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Abstract: In this paper, a spiking neural network (SNN) has been proposed for recognizing the digits written on the
LCD screen of an experimental setup. The convergence of the learning algorithm has been ensured by using sliding
mode control (SMC) theory and the Lyapunov stability method for the adaptation of the network parameters. The spike
response model (SRM) has been utilized in the design of the SNN. The performance of the proposed learning scheme has
been evaluated both on the experimental data and on the MNIST dataset. The simulated and experimental results of
the SNN structure have been compared with the responses of a conventional neural network (ANN) for which the weight
update rules have been also derived using SMC theory. The conducted simulations and experimental studies reveal that
convergence can be ensured for the proposed learning scheme and the SNN yields higher recognition accuracy compared

to a conventional ANN.
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1. Introduction

Handwritten digit recognition can be considered as a benchmark problem in the field of pattern recognition, with
applications varying from automatic postal letter sorting to bank cheque processing. The challenges associated
with this recognition task arise from the fact that the style of handwritten digits differs greatly across people
and regions and it highly depends on the writing medium. Furthermore, even for the same person, the style
of the digits might vary at different times. To overcome these difficulties and to provide improved recognition
accuracy, various machine-learning techniques have been proposed in the literature. Among these, conventional
and deep neural networks constitute the most extensively exploited ones [1-3].

In biological neurons, sequences of spikes are used to transmit information among the presynaptic and
postsynaptic neurons. In the postsynaptic neurons, the incoming spikes give rise to alterations in the chemical
and electrical properties of the membrane potential. Different mathematical models referred to as artificial
neuron models, have been proposed to model the relationships among inputs and outputs of biological neurons
[4]. The perception model forms the first generation of artificial neural networks, and in this relatively simple
neuron model, a threshold function has been utilized as the activation function resulting in an all-or-none
response as the output. In the second generation, the threshold function has been replaced by a continuous

activation function enabling the outputs of neurons to lie within the interval [0,1]. The typical network
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structure of this generation of neural networks is the multilayer perceptron model (MLP). For both generations,
the outputs can be considered as the normalized firing rate of the neurons, and hence this coding scheme has
been generally called rate coding, which has been the prevailing approach in machine learning for many years.
Several successful results have been reported on the application of this scheme for digit recognition problems
[5]. Currently, convolutional neural networks (CNNs) have become the prevalent approach for recognition
applications. CNNs are deep-learning neural networks composed of multiple successive convolutional layers
followed by pooling layers. They constitute a powerful tool for pattern recognition tasks, as the number of
hidden layers can be as many as 30, whereas in a traditional neural network, this number is limited to 3.

Despite the fact that breakthrough progress has been reported in the literature for both MLP and CNN,
their information-processing process is biologically inaccurate and fails to reflect the actual working mechanism
of biological neurons. On the contrary, spiking neural networks (SNNs) have gained popularity in recent years
due to their ability to better model the temporally dynamic nature of biological neural systems. SNNs use spikes
that are used to convey information, rather than continuous activation values as in traditional ANNs. This
makes SNNs more energy efficient and biologically realistic [6, 7]. Analogous to the biological neurons, in SN
models, the data to be transmitted among neurons are encoded in the precise timing information of the spikes
whereas all spikes have the same magnitude, i.e. unlike the MLP, the magnitude of the spikes does not provide
any information. Hence, SNNs are equipped with a more powerful information representation ability, which is
essential for handling temporal and spatiotemporal data. Furthermore, the use of discrete spike trains instead
of analog signals, lower energy requirement due to the asynchronous operating principle, and parallel processing
capability make SNNs more suitable for hardware implementations than the second-generation networks [8].

The above-mentioned advantages along with the fast adaptation capability of SNNs result in an increasing
number of applications of SNNs in diverse areas including the digit recognition problem [9-11]. In most of the
research articles in this area, the backpropagation method with gradient-decent algorithm has been used [12-
14]. Despite the reported successful results, the conventional methods used for the adaptation of the network
parameters suffer from the possibility of convergence to local minima. Furthermore, the robustness of these
algorithms cannot be guaranteed. This study aims to develop novel robust learning algorithms that can be
used in the new generation of neural networks for machine learning applications. For this purpose, the weight
adaptation rules have been derived by making direct use of the sliding mode control theory and Lyapunov
stability theorem to guarantee the robustness of the learning process. The efficacy of the proposed learning
scheme has been assessed on the data obtained from an experimental setup and also on the benchmark digit
recognition dataset, the MNIST dataset.

This paper is organized as follows: The general structure of a spiking neural network has been explained
in Section 2. In Section 3, the novel learning algorithm based on the sliding mode control theory has been
detailed. The results of the simulations have been presented in Section 4. The details of the experimental
setup and the results of the experimental studies have been given in Section 5. Concluding remarks have been

presented in Section 6.

2. Spiking neural networks

There is a close resemblance between a spiking neuron and its biological counterpart in the sense that both
the inputs and outputs of a spiking neuron have been described by the temporal information of the incoming
and outgoing spikes. Additionally, multiple synaptic connections exist between a presynaptic neuron and a

postsynaptic neuron, each having different weight values with varying delay times. The weight values between
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the neurons indicate the strength of the connections. The spike generation process of a postsynaptic neuron is
demonstrated in Figure 1. Spike trains, which can be described as the sequence of the firing times, constitute
the spiking neuron inputs and outputs. Each firing time in the spike train denotes the time instant at which a

pulse has been generated in the presynaptic neuron and then emitted to the postsynaptic neuron.

m}j-.s(t —t;—db)

t;+dt mt

Figure 1. A spike generated at ¢ = t; has been transmitted to neuron j by k different synapses, each with

its own synaptic weight and delay time. If the aggregated sum of the incoming spikes exceeds the threshold ©
at time ¢;, the neuron j will fire a spike at t =t;

The membrane potential of a spiking neuron can be modeled as a leaky integrator, where the contribution
of the newer spikes to the neuron’s potential is greater than the former spikes. If the resulting neuron potential
exceeds a predefined threshold, a pulse will be generated and then propagated to the postsynaptic neurons
through multiple synapses. This scheme can be considered biologically plausible since, like the biological
neurons, all spikes have the same amplitude, which indicates that the magnitude of the spikes is ineffective
in information encoding, and the transmission of information is provided by the precise timing of the pulses.

In the literature, several mathematical formulations have been extensively used to describe the spike
generation and information transmission processes among spiking neurons [9]. In this study, the spike response
model (SRM) has been preferred over the alternatives because of its mathematical simplicity. Furthermore,
to eliminate the need for a refractory term, it has been assumed that each neuron throughout the network
can fire only a single pulse in each step of the simulation. As illustrated in Figure 1, a spike generated by
presynaptic neuron ¢ at ¢ = t; will be propagated to neuron j by multiple synapses. Each synapse can have

a different synaptic weight and delay time. The following spike response function describes the postsynaptic
neuron potential as a result of the incoming spikes:

N K N K
t):Zwaja —t; —db) =ZZwaz (1)

i=1 k=1 i=1 k=1
with N indicating the number of the presynaptic neurons of neuron j whereas K stands for the number of
synaptic connections. t; corresponds to the spike time of presynaptic neuron i with d* being the time delay of
the k-th synapse. w . denotes the weight value among neurons ¢ and j for synapse k, with the former index

indicating the presynaptlc and the latter the postsynaptic neuron.
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The following formulation for the spike response function, &(t), has been adopted in this study[12]:

L™ >0
- 2
€ { Yo <o @)

with x being the decay time constant. For neuron j, the firing time t; corresponds to the time instant at

which the membrane potential, i.e. weighted sum of the incoming pulses, becomes greater than the threshold
value ©, that is z;(t) > ©.

3. Derivation of the learning algorithm for SNIN

Similar to the multilayer perceptron model (MLP) of the second-generation neural networks, the parameter
update rules for SNNs greatly rely on the gradient descent-based approaches [15, 16]. Even though several
promising results have been attained with these learning algorithms, they can frequently result in suboptimal
performance with respect to convergence speed and robustness. Moreover, as the error surface may include
a number of local minima along with a global minimum, the learning algorithms employing gradient-based
approaches fail to ensure the stability of the learning process as the system can easily get stuck in one of the
local extrema [17].

To alleviate these issues, evolutionary methods can be applied [18, 19]. The main disadvantage of these
approaches is that the stability of the convergence is also indeterminate and it is rather hard to determine
the optimal values of the stochastic operators. As an alternative, learning algorithms relying on the sliding
mode control (SMC) theory have been proposed to update the parameters of the neural network [20-22]. The
main advantages of these learning algorithms are robust system response, faster convergence speed than the
conventional learning schemes, and stability of the learning process.

SMC aims to direct the system trajectories into a plane called the sliding surface, on which the predefined
error function is zero, and then keep them moving along this surface for all succeeding times. The sliding surface
is generally specified by the difference of the outputs of the system from their target values and the derivatives

of these differences. Such a formulation is given below:

d

(n—1)
Se)=(5+3) -y =0 @

with \ being a strictly positive constant. In this formulation, 3 and y? stand for the actual and target output
states of the system, respectively, and n indicates the order of differentiation.

To secure the attractiveness of the sliding surface S(x), the following conditions should be met:
e Any trajectory should remain on the sliding surface if it starts on this surface
e Any trajectory should converge to the sliding surface if it starts outside this surface

Regarding the first condition, if the system states start on the sliding surface, i.e. S(x(t)) = 0, then they

should keep moving on this surface, which requires S (z(t)) = 0. The second condition, which is also called the

reachability condition, requires the following inequalities to be satisfied:

lim $<0 and lim §>0 (4)
S—0+ S—0-
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To satisfy this condition, the Lyapunov stability method should be employed [23].

Consider the Lyapunov function candidate stated as:
1 2
Via,t) = 55(0)? 20 (5)

for which the equality only holds if S = 0. Recalling the Lyapunov stability theorem, to be able to guarantee

the reachability condition, the derivative of the Lyapunov function should be negative definite, which requires

the following condition to be met:

0S(x(t))
ot

with equality being only applicable if S = 0. If a positive definite Lyapunov function candidate fulfilling the

V(x,t,5) = S(x(t)) <0 (6)

reachability condition can be determined, then it will be guaranteed that the states of the system converge to
the sliding surface and remain on this surface for the subsequent time instances.

In this study, a novel learning algorithm relying on the sliding mode control theory has been derived for
multi-input multi-output (MIMO) systems. Considering that there are J output neurons in the given network
structure, J independent sliding surfaces S; (j = 1,...,J) have been designed. In the design of the sliding
surfaces, the order of the differentiation has been set to n = 1, and the differences of the actual times/values of
the output neurons from their target times/values have been employed. To satisfy the reachability condition,
the parameter adaptation rules have been derived such that always a negative value has been attained for the
product of each sliding surface S; with its derivative SJ Thus, unlike the gradient approaches, the convergence
of the algorithm has been guaranteed.

Consider a spiking neural network with a single hidden layer as illustrated in Figure 2. In this network
structure, H neurons exist in the input layer, there are I neurons in the hidden layer and the output layer
consists of J neurons. Furthermore, wﬁi (t) denotes the synaptic weight between the neuron h of the input
layer and the neuron 4 of the hidden layer connected by the synapse k, whereas w;;(t) corresponds to the
weight value among the neuron j of the output layer and neuron ¢ of the hidden layer. To overcome the need
for decoding and thus decrease the computational load, the neurons in the output layer are assumed to be with
a linear activation function.

The learning error e;(t) can be defined as the scalar quantity obtained by e;(t) = 7;(t) — 75(t), 7;(t)
and Tjd(t) being the actual and the desired outputs for the output neuron j, respectively. In accordance with

the SMC approach, a time-varying sliding surface can be defined as follows:

Silej (1)) = e;(t) = (1;(t) = 7}'(t)) = 0 (7)
which provides the output of the neural network, 7;(t), to coincide with the network’s target output signal
-
defined as follows:

(t) for all succeeding times once the sliding surface is reached. The Lyapunov function candidates have been

Vi(S5(1) = 5 53(0) = 5e3(r) =

=35 (75(t) = 7P (1)) (8)

1
2
The reachability condition requires that V;(S;(t))V;(S;(t)) <

candidate V;(5;(t)) can be expressed as:

0. The derivative of the Lyapunov function

Vi(S;(t)) = S;(1)S;(t) = e;é; = e;(# — 7)) 9)

J
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Input Layer H Hidden Layer | Output Layer J

Figure 2. Structure of a three-layered SNN.

The chain rule has been utilized to determine the time derivative of the output signal, 7;, as follows:

dr; or; dw;; O dwf,  O1j | ot;  Oxi(t;) d 7 1
o wy, At owk dt  owy " am(t) ok at; (10)
Wij W Wi Lilli) Owy; =7 O
Assuming that the desired outputs of the network are constants, %jD = 0, then the reachability condition
requires that
J
de Grj . 8ti 83?, (tl) aTj .k
o= "L ey + —— ey <0 11
dt ej awij er J al'z(tz) aw’,; i=1 3ti ejwhz - ( )
where the equality holds if and only if e; = 0. The first term in 10 yields:
or; 0 {Zle wijti}
L = =t (12)

8wij (9101']'

The derivative of the output of the spiking neural network with respect to the hidden layer neuron’s firing times
results in:
I
or, 9 {Zi:l wz‘jtz‘}

T (13)

The direct computation of the derivative of afit(iti) is impossible as t; is not continuous. Therefore, a

linear function of ¢ has been utilized to approximate the function z;. For a small enough region around t;,

the threshold function has been approximated by 0t;(x;) = —dx;(¢;)/, with v corresponding to the partial

derivative of x;(t) with respect to ¢t. Hence am"ztéi) evaluates to:

8ti o |:8tz(.131):| - -1 - —1 (14)
() . - Oz (t;) - H K oy (t;
Owi(t:) 0xi(t) 12,—0 ot D he1 Dokt Wiy yah’t(,i )
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The last term 3;;”7(]5@) in 10 can be computed as:
hi

Oxi(t;) 9 {21'1:1 Zszl wllizyﬁ(t’t)}

= =yr(t; 15
311),’;' 8w}k” Yh ( ) ( )

Using partial derivatives of 12-15, the time derivative of the neural network output becomes:

J
o wizyp (ti) & 16
Tj = LiWi; — Z H ) Oyb(ty) Uhi (16)
j=1 Zh:l Zk:l Whi a4,

Using 16, the derivative of the Lyapunov function candidate yields:

J
i wigeyn(t)
K oYk (¢ )whi (17)
Z wk Y
h=1 k=1 Whi ot;

Vj = tiejiij —

If the parameter update rules for the weights w;; and wy, are chosen as

w;; = —atisgn(e;) (18)

whz ﬂyh Sgn Zwljej Z Zwk yh (19)

j=1 h=1k=1

then the derivative of the Lyapunov function candidate can be written as:

Vi = —a( |ey| - waea yn(t (20)

which implies
V; <0 (21)

with the equality holding if and only if e; = 0, and hence the convergence is guaranteed.

4. Simulation studies
The performance of the developed learning algorithm has been tested first on the MNIST dataset, which is still
popular in testing various machine learning algorithms because of its accessibility and benchmarking capabilities.
Especially for the studies utilizing spiking neurons for recognition tasks, the MNIST data set can be considered
among the most widely used data sets [24-26], as the work on this new generation of neural networks is rather
limited compared to second generation networks, and the use of the MNIST data set enables to compare and
evaluate the performance of the new developed algorithms with the results reported in the literature. To assess
the performance of the proposed learning scheme, learning algorithms based on the sliding mode control theory
have also been adapted to a conventional MLP.

The MLP model used in this study also consists of 3 layers as shown in Figure 3. Similar to the proposed

SNN structure, the neurons in the output layer have a linear activation function, whereas the neurons in the
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Layer H Layer I Layer ]

Figure 3. Multilayer perceptron model with a single hidden layer.

hidden layer have been equipped with a sigmoid activation function. For the given network structure, yf oyl
and ij correspond to the output values of the h-th neuron in the input layer H, i-th neuron in the hidden
layer I and j-th neuron in the output layer J, respectively. For the output neuron j, the error function has
been defined as e;(t) = y/ —yP, with yP () being the target output for the corresponding neuron.

Defining a different sliding surface for each output as S; = e; and selecting the Lyapunov function

candidate for neuron j as V; = %S’%, the derivative of the Lyapunov function candidate can be computed as:

J
Vi =yl e;w2i; +yl (1= y )yl Y w2ijejwlp (22)
j=1
The following parameter update rules have been selected:
w25 = —ay; sgn(e;) (23)
J
wly; = — Byl sgn Zw?ijej (24)
J
then
J
Vi = —a(y))?le;| — Byl (1—yl) wih)? D w2ije;| < 0,Ve; # 0 (25)
j=1

In the simulated studies, the training of the proposed network structures has been accomplished on the
first 60,000 samples of the MNIST dataset, and the testing phase has been carried out on the remaining 10,000
samples. Each sample in the original dataset comprises of gray-scale images of digits from 0 to 9 with a size of
28-by-28 pixels.

The MNIST dataset has been used in two different types of simulations: In the first one, it is used for
both training and testing, and in the second study the testing is accomplished on the binary data acquired from
the experimental setup. To provide consistency between training and testing data, the gray-scale images of
the MNIST dataset have been transformed into binary images using scaling and threshold functions. Selected

samples are shown in Figure 4.
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Figure 4. Binary images generated from the MNIST dataset.

Each image has been converted into a column vector with a dimension of 784 elements, and each neuron
in the input layer receives one of the entries of the vector as an input. The hidden layer consists of 50 neurons.
Each neuron in the output layer corresponds to one of the digits.

The input vector obtained from the black-and-white images can not be directly fed to the input layer of
the SNN network. First the corresponding spike times for each input value should be computed. Delay coding
can be called among the extensively used approaches for encoding data into precise timing of the spikes. The
underlying idea of the delay coding is that the neurons subjected to higher input signals tend to generate a
pulse earlier than the same neuron exposed to weaker signals. In this study, for the h-th element of the input
vector with a value of 0, the corresponding firing time has been set as t, = 6 ms, whereas a spike time of
tn, =1 ms has been assigned to the input value of 1. As linear activation functions are utilized in the output
layer, the need for the decoding operation has been omitted. 3 synapses have been assumed between each
presynaptic and postsynaptic neuron to lessen the computational burden, as the increased number of synapses
leads to exponentially growing computational time.

The same training and test sets have been used in the simulations of both network structures. The values
of the coefficients v and 8 have been determined as 0.35 empirically. The maximum epoch number has been

set to 500. Table 1 summarizes the obtained results.

Table 1. Results obtained with SNN and MLP networks for the MNIST dataset.

Training set | Test set
MLP with gradient-based learning | 96.46% 95.25%
MLP with SMC-based learning 96.87% 95.43%
SNN with gradient-based learning | 97.41% 95.29%
SNN with SMC-based learning 97.99% 95.61%

Table 2 includes the accuracy results obtained in different studies for the MNIST data set using SNNs.
It should be noted that in most of the studies, the number of hidden layer neurons is relatively large (several
hundred), whereas only 50 hidden neurons have been used in the current study to lower computational burden.
Even for this small value of hidden neurons, the network was able to attain an acceptable response compared

to the results reported in the literature for larger network architectures.
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Table 2. Accuracy of different learning algorithms on MNIST data set.

Reference Network Structure Test Accuracy
Oniz et al. (this study) | One hidden layer with 50 hidden neurons 95.6%
Mostafa [27] One hidden layer with 800 hidden neurons 97.2%
Mostafa [27] Two hidden layers each with 400 hidden neurons | 97.0%
Diehl et al. [28] One hidden layer with 1600 hidden neurons 95.0%
Khan et al. [29] 500 hidden neurons 91.9%
Zhao et al. [30] Each image generates about 200 events 91.3%
Beyeler et al. [31] 3136 neurons in orientation layer 91.9%
Mirsadeghi et al. [32] One hidden layer with 500 hidden neurons 97.4%
Qu et al. [33] Two hidden layers each with 400 hidden neurons | 92.0%
Zheng et al. [34] Two hidden layers (300 neurons, 100 neurons) 97.8%

saper s Recording

6 Status: 1% completed

)

IR Frame Computer R
LCD Display (MATLAB) e .

(a) (b)

Figure 5. (a) Schematic diagram of the experimental setup, (b) GUI used in experiments.

5. Experimental setup

The performance of the proposed learning algorithm has been assessed via the data acquired from an experi-
mental setup consisting of a 21.5-inch LCD screen (HP, ProDisplay P223), a 21.5-inch multi-touch IR frame
(Xintai Touch), and a PC. The LCD screen was placed horizontally on top of a desk, and the IR frame was
positioned on top of it, which was for the detection and recording of the position of the participant’s index.
The PC and IR frame communication has been established via a USB interface. The illustrations of the setup
used in the experiments are given in Figure 5 and Figure 6. A GUI on MATLAB has been developed to provide
instructions to the participants and to record handwritten digits on the screen. For the recording operation,
the sampling time has been set to 140 Hz, which enables capturing sufficient data points during the trials while
avoiding delays due to the processing.

The experiments have been conducted with 20 subjects. Among the applicants, ten males and ten females
have been selected as participants to avoid gender bias, if there is any. All participants were college students
with an average age of 22 £+ 2.4. The consent form, which was approved by the Ethical Committee for Human
Participants of Istanbul Bilgi University, has been signed by all participants before the experiments.

The participants attended two sessions (i.e. the training session and the actual experiment). In the

training session, subjects familiarized themselves with the experimental setup. They received verbal and
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Computer I

Figure 6. The illustration of the experimental setup.

visual guidance regarding the experimental procedure. The questions of the participants were answered by
the experimenter during the training session, which was not permitted in the actual experiment.

Once the training session had been completed, the participants were allowed to perform the actual
experiment. Their task has been stated as to write the digits shown on the LCD screen with their index finger
according to the instructions provided by the GUI. Each experiment consisted of 100 trials, which corresponds to
10 repetitions for each digit. During the experiment, the digits were displayed in random order to the subjects.
A keyboard has been used by the experimenter to initialize the session and then to switch between the trials.
For each participant, the experiments have been conducted in a single session, and no time limit has been set

for finishing the trial. Each experiment has been completed in around 10 min.

5.1. Preprocessing

In the experiments, the requested digits shown by the GUI have been drawn by the subjects on the screen.
During the course of drawing, the position of the mouse cursor has been synchronized with the subjects’
fingertips. The data, which were recorded before the session started and during finger lift when subjects were
connecting curves to form the requested digits, resulted in redundant data points at the beginning and in the
middle of the trial. A preprocessing algorithm has been employed to remove these redundant data points and
create the digits without additional input.

Three columns comprising the x- and y-positions of the fingertip along with the time information when
the point has been touched by the subject have been generated from the recorded data. The first two columns
have been used to create a matrix. To eliminate the data points at the beginning of a trial before the subject
actually started drawing the digit, the repeated rows of this matrix have been replaced with zeros, as these
correspond to the redundant data points recorded at the starting position.

870



ONIZ and AYYILDIZ/Turk J Elec Eng & Comp Sci

550
700 700 T 3

\ ¢
650 y 650 o6~ 500 “‘ J
\ \ 4
600 \ 600 550 | ¢
\ \ \ 4
550 \ 550 \ | < S
\ 0 I\ ¢
¢ I\ /
500 4 A\ 500 % \ f
Soe \ 0 |
>—o—ofols | \ |
450 38 450 /
[ a0

400 e 400
]

¢
350 350
8

300 300 700 750 800 850 200 950 1000 1050 1100
700 750 800 850 900 950 1000 1050 1100 700 750 800 850 900 950 1000 1050 1100

0
. oo,
700 700 650 oo
P
650 650 600 f
600 600 550 4
¢
550 550 - oe—e—ofooom
4 /
500 ¢ 4 500 li
Se. ¢
oo
450 © eof% oh 450 3
} > ¥
400 g 400
350 g 350

300 300 I = R R R T R T T
700 750 800 850 900 950 1000 1050 1100 700 750 800 850 900 950 1000 1050 1100

Figure 7. The figures in the upper row illustrate the digits drawn by the subjects before any preprocessing
operation. The figures in the lower row correspond to the same digits after removal of redundant data point.

A preliminary inspection has been performed to recognize the duplicated data points occurring in the
middle of a trial when drawing digits such as 4, 5, and 7, which generally require discontinuous movement of the
fingertip on the screen. It has been observed that continuous handwriting could contain up to five repeated data
points, and the presence of more repeating points indicates that the finger has been lifted from the screen (i.e.
the contact between the finger and the screen has been interrupted). In accordance with the observations, the
rows repeated more than ten times have been removed from the matrix. The final form of the matrix includes
only the data points which correspond to the actual positions of the fingertip used to draw the digit (See Figure
7).

The area of the screen occupied by pixels from 700 to 1100 on the x-axis, and from 300 to 700 on the
y-axis has been designated for drawing the digits. To provide consistency with the MNIST dataset, a 28x28
grid structure has been generated by dividing these intervals into 28 equal parts. After eliminating the repeated
data points from the data, a value of 1 has been assigned to the cells, on top of which the finger moved, whereas
for the untouched cells the value has been set to 0. With this approach, a 28228 pixels binary image has
been generated for each recording. Following the dilation operation with a 3x3 kernel, bounding boxes around
the generated patterns have been formed, and the areas outside these boxes have been eliminated to end up
with the best fit of the pattern to the given area. Next, the image has been rescaled to provide a 28228 grid
outline. Figure 8 illustrates the steps of the preprocessing operations on sample data. Sample patterns after

the preprocessing operations have been presented in Figure 9.

5.2. Implementation of the models

Following the simulation studies on the MNIST dataset, a new approach has been pursued, in which the testing

phase has been carried out on the experimental data. The motivation behind this approach was to test the
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Figure 8. (a) Image after the repeated data points have been eliminated; (b) binary image; (c) dilated image;
(d) scaled image.

abilities of both trained networks to recognize patterns in a new, yet similar dataset.

For the test data, the conventional MLP network was able to correctly classify 86.1%, whereas the
performance of the SNN structure is 86.5%. The same tests have been repeated for the networks with sliding
mode control theory-based learning algorithms. The accuracy achieved for the MLP is increased to 87.3 and
for SNN to 88.1. The confusion matrix for the SNN with the proposed learning scheme is presented in Table
3. Regarding the confusion matrix, ”1”, ”74” and ”9” are the most misclassified patterns.

In the subsequent part of the studies, both training and testing were performed on the experimental
data. The training dataset has been generated by randomly selected data from 8 male and 8 female subjects,
and the test dataset has been formed using the data of the remaining subjects. Table 4 demonstrates the
accuracy of training and testing phases, which indicate that the SMC-based learning algorithms can enhance

the convergence characteristics, and for both types of learning algorithms, SNN can attain at least equal or

MEDLEEIKOEHXHAF E
EEERLCLEREHAHBR
FEEWKEEE E E]E

Figure 9. Sample patterns generated after preprocessing operations.
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Table 3. Confusion matrix for the SNN with the proposed learning scheme (training on MNIST dataset).

Target Digit
0 1 2 3 4 5 6 7 8 9
0]183 |0 0 0 2 1 4 1 0 0
110 162 | 1 1 2 0 2 5 1 0
5123 3 192 | 1 8 6 0 0 0 3
A13]0 3 1 194 | 0 18 | 4 9 14 | 15
21410 9 0 0 167 | 0 0 3 1 2
% o4 4 0 3 0 169 | 8 0 2 3
o |63 0 3 0 10 1 1771 0 0 0
710 6 1 0 3 0 0 177 | 0 9
817 4 2 1 0 4 5 2 179 | 6
910 9 0 0 8 1 0 3 3 162

better performance than the conventional neural networks. The confusion matrix for the SNN with the proposed
learning scheme is presented in Table 5.

Table 4. Results of SNN and MLP on the dataset obtained from experiments.

Training set | Test set
MLP with gradient-based learning | 97.88% 90.25%
MLP with SMC-based learning 100% 93.75%
SNN with gradient-based learning | 99.06% 92.00%
SNN with SMC-based learning 100% 94%

Table 5. Confusion matrix for the SNN with the proposed learning scheme (training on experimental data).

Target Digit
O |1 (2 |3 |4 |5 |6 |7 |8 |9
0(40/0 |O (O O |2 |O O |O |O
110 (370 (O |1 (O O |1 [0 |2
%1200 0 13970 |0 0O |0 O O |1
Al3]0 (0 |0 [3|0 |1 |0 |0 |1 |0
(410 1 |1 |0 3|0 |1 [0 |0 |O
% 510 |0 |0 |2 |0 [37]0 |0 |1 |2
ol6(0 [0 |0 O [0 [0 |30 |1 |0
710 |2 {0 [0 |O |O |O [38]0 |0
8/0 |0 |O [3 |0 |1 |O [0 |37]0
9(0 O |O O [O |O |O |1 |O |35

6. Conclusion
In this study, new learning rules based on the Lyapunov stability theorem have been derived for spiking

neural networks. The efficacy of the proposed learning algorithms has been assessed on the handwritten digit
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recognition problem both for MNIST dataset and experimental data. An experimental setup has been set up
using a multi-touch IR frame on top of an LCD screen to record the fingertip positions of the subjects. Several
preprocessing operations have been applied to convert the recorded position data into binary images. For the
SNN structure, delay coding has been performed to transform pixel values into spike times. Sliding mode
control theory-based learning algorithms have been also derived for a conventional MLP network, for which the
same simulated and experimental studies have been carried out as well. The obtained results reveal that the
proposed learning algorithm can enhance the convergence characteristics of the neural networks, and spiking
neural networks are capable of providing better or at least equal performance than the second-generation neural

networks.
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