesture recogni- [25] Abhronil Sengupta, Yuting Ye, Robert Wang, Chiao Liu, and Kaushik Roy. 2019. 993
936 tion system. In Proceedings of the IEEE conference on computer vision and pattern Cf"mg deeper m spiking neural networks: VGG and residual architectures. Fron- 994
recognition. 7243-7252. tiers in neuroscience 13 (2019), 95.
937 [3] Dante R Chialvo. 2010. Emergent complex neural dynamics. Nature physics 6, 10 [26] Jiangrong Shen, Jian K Liu, and Yueming Wang. 2021. Dynamic Spatiotemporal 995
038 (2010), 744-750. Pgttem Recognition With Recurrent Spiking Neural Network. Neural Computa- 996
939 [4] Mike Davies, Narayan Srinivasa, Tsung-Han Lin, Gautham Chinya, Yonggiang tion 33, 11 (2021), 297172995‘ . . » 997
Cao, Sri Harsha Choday, Georgios Dimou, Prasad Joshi, Nabil Imam, Shweta Jain, (27] Jlan.gror?g Shen, Yu Zhao, Jian K Liu, and Yueming Wz_lngA 2020. Recognizing
940 et al. 2018. Loihi: A neuromorphic manycore processor with on-chip learning. scoring in basketball game from AER sequence by spiking neural networks. In 998
041 Teee Micro 38, 1 (2018), 82-99. 2020 International Joint Conference on Neural Networks (IJCNN). IEEE, 1-8. 999
[5] Shi-Wee Deng, Yuhang Li, Shanghang Zhang, and Shi Gu. 2022. Temporal (28] Ji?‘%“’“& Shen, Y}‘ Zhao, Jian K Liu, and Y“emiﬂg Wang. ?021' HybridSNN: Com-

2 Efficient Training of Spiking Neural Network via Gradient Re-weighting. ArXiv bining B10-M§ch1ne Strengths by Boosting Adathe Spiking Neural Networks. 1000
943 abs/2202.11946 (2022). https://api.semanticscholar.org/CorpusID:247084286 IE_EE ?_"mnsa_ctwns on Neural Networks and Lec?rnmg Systems (2921)‘ 1001
[6] Chaoteng Duan, Jianhao Ding, Shiyan Chen, Zhaofei Yu, and Tiejun Huang. [29] Xingjian Shi, Zhourong Chen, Hao Wang, Dit Yan Yeung, Wai Kin Wong, and
o i  Ners ’ ’ ! s Wang Chun Woo. 2015. Convolutional LSTM Network: A Machine Learni 1002

2022. Temporal Effective Batch Normalization in Spiking Neural Networks. In ang thun Woo. z015. L-onvolutiona etwork: achine Learning
945 Advances in Neural Information Processing Systems, Alice H. Oh, Alekh Agarwal, Approach for Precipitation Nowcasting. MIT Pr €SS (2015). . . 1003
946 Danielle Belgrave, and Kyunghyun Cho (Eds.). https://openreview.net/forum? [30] SB Shres‘tha and G. Orchard. 2018. SLAYER: spike layer error reassignment in 1004
id=fLIgyyQiJqz time [arXiv]. arXiv (5 Sept. 2018), 10 pp.
47 [7] Wei Fang, Yangi Chen, Jianhao Ding, Zhaofei Yu, Timothée Masquelier, Ding [31] Martino Sorbaro, Qian Liu, Massimo Bortone, and Sadique Sheik. 2020. Opti- 1005
948 Chen, Liwei Huang, Huihui Zhou, Guogi Li, and Yonghong Tian. 2023. Spiking- mizi?lg Fhe energy .congumption 'of spiking neural networks for neuromorphic 1006
949 Jelly: An open-source machine learning infrastructure platform for spike-based applications. Frontiers in neuroscience 14 (2020), 662. . 1007
050 intelligence. Science Advances 9, 40 (2023), eadi1480. [32] David Weikersdorfer, DaYld B Adrian, Daniel Cremers, find ]prg Conradt. 2014. 008
S [8] Wei Fang, Zhaofei Yu, Yangi Chen, Tiejun Huang, Timothée Masquelier, and Event-based ?D SLAM with a depth-a}ugmented dynamic vision sensor. In 2014
951 Yonghong Tian. 2021. Deep residual learning in spiking neural networks. Ad- IEEE international conference on robotics and automation (ICRA). IEEE, 359-364. 1009
052 vances in Neural Information Processing Systems 34 (2021), 21056-21069. [33] Star'lisiaw Wozniak, Ange}liki}Pantazi, Thomgs Bohnstingl, apd Evangelos Eleft- 1010
[9] Wei Fang, Zhaofei Yu, Yangi Chen, Timothée Masquelier, Tiejun Huang, and herlou. ?020. Deep learnlng incorporating blqloglcall}{ inspired neural dynam-
953 Yonghong Tian. 2021. Incorporating learnable membrane time constant to en- ics and In-memory computing. Nature Machine Intelligence 2 (2020), 325-336. 1on
954 hance learning of spiking neural networks. In Proceedings of the IEEE/CVF Inter- htt? s:// apl.selmantlcscholal".o%'g/ CorpusID:220519739 . ) ) 1012
- national Conference on Computer Vision. 2661-2671. [34] Yulle'Wu, Lei ]'De.jng, Guogqi Li, Jun Zhu, Yuan Xie, and Luping Shi. 20}94 Direct 013
[10] Walter Freeman and Rodrigo Quian Quiroga. 2012. Imaging brain function with training for spiking neural networks: Faster, larger, better. In Proceedings of the
956 AAAI conference on artificial intelligence, Vol. 33. 1311-1318. 1014

EEG: advanced temporal and spatial analysis of electroencephalographic signals.

057 Springer Science & Business Media. [35] Qi Xu, Yaxin Li, Jiangro_ng Shep, Ping_pi_ng Zhang, Jian K Liu, Hgajin Tang, 1015
[11] Jiuxiang Gu, Zhenhua Wang, Jason Kuen, Lianyang Ma, Amir Shahroudy, Bing and (._‘,ang'Pan. 2022. Hierarchical Splklng—Based Mode'l for Efficient Im_age
958 Shuai, Ting Liu, Xingxing Wang, Gang Wang, Jianfei Cai, et al. 2018. Recent Classification With Enhanced Feature Extraction and Encoding. IEEE Transactions 1016
959 advances in convolutional neural networks. Pattern recognition 77 (2018), 354— on NeuralNgtworks and Learning Systems (202%)' 1017
060 377. [36] Qi Xu, Yu Qi, Hang Yu, Jiangrong Shen, Huajin Tang, Gang Pan, et al. [n.d.]. 101
[12] Weihua He, Yu Jie Wu, Lei Deng, Guoqi Li, Haoyu Wang, Yang Tian, Wei Ding, C;nn: an augmented spiking based fram.e'work with perceptron—i'nceptio.nA
961 Wenhui Wang, and Yuan Xie. 2020. Comparing SNNs and RNNs on neuromorphic (37] QiXu, Jmngrong'Shen, Xumullg Ran, H}mjm Tang, Gang me’ and Jian K Liu. 2_021' 1019
962 vision datasets: similarities and differences [arXiv]. arXiv (2 May 2020), 14 pp. Robust transcoding sensory m.formatlon with neural spikes. IEEE Transactions 1020
) [13] Mark Horowitz. 2014. 1.1 Computing’s energy problem (and what we can do about on Neural Networks and Learning Systems 33, 5 (2921)’ 1935-1946. ) . ;
963 . . . A . ; [38] Qu Yang, Jibin Wu, Malu Zhang, Yansong Chua, Xinchao Wang, and Haizhou Li. 1021
it). In 2014 IEEE International Solid-State Circuits Conference Digest of Technical g J1D] > 8 g -hua, & & <
964 Papers (ISSCC). 10-14. https://doi.org/10.1109/ISSCC.2014.6757323 2022. Training Spiking Neural Networks with Local Tandem Learning. arXiv 1022
965 [14] Yangfan Hu, Huajin Tang, and Gang Pan. 2021. Spiking deep residual networks. preprint aerv:ZZ{Q,O4532 (2922)' . . X 1023
IEEE Transactions on Neural Networks and Learning Systems (2021). (39] Hfmle ‘Zheng, Y‘%J‘e Wau, Lei Der}g, Yifan Hu, and Guogi Li. 202}' Going deeper ;
966 [15] Saced Reza Kheradpisheh, Mohammad Ganjtabesh, Simon J Thorpe, and Timo- with dlrectlyftram‘ed'larger splkmg neural networks. In Proceedings of the AAAI 1024
967 thée Masquelier. 2018. STDP-based spiking deep convolutional neural networks Conference on Artificial Intelligence, Vol. 35. 11062-11070. 1025
968 for object recognition. Neural Networks 99 (2018), 56-67. 1026
[16] Hongmin Li, Hanchao Liu, Xiangyang Ji, Guoqi Li, and Luping Shi. 2017. Cifar10- )
969 dvs: an event-stream dataset for object classification. Frontiers in neuroscience 11 1027
970 (2017), 309. 1028
071 [17] Yuhang Li, Shikuang Deng, Xin Dong, Ruihao Gong, and Shi Gu. 2021. A free 1029
) lunch from ANN: Towards efficient, accurate spiking neural networks calibration. ]
72 In International Conference on Machine Learning. PMLR, 6316-6325. 1030
973 [18] De Ma, Juncheng Shen, Zonghua Gu, Ming Zhang, Xiaolei Zhu, Xiaoqiang Xu, 1031
Qi Xu, Yangjing Shen, and Gang Pan. 2017. Darwin: A neuromorphic hardware
974 . . 1032
co-processor based on spiking neural networks. Journal of Systems Architecture
975 77 (2017), 43-51. 1033
976 [19] Wolfgang Maass. 1997. Networks of spiking neurons: the third generation of 1034
neural network models. Neural networks 10, 9 (1997), 1659-1671.
77 [20] Jing Pei, Lei Deng, Sen Song, Mingguo Zhao, Youhui Zhang, Shuang Wu, Guanrui 1035
978 Wang, Zhe Zou, Zhenzhi Wu, Wei He, et al. 2019. Towards artificial general 1036
979 intelligence with hybrid Tianjic chip architecture. Nature 572, 7767 (2019), 106~ 1037
111.
980 [21] Ernesto Pereda, Rodrigo Quian Quiroga, and Joydeep Bhattacharya. 2005. Nonlin- 1038
981 ear multivariate analysis of neurophysiological signals. Progress in neurobiology 1039
o8 77, 1-2 (2005), 1-37. Loto
[22] Dawid Potap, Marcin Wozniak, Wei Wei, and Robertas Damasevic¢ius. 2018. Multi-
983 threaded learning control mechanism for neural networks. Future Generation 1041
984 Computer Systems 87 (2018), 16-34. 1042
985 1043

986 1044


https://api.semanticscholar.org/CorpusID:247084286
https://openreview.net/forum?id=fLIgyyQiJqz
https://openreview.net/forum?id=fLIgyyQiJqz
https://doi.org/10.1109/ISSCC.2014.6757323
https://api.semanticscholar.org/CorpusID:258170484
https://api.semanticscholar.org/CorpusID:220510739

	Abstract
	1 Introduction
	2 Methods
	2.1 Overview of the proposed RSNN model
	2.2 Feature extraction and encoding
	2.3 Spiking based classification
	2.4 Experimental settings
	2.5 RNN module pre-training
	2.6 RSNN model analysis
	2.7 Energy consumption analysis

	3 Conclusion
	References

