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JACEK DLUGOPOLSKI
MARCIN SADOWSKI
WAWRZYNIEC SULEJA

A PHYSICAL MODEL OF QUANTUM BIT
BEHAVIOR BASED ON

A PROGRAMMABLE FPGA INTEGRATED
CIRCUIT

The rapidly developing field of quantum computing and the ongoing lack of
widely available quantum computers create the need for scientists to build
their simulators. However, mathematical simulation of such circuits usually
ignores many aspects and problems found in real quantum systems. In this
article, the authors describe a quantum bit emulator based on FPGA integrated
circuits. In this case, FPGA technology provides real-time massive parallelism
of the modeled physical phenomena. The modeled QUBIT is represented using
a Bloch sphere. Its quantum state is set and modified only by precise pulses
of an electrical signal, and with the help of similar pulses, it manifests its
current state in real time. The constructed QUBIT was additionally equipped
with decoherence mechanisms and with circuits that intentionally respond to
internal and external noises that distort its current quantum state. This article
presents and discusses how such a physically built emulator works.

quantum, qubit, FPGA, parallel, real time

Computer Science 25(4) 2024: 499-519
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1. Introduction

Currently, quantum physics is increasingly entering the world of information process-
ing. The specific features of quantum phenomena (such as superposition, tunneling,
or entanglement) mean that data processing carried out on the basis of quantum bits
(qubits) allow achieving useful computational results in a time that would not be
possible to achieve using classical methods.

However, quantum systems are still very difficult to build and maintain, so they
still may not be widely available in the near future. Therefore, the idea of building
a practical model of the behavior of the basic unit of a quantum computer (qubit)
seems justified. After equipping such a model with a physical control system using
electrical impulses, as well as a natural susceptibility to internal and external noise
and sensitivity to decoherence, we will obtain a useful tool for researching and better
emulating real quantum systems. By combining several such emulators, you can
create more complex quantum systems and test sample quantum computing and noise
reduction algorithms on them.

Effective, fault-tolerant quantum computing requires two-or-more-qubit gates
with the highest possible fidelity. The recommended infidelity in the literature is
below 10~* [17]. Achieving such a level of fidelity in two-qubit gates implemented in
an ion trap, such as the SWAP gate and the Mglmer-Sgrensen gate, even in noise-free
conditions, requires analysis not only of the internal states of the ions but also of
the most relevant part of the phonon space. The authors hypothesize that complex
emulations of this kind can be more efficiently conducted using parallel and real-time
models based on FPGA integrated circuits, which may in the future enable more effec-
tive identification of both coherent and stochastic error sources. In addition, quantum
processors also rely on classical electronic controllers to manipulate and read out the
state of qubits. As the performance of the quantum processor improves, imperfec-
tions in the classical controller can become the performance bottleneck for the whole
quantum system. To prevent such limitations, a systematic study of the impact of
classical electrical signals on qubit fidelity is needed. To have an easy way to do such
a study, we need a model close enough to real quantum systems. By controlling the
qubit model only with real physical signals (pulses), it is possible to more accurately
reproduce the control conditions of real quantum systems. Our proposal described in
this article tries to meet all these needs.

This article describes the practical implementation of just such a model, based on
a programmable FPGA integrated circuit. In addition to the qubit model (QUBIT),
the article also details the control and reading module (GENMET), designed to gener-
ate appropriate electrical control pulses, as well as to read electrical pulses generated
by the QUBIT itself, through which it informs the environment about its current state.

The article will also describe the idea of communication with such a single QUBIT
and the method used to implement its susceptibility to decoherence and to inter-
nal and externally generated noise.
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Next, the results and practical tests of the built emulator using the dedicated
GENMET module will be described. The user can, of course, use other generators
and measurement systems instead of GENMET. Finally, a brief description of possible
applications will be presented.

2. Related works

At the time of writing this article, the authors had not found another similar solution
in the world. Of course, many quantum simulators and emulators using mathemat-
ical apparatus are being created [1-4,6-8,10-15, 18], but they do not give the user
the opportunity to encounter the physical problems experienced when working on
building real quantum computers. The solution proposed in this article necessitates
precise formation and measurement of electrical impulses that are susceptible to un-
predictable physical disturbances. This provides a unique opportunity to encounter
these types of problems. There are, of course, various solutions to mathematically
generate artificial noise in quantum circuit simulators. An example of such a system
is, for example: “Qiskit Aer — the high-performance quantum computing simulators
with realistic noise models” [9]. This system, however, uses a mathematical formalism
to add noise. Our system uses physical noise, which can be natural and come from
within the FPGA chip itself, or it can come from an external physical function gener-
ator whose generated waveforms are also not completely immune to noise. Since we
feed both control pulses signals and noise signals to our QUBIT via ordinary electri-
cal cables, the signals flowing in them can be further naturally disturbed by external
electromagnetic fields, as happens in real quantum systems under construction today.
In this respect, it gives our system described here an undoubted advantage over other
simulators available. The user here is getting very close to what she or he will be
dealing with when operating non-ideal real quantum systems.

3. The idea of a quantum bit

A quantum bit (qubit) is different from a classical bit. While a classical bit is the basic
smallest unit of information that can represent one of two possible classical states: ‘0’
or ‘1’, according to formula:
. 0’
bit = { "

a qubit can take on these two classical values simultaneously and in different pro-
portions, constituting a normalized vector in a two-dimensional Hilbert space over
a complex field C in an orthogonal basis {|0),|1)}. According to formula:

qubit = [¢p) = A-|0) + B+ |1)

where |0) and |1) represent the base states: ‘0’ and ‘1’ in ket notation, such that:

o-[t] we[t]
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and A, B are the amplitudes of the wave functions for the states: |0) and |1), such that:
A2 + B = 1.

The square of the amplitude A modulus is the probability that the measured qubit
will have state |0), and the square of the amplitude B modulus is the probability
that the measured qubit will have state |1). The state of such a qubit can also be
represented graphically on a Bloch sphere. If we assume that:

0 - 0
Azcosi, B:e“"sini

then the qubit state can be represented graphically using the normalized state vec-
tor |1) on the three-dimensional Bloch sphere (Fig. 1).

Figure 1. The Bloche sphere (source: [16])

Therefore, the state of the qubit can be uniquely described using two angles: 6
and ¢. And this form of representing the state of the emulated qubit was adopted by
the authors of this article.

4. Model architecture

This chapter will discuss the general architecture of the quantum bit model. In order
to test the idea of the model, the entire functional set of the system was designed. It
consists of a proper qubit emulator called QUBIT and a device adapted to generate
and measure electric digital pulses called GENMET (GENerator-METer).

In addition to these two main elements, the set also includes: a monitor, an exter-
nal generator, an oscilloscope and a simulation management computer. It is schemat-
ically shown in Figure 2. The proposed system emulates the behavior of a virtual
qubit in real time and graphically displays the Bloch sphere on the monitor screen
along with a vector representing the current state of this qubit. The user has the
ability to rotate the qubit’s state vector with appropriate input digital pulses, while
at the same time the emulated qubit continuously generates its own digital output
signals proportional to its current state. Thanks to this, the user has the constant
opportunity to observe and read parameters of the qubit, such as its phase and super-
position state, which is not directly possible in real quantum systems. Additionally,
digital pulses fed into and received from the emulator’s outputs can be continuously
monitored on the attached oscilloscope.
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Figure 2. The system idea

QUBIT is also equipped with modules that emulate real physical disturbances.
For this purpose, both the internal natural noises of the FPGA system (on the basis
of which the emulator was created) are used, as well as special additional circuits
that allow the qubit to be disrupted with a user-defined signal generated on an ex-
ternal function generator. Thanks to this, the user can test his quantum operations
(algorithms) in the presence of a given interference waveform. It can be, for example,
a sinusoidal signal of any frequency, but also white noise or another signal composed
of many other harmonic waveforms. In particular, frequency, amplitude or phase
modulated signals can be used.

Additionally, to ensure conditions of using the qubit emulator that are close to
real ones, the emulator is equipped with a module that controls the qubit coherence
time. Thanks to it, the user can set the time after which the qubit will be automati-
cally measured and will lose its quantum state. This situation occurs when working
with real quantum systems. For this reason, the user must develop quantum algo-
rithms in such a way that they can be calculated before the system decoheres. The
built-in decoherence management module is intended to enable the simulation of this
type of situation.

4.1. QUBIT architecture

The QUBIT module, built on the basis of a programmable FPGA integrated circuit,
is the main element of the system. It emulates the behavior of a qubit. The state of
a qubit is represented by two angles: THETA and PHI. The THETA angle describes
the state of superposition of the base states, and the PHI angle determines the phase
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of the |1) state in relation to the |0) state. The block diagram of the QUBIT module
architecture is presented in Figure 3.

External Internal
THETA Noise PHI Noise Set
Analog Control Analog Control Quantum State |0>
Noise Buttons Noise Buttons Button
Input Input

y
External Noise A
Module
Internal Noise Generator Measurement Module

o emory @ ' THETA PHI ‘
Setting Memory
Noise AID | | Noise AID THETA PHI B e
Converter Converter Noise Noise
Decoherence v 1 ‘ ‘ 1 ?
Mode i i i i
Control Button 1 HETA

Impulse Meter
Decoherence QUBIT State Modificator
Time Setting

THETA
Input

PHI
Impulse Meter

THETA
Impulse Generator

PHI
Input

Decoherence Module *

Time Ll
Setting Encoder

: | < =
mage image Q b t
Monitor G u I

Display Module

THETA
Output

PHI
Impulse Generator

PHI
Output

A

T %

4|
4|
-
-

FPGA

Figure 3. The QUBIT architecture

The QUBIT device is equipped with circuits responsible for handling internal
and external noises and with a circuit responsible for emulating the phenomenon of
quantum decoherence. The coherence time is set using a dedicated encoder and is
stored in the non-volatile FRAM (Ferroelectric Random-Access Memory). The device
is also equipped with an image generator that shows the qubit state marked on the
Bloch sphere on the monitor screen. The main interaction with the qubit is through
the THETA and PHI inputs and outputs.

To reset the THETA angle to zero, i.e. set the qubit to the quantum state |0},
a pulse with a length ranging from 9000 ps to 9100 ps (microseconds) must be applied
to the THETA digital input.

To hide the qubit state vector in the Bloch sphere, a pulse with a length ranging
from 9500 ps to 9600 ps must be applied to the THETA digital input. To restore the
visibility of the state vector, a pulse with a length ranging from 9700 us to 9800 s
must be applied to the THETA digital input.

To rotate the THETA angle by a specific positive angle «, a pulse with a length
T [us] equal to the desired angle expressed in tenths of a degree should be sent to the
THETA digital input, i.e. according to the formula:

T = - 10 [us]

To rotate the state vector “along” the THETA angle by a specific negative angle «,
a pulse of length T [us] must be sent to the THETA digital input, equal to the
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angle « expressed in tenths of a degree and increased by an additional 4000 us,
i.e. according to the formula:

T = 4000 + o - 10 [us]

For example:
e an angle change of +43.7° requires a pulse length of 437 us,
e an angle change of —43.7° requires a pulse length of 4437 us,
e an angle change of —143.7° requires a pulse length of 5437 us.

To measure the qubit, a pulse with a length between 8000 ps and 8100 us must be
applied to the THETA input. After this operation, the qubit is set to position |0) or
position |1), according to the probability represented by the angle § (THETA).

To zero the PHI angle, i.e. set the qubit phase to 0 degrees (0°), a pulse with
a length ranging from 9000 ps to 9100 ps (microseconds) must be applied to the
PHI digital input.

To rotate the qubit phase “along” the PHI angle by a specific positive angle «, simi-

larly to the THETA angle, send a pulse of length T [us] to the PHI digital input, equal
to the desired angle expressed in tenths of a degree, i.e. according to the formula:

T =a-10 [us]

To rotate the qubit phase “along” the PHI angle by a specific negative angle «, a pulse
of length T' [us] must be sent to the PHI digital input, equal to the angle o expressed
in tenths of a degree and increased by 4000 us, i.e. according to the formula:

T = 4000 + o - 10 [us]

For example:
e an angle change of +45.1° requires a pulse length of 451 us,
e an angle change of —45.1° requires a pulse length of 4451 us,
e an angle change of —245.3° requires a pulse length of 6453 us.

The next ports in the QUBIT module are two digital outputs PHI and THETA,
where appropriate electrical impulses are generated continuously and proportionally
to the current state of the modeled qubit. The generated pulses for § = 30° and
¢ = 45° are shown in Figure 4. A non-destructive reading of the current quantum
state of the qubit involves measuring the length of the pulses generated at the THETA
and PHI outputs. The lengths of these pulses show the values of the corresponding
angles, expressed in tenths of a degree, minus one.

Therefore, in order to correctly read the THETA and PHI angles, the pulse
lengths (T') measured in microseconds should be reduced by 1 and then divided by 10,
i.e. according to the formulas:

T ~1 Tpyr— 1
THETA= =50 — [, PHI = 00— [°]
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Figure 4. The pulses for § = 30° (blue) and ¢ = 45° (yellow)

For example:

e The measured pulse of 743 us indicates an angle of 74.2°
e The measured pulse of 1 us indicates an angle of 0°

In “Decoherence Mode”, the QUBIT module behaves like a real qubit not fully
isolated from its surroundings. After switching this mode, information about the
currently selected qubit coherence time and information about how much time is left
until the system decoheres, appears in the upper right corner of the monitor screen.
An example monitor screen in this mode is shown in Figure 5.

Coherence time:
Decoherence in:

(Jd) Jacek Dlugopolski v.1.24

Figure 5. The monitor screen in the decoherence mode

The time during which the qubit is maintained in the quantum state (coherence
time) can be changed by the user in the range from 1 ms to 9000 ms with a resolution
of one millisecond using a dedicated encoder knob (the current setting is continuously
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saved in the non-volatile FRAM memory and is remembered after the power is turned
off). This function only works in automatic decoherence mode, i.e. after switching
the appropriate switch in the QUBIT module. In this mode, once the qubit has been
set to a quantum state, it will automatically decohere after a time set according to
the procedure discussed above. This will be equivalent to taking a measurement on
it. After decoherence, its classical state will be either “0” or “1”, according to the
probabilities of the current quantum state just before decoherence. Any operations
on the qubit will then no longer work until it is next set to the quantum state.

Another important function of the designed QUBIT is the “Noise” mode, in
which the current quantum state of the qubit can be disturbed either by natural
noise coming from the internal circuits of the FPGA or by noise artificially generated
via an external function generator. Appropriate switches allow you to select the noise
source. After turning on the “Noise” mode, a dedicated frame appears on the screen
informing about this fact (Fig. 6).

Figure 6. The monitor screen in the noise mode

Then, appropriate switches allow you to turn individual noises on and off, sepa-
rately for each state component: THETA and PHI.

4.2. GENMET architecture

The QUBIT module discussed in the previous section can be controlled by any pulse
generator and read by any pulse length meter. To create a complete system, a dedi-
cated two-channel GENMET device (GENERator-METer) was built, capable of both
generating and reading digital electrical impulses. With its help, the full control over
the QUBIT module is gain. GENMET communicates with the user via the ETH-
ERNET network, using the UDP/IP protocol. The BROADCAST mode used here
makes it unnecessary to set an IP address. Therefore, without any configuration, the
system will work in any local subnet. The block diagram of the GENMET module
architecture is shown in Figure 7.
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Figure 7. The GENMET architecture

The proposed solution allows for simultaneous operation of up to eight GENMET
devices in one local Ethernet subnet. This makes it possible to build circuits consisting
of up to eight qubits. GENMET is equipped with an Ethernet connector and four
digital ports: two for generating pulses and two for measuring pulses.

GENMET therefore allows for the simultaneous generation of different pulses of
a given duration on two independent outputs. The command to generate a pulse
with specific parameters can be executed using a PC connected to the module via
ETHERNET. The duration (length) of the pulses can be specified in units: from
[10 ns] through [us], [ms] to [s]. After power-on, GENMET is set to microseconds
[us] mode. The outputs should be connected to the appropriate inputs of the QUBIT
module and possibly to the appropriate oscilloscope inputs, as schematically shown
in Figure 2.

GENMET, regardless of the generation of pulses, also allows for simultaneous
two-channel measurement of pulses supplied to two of its inputs. When we connect
these inputs to the outputs of the QUBIT module, the GENMET module will con-
tinuously measure the length of THETA and PHI pulses coming from the QUBIT
module. The values of these measurements can be read at any time using a PC
connected via the ETHERNET port.

By connecting a PC to GENMET and using any programming language that
supports the UDP protocol, you can immediately control the virtual qubit, read its
quantum state and measure it.

GENMET uses the UDP protocol and BROADCAST packets. It expects control
commands on port 12000, and sends its responses to port 13000. All commands and
responses are sent in text form. It does not require setting an IP address.

GENMET responds to the keyword: genmet#, where the “#” sign means
a number from 0 to 7. Currently, it is possible to connect up to eight independent
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GENMET devices to one local network. The GENMET number “#” is selected using
three binary switches on the device.

After sending the “genmet0 help” command, we will receive a simplified re-
sponse informing about the command syntax. From the computer’s point of view,
we see two channels generating pulses and two channels measuring pulses. We must
ensure their proper association (connection) with the THETA and PHI signals of the
QUBIT module.

When it comes to the generator of the GENMET device, for each command we
can choose the unit in which we will give the duration of the generated pulse. The
standard unit is [us] (microseconds). But there are also: [10 ns], [ms] and [s] possible.
Selecting [10 ns] means that when specifying a pulse length of 5, we mean a pulse of
50 ns. In addition, we can specify the number of pulses in a single series using the
phrase “nr x”, where “x” is their number (the default setting is “1”, i.e. a single
pulse) or instead, we can use the word “continuous”, and then the set pulse will
be repeated continuously. The pulse parameters on individual channels are defined
using the phrases “lowl x”, “highl x” and “low2 x” and “high2 x”. Of course,
“1” means the first channel and “2” means the second channel. The “x” variable

should be in the range from 0 to 9999 (after power-on, the “x” values are set to
1800 us). For example, the command:

genmetO0 start [us] nr 1 lowl 400 highl 650

will generate a single pulse on channel “1” on the GENMETO device. After
sending the command, GENMET will set the digital output of channel “1” to logical
zero and wait 400 ps, then set the output to logical one and hold it for 650 ps. After
this time, it will set channel “1” to logical zero again.

In order for any impulse to be generated, the word “start” must be included
in the command. Missing this word or including the word “show” in the command
will ensure that the transmitted command will not cause any changes to the
generator outputs. GENMET will then only return information on port 13000 about
the current settings. On the other hand, using the word “stop” in the command will
stop the currently generated waveform and set the variable “nr” to 0. For example,
the command:

genmet0 stop high2
will stop the signal generated on channel “2”, and the command:
genmet0 stop all

will stop the generated signals on both channels. In turn command:
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genmet0 start [us] nr 5 low 1 400 highl 650

will generate on channel “1” a series of five pulses discussed above. Com-
mand:

genmetO start [us] nr 5 lowl 400 highl 650 continuous

will generate 650 ps pulses continuously with 400 ps breaks. This is because
when we specify “nr 5” and “continuous” concurrently, then “continuous”
has higher priority. When we want to stop generating pulses, we should send the
command without “continuous”, and it is best to send the command with the
phrase “nr 0” or with the word “stop”. E.g. command:

genmetO start lowl nr 0 or genmetO lowl stop

To generate a pulse on channel two, you can send the command:

genmet0 start [us] nr 1 low2 541 high2 9000

In this case, one pulse with a duration of 9000 us, i.e. 9 ms, will appear on
the second channel. The last set pulse can be repeated with the command:

genmetO0 start high2

It repeats the last set pulse on the second channel. And the command:

genmet0 start highl high2 or genmet0 start all

repeats the last set pulses on both channels. Adding the word “show” will prevent the
pulses from being generated, but information about the current settings of the two
generator channels will be sent to the PC. Such information about current settings
is also always sent when we invoke any valid commands. For example, the command:
genmetO [us] nr 1 highl 600 lowl 400 start

will return the message:

note genmet0 starts [us] nr 1 lowl 400 highl 600

informing that a single pulse with a duration of 600 pus was generated on the
first channel.
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Whereas, command:

genmet0 show [us] nr 1 lowl 400 highl 600

will return the message:

note genmet0 shows [us] nr 1 lowl 400 highl 600

which informs about the channel settings of the first generator, but the pulse
will not be generated.

You can use any UDP terminal or any programming language to communicate
with GENMET. Sending a command to GENMET from sample Python code is shown
in Figure 8.

import socket

s=socket.socket (socket.AF_INET, socket.SOCK_DGRAM)
s.setsockopt (socket.SOL_SOCKET, socket.SO_BROADCAST, 1)

s.sendto(bytes("genmetO start [us] nr 1 lowl 400 highl 2280 ", \
"utf-8"), (°192.168.0.255°, 12000))

Figure 8. Sending a command to GENMET in Python

As mentioned earlier, GENMET, in addition to generating pulses, also contin-
uously measures the pulses fed to its two inputs. To read the last measurement,
execute the command:

genmet0 read
and then the following text will be sent back to the PC on port 13000:
note genmet0 reads [us] chl: 682 ch2: 1437

which means that a pulse with a duration of 682 us recently appeared on the
first channel, and a pulse with a duration of 1437 us on the second channel. If
this measurement concerns the QUBIT module, it means that two angles were
measured, respectively: 68.1° and 143.6°. The measurement should (according to
previous information) be reduced by 1 ps and divided by 10. An example of reading
measurement data in Python is shown on Figure 9.

The “data” variable will then contain the information received from GENMET.
The presented program prints this information on the computer screen in the last line.
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import socket

12}

= socket.socket (socket.AF_INET, socket.SOCK_DGRAM)
.setsockopt (socket.SOL_SOCKET, socket.SO_BROADCAST, 1)

0

= socket.socket(socket.AF_INET, socket.SOCK_DGRAM)
.setsockopt (socket.SOL_SOCKET, socket.SO_REUSEADDR, 1)
.setsockopt (socket.SOL_SOCKET, socket.SO_BROADCAST, 1)
.bind (("",13000))

R R RK

s.sendto(bytes("genmetO read ", "utf-8"), (°192.168.0.255’, 12000))
data,addr = r.recvfrom(13000)
print(data.decode())

Figure 9. Reading measurement data in Python

5. Result

Based on the assumptions and designs of individual elements described above, an
actual working prototype of a physical qubit emulation system based on FGPA DE10-
Lite [5] modules was built. The effect of this work is shown on Figure 10.

Figure 10. The system prototype

QUBIT and GENMET were built based on two FPGA modules, connected with
each other with BNC cables and equipped with devices such as: a monitor, an os-
cilloscope, a function generator and a PC used to operate the system. The system
built in this way was tested and it turned out to work in accordance with the origi-
nal assumptions. It is possible, among others: setting the qubit coherence time and
turning noise on and off, as well as performing any operations on the qubit.
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5.1. Dedicated library

Based on the GENMET module control commands described in the previous chapter,
the “jd_genmet_lib” library was developed in Python to support the QUBIT module.
It provides the basic functions shown in Table 1.

Table 1
The “jd_genmet_lib” library functions

snd(command_string)

Directly send UDP string command to the local ETHERNET network

set_device_name(name)

Set the device name for all of the functions below (default: “genmet0”)

read_device_name()

Read the current device name

set_delay_time(t)

Set the delay time between commands in seconds (default is 0.05s)

setup_0_state()

Sets state to: |0)

setup-1_state()

Sets state to: |1)

setup_state(Theta, Phi)

Sets state to: cos(Tak2) . |0) + " P . sin(Thete) . |1)

“Theta” is <0 to 180> degrees and “Phi” is <0 to 360.0> degrees

hide_state() Hide quantum state

unhide_state() Unhide quantum state

read() Read the qubit state (returns the Theta and Phi angles of a state vector)
measure() Measure the qubit (returns 0 or 1)

degs_to_rad(Theta, Phi)

Convert Theta and Phi from degrees to radians

degs_to_xyz(Theta, Phi)

Convert Theta and Phi from degrees to Cartesian x,y,z

degs_to_amp(Theta, Phi)

Convert Theta and Phi from degrees to apmlitudes of the wave function

rotate_x(Angle)

Rotate X Gate
“Angle” is <-360.0 to 360.0> degrees

rotate_y(Angle)

Rotate Y Gate
“Angle” is <-360.0 to 360.0> degrees

rotate_z(Angle)

Rotate Z Gate
“Angle” is <-360.0 to 360.0> degrees

rotate_theta(Angle):

Rotates Theta between <0 to 180>
“Angle” is <-180.0 to 180.0> degrees

rotate_phi(Angle):

Rotate Phi between <0 to 360>
“Angle” is <-360.0 to 360.0> degrees

ID() Identity Gate

X() Pauli-X (NOT) Gate

Y() Pauli-Y Gate

Z() Pauli-Z Gate

XSR() Square root of Pauli-X Gate —;, SQRT(NOT)

H()

Hadamard Gate




514

Jacek Ditugopolski, Marcin Sadowski, Wawrzyniec Suleja

¢ =45°, a non-destructive reading of the quantum state is possible.

The user can create new functions and sequences of operations based on this
library. For example, after setting the qubit to a specific state, e.g. #=40° and

Ideally, this

reading should return the same value on each subsequent read attempt. Such qubit
state readings can be made with the “read()” function from the library and, for

example, with the simple Python program shown on Figure 11.

import time

import datetime
import string

import math

from jd_genmet_lib import *

def do_log(stringl):
t = datetime.datetime.fromtimestamp(time.time()).strftime (’%H:%M:%S:%£f)

log = open(".\\data.txt", "a")

print(t, " -> ", stringl, file=log);log.flush()
print(t, " -> ", stringl)

log = open(".\\data.txt", "a"); print("\n\n", file=log);log.flush()

set_device_name ("genmet0")
stri="

stri=("
for i in range(0,10):

r=read() # Read the qubit
Theta,Phi=r;
stri=("

Theta

Phi");

%5.1f
time.sleep(0.5)

do_log(stril)

Device used:" + str(read_device_name()) + "\n"; do_log(strl)

%5.1£" 7% (Theta,Phi) );do_log(strl)

will be distored, as shown in Figure 12b.

Figure 11. Qubit state reading in Python

Figure 12a shows the result of sample readings
turning on qubit internal noise for both parameters:

without noise enabled. After
0 and ¢, subsequent readings

2) b)

13:28:27:435917 -> Device used:genmetO 13:35:28:347785 -> Device used:genmetO
13:28:27:435917 -> Theta  Phi 13:35:28:347785 -> Theta  Phi
13:28:27:503460 -> 40.0 45.0 13:35:28:412296 -> 39.8 4.9
13:28:28:055694 -> 40.0 45.0 13:35:28:963894 -> 39.8 44.8
13:28:28:607882 -> 40.0 45.0 13:35:29:516330 -> 39.9 44.8
13:28:29:160037 -> 40.0 45.0 13:35:30:068559 -> 39.6 44.9
13:28:29:712618 -> 40.0 45.0 13:35:30:621107 -> 39.8 44.8
13:28:30:264841 -> 40.0 45.0 13:35:31:173612 -> 39.8 45.2
13:28:30:817210 -> 40.0 45.0 13:35:31:726022 -> 39.9 44.9
13:28:31:369679 -> 40.0 45.0 13:35:32:278265 -> 39.9 44.8
13:28:31:921846 -> 40.0 45.0 13:35:32:830630 -> 40.1 44.9
13:28:32:474403 -> 40.0 45.0 13:35:33:383059 -> 39.8 4.6

Figure 12. Sample readings without noise (a); sample reading

with internal noise (b)
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The library also allows the conversion of parameters: 6 and ¢ into the amplitudes
of the base states |0) and |1). The function: ”degs_to.amp(Theta, Phi)” can be
used for this purpose. An example of using this function is shown in Figure 13.
The cnversion results are shown in Figure 14. Readings were also made here with
internal noise turned on. Of course, the qubit state disturbed in this way will also
affect the quantum measurement made using the "measure()” function available in
the described library.

import time

import datetime

import string

import math

from jd_genmet_lib import *

def do_log(stringl):
t = datetime.datetime.fromtimestamp(time.time()).strftime(’%H:%M:%S:%£f’)
log = open(".\\data.txt", "a")
print(t, " -> ", stringl, file=log);log.flush()
print(t, " -> ", stringl)

log = open(".\\data.txt", "a"); print("\n\n", file=log);log.flush()
set_device_name ("genmet0")
stri="  Device used:" + str(read_device_name()) + "\n";do_log(stril)

stri=(" Theta  Phi | 0> [1>") ;do_log(strl)
for i in range(0,10):
r=read() # Read the qubit
Theta,Phi=r; ar,br,bi=degs_to_amp(Theta,Phi)
stri=(" %5.1f %5.1£ %13.10f %13.10f %+13.10f *i" % \
(Theta,Phi,ar,br,bi) );do_log(strl)
time.sleep(0.5)

Figure 13. Converting read angles to amplitudes in Python

13:44:16:285992 -> Device used:genmetO

13:44:16:285992 -> Theta  Phi |0> 11>

13:44:16:340292 -> 39.8 44.8 0.9402881270  0.2415233681 +0.2398430755 *i
13:44:16:891826 -> 40.1 44.8 0.9393937941  0.2432692664 +0.2415768274 *i
13:44:17:444393 -> 39.9 45.0 0.9399907318  0.2412648173 +0.2412648173 *i
13:44:17:996964 -> 39.9 44.9 0.9399907318  0.2416855361 +0.2408433635 *i
13:44:18:549387 -> 39.8 44.9 0.9402881270  0.2411043954 +0.2402642477 *i
13:44:19:101808 -> 39.8 44.9 0.9402881270  0.2411043954 +0.2402642477 *i
13:44:19:654333 -> 39.9 44.9 0.9399907318  0.2416855361 +0.2408433635 *i
13:44:20:206770 -> 39.8 44.9 0.9402881270  0.2411043954 +0.2402642477 *i
13:44:20:759131 -> 39.8 44.9 0.9402881270  0.2411043954 +0.2402642477 *i
13:44:21:311241 -> 39.8 44.8 0.9402881270  0.2415233681 +0.2398430755 *i

Figure 14. Printout of converted amplitudes
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5.2. Application examples

The main goal of the developed and built QUBIT was to create a research, educa-
tional and training environment for carrying out a number of experiments allowing
future users of real quantum systems to become familiar with potential problems oc-
curring in real quantum systems. Additionally, having such a device that does not
require specialized low-temperature laboratory conditions makes it easier to look for
algorithms and solutions to counteract the problems mentioned above.

A single QUBIT can, for example, be used to practice generating appropriate
control pulses that allow the qubit state vector to rotate around any selected axis on
the Bloch sphere. This will allow you to independently develop any single-qubit gates.

QUBIT is equipped with advanced physical interference features, discussed ear-
lier. Hence, another example of using a single QUBIT is to use it for developing
effective noise reduction algorithms in quantum systems. Finding an effective solu-
tion for a single qubit here can then scale to multi-qubit systems.

In addition, the device has been designed to also enable the creation of multi-
qubit environments. GENMET, discussed in the previous chapters, has three special
switches to set its unique name under which it is seen in the local Ethernet network.
Thanks to this, up to eight independent GENMET devices can now be connected to
one network (with minor modifications, this number can be significantly increased).
Then each GENMET can control a separate QUBIT. This is schematically shown
in Figure 15.

Figure 15. The multiQUBIT application
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With such a configuration, an additional layer integrating all connected QUBITs
can be created on any connected PC and based on any programming language This
will make it possible to emulate entanglement between QUBITs and study various
multi-qubit algorithms. Work of this type is currently underway, and the results will
be presented in future articles.

6. Conclusion

To sum up, the constructed qubit model is much closer to the real quantum system
than any other purely IT model. The change in the state of the qubit does not
occur by simply sending selected values to the model, but requires the application of
electrical impulses with precisely defined physical parameters, in particular the exact
duration of these pulses. So this is exactly as is currently required in real quantum
systems. The same applies to reading the state of a qubit. Such a readout requires
a physical measurement of the duration of the pulses continuously generated by the
qubit. During the process of forming and transmitting impulses, such a model is
exposed to all kinds of disturbances and difficulties encountered in all kinds of real
physical systems. No quantum system simulators that we are currently aware of offer
this possibility.

Additionally, the presented model is equipped with mechanisms for intentionally
generating noise in the system, both based on the internal noise of real qubits and
based on noise usually coming from the environment. Natural noise occurring inside
the FPGA circuitry is used to emulate the internal noise of the qubit. It is thanks
to the naturalness of the phenomena occurring there that the process of generating
internal noise is characterized by actual physical randomness.

On the other hand, any external electrical waveform generator is used to sim-
ulate ambient noise, so by selecting the appropriate waveform or combining a total
noise signal from many different harmonics, many real-world phenomena that could
potentially interfere with quantum systems can be physically simulated.

An additional advantage of the presented model is the ability to impose a co-
herence time regime, after which the model automatically loses its quantum state by
making spontaneous self-measurements. This necessitates the real need to limit the
number of quantum operations during one experiment session.

In addition, the ability to connect up to eight such qubits to a single local network
simultaneously (and this number can be easily significantly expanded) allows the
quantum circuits emulated in this way to be expanded to much more complex multi-
qubit systems.

All the elements discussed above mean that the described model can be success-
fully used for initial emulation and study of quantum phenomena, before it is possible
to safely start real experiments on real quantum systems.
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OF ERP CORRELATION ANALYSIS

Abstract | Interpretation of cognitive performance is a paramount pursuit in learning
achievements. Cognitive abilities, encompassing attention, memory, decision-
making, and language comprehension, are recognized on individual’s capacity
to navigate in diverse cognitive tasks. In the academic domain, optimal cog-
nitive functioning is essential for effective learning, information retention, and
problem-solving. Proficiency in cognitive skills is directly linked to academic
success and intellectual development, providing the necessary cognitive tools
for processing, and synthesizing complex information. Therefore, this study ex-
plores the correlation between event-related potential (ERP) sub-components
(P300, N170, N400) to assess the intricacies of cognitive performance. A reg-
ularized approach utilizing Spearman’s Rank Correlation Coefficient and Eu-
clidean Distance is employed. Positive correlations reveal consistent relation-
ships among P300, N170, and N400 ranks across ERP waveforms, indicat-
ing similar response patterns. Negative correlations denote inverse relation-
ships. Moreover, the theoretical framework focuses on the digital filtering,
ensemble averaging, and baseline correction from data contrast discrimination
tasks. Findings indicate positive correlations, suggesting higher ERP ampli-
tudes correspond to superior cognitive performance. This tailored and inte-
grated methodology, indicating the correlation between ERP sub-components,
contributes to the broader field of neuroscience and informatics, potentially in-
forming cognitive enhancement strategies in education and bio-medical analysis.
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1. Introduction

Cognitive performance, encompassing processes such as attention, memory, percep-
tion, and decision-making, is a fundamental aspect of human functioning. The brain’s
ability to process and interpret information is vital for problem-solving, learning, and
decision-making, impacting academic and professional success, daily functioning,
and overall quality of life. High cognitive performance facilitates efficient informa-
tion processing, effective decision-making, rapid learning, and adaptation to changing
environments. Conversely, cognitive impairment can hinder independence, social in-
teractions, and daily tasks, particularly as individuals age. Research in assessing and
enhancing cognitive performance has grown in importance, aiming to optimize brain
function and promote cognitive well-being.

Event-Related Potentials (ERPs) are specific patterns of brain activity measured
through electroencephalography (EEG) in response to sensory, cognitive, or motor
events. These brain responses are time-locked to stimuli, allowing researchers to
examine the timing and stages of cognitive processing. ERPs are characterized by
distinct wave components such as P1, N1, P2, N2, P3 (P300), N400, and LPC, each
associated with different cognitive functions like sensory processing, attention, mem-
ory, and language comprehension. The amplitude and latency of these components
provide insights into the intensity and speed of cognitive processes. ERPs are es-
sential for understanding cognitive performance as they reflect the brain’s real-time
processing of information. Variations in P300 amplitude and latency are key indica-
tors of learning performance across tasks involving visual or auditory discrimination,
semantic processing, and spatial navigation. Changes in coherence patterns reflect al-
terations in neural synchronization and information transfer, key elements in learning
and memory processes.

The P300 is a positive peak in the ERP waveform occurring approximately 300
milliseconds after stimulus presentation, associated with cognitive processes like atten-
tion, memory, and decision-making. Detecting the P300 typically involves measuring
brain activity during experiments where subjects are exposed to various stimuli, often
using the oddball paradigm. P300 is widely studied concerning learning performance
and is associated with working memory capacity and attentional control.

The N170 is an ERP sub-component elicited by faces and other visual stimuli,
essential in face processing and social cognition. Its amplitude and latency can be
influenced by factors like familiarity, attention, and expertise, indicating its sensitiv-
ity to changes in perceptual and cognitive processing during learning. Similarly, the
N400, elicited by auditory stimuli, is associated with early auditory processing, in-
cluding sound localization and discrimination. The N400’s amplitude and latency can
be modulated by factors such as stimulus complexity, attention, and expertise, sug-
gesting its sensitivity to changes in auditory processing during learning. The N170
amplitude is linked to face recognition ability, and the N400 amplitude relates to
semantic processing and language comprehension.
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The correlations between these ERP sub-components and learning performance
offer potential biomarkers for assessing cognitive abilities in educational and training
contexts. By measuring the amplitudes and latencies of these ERP sub-components,
researchers can investigate the cognitive processes involved in different tasks and stim-
uli. Clinically, ERPs are used to diagnose and monitor neurological and psychiatric
conditions, providing valuable data on the effectiveness of cognitive training and re-
habilitation programs. ERP sub-components like P300, N170, and N400 serve as
valuable biomarkers for cognitive performance assessment and enable a deeper explo-
ration of the neural mechanisms underpinning cognitive processes. Analyzing ERP
components provides detailed insights into neural mechanisms underlying cognitive
functions, making ERPs a powerful tool in both research and clinical contexts.

This study aims to investigate the correlations between P300, N170, and N400,
which are ERPs associated with various aspects of cognitive performance. By ana-
lyzing the amplitudes and latencies of these ERP sub-components, the study seeks
to provide insights into the neural mechanisms underlying cognitive processes re-
lated to attention, memory, perception, and decision-making. The goal is to utilize
these ERP sub-components as biomarkers to assess cognitive abilities and enhance
educational and training strategies, contributing to a better understanding of cog-
nitive performance and its potential applications in optimizing brain function and
cognitive well-being.

2. Literature review

Identifying human cognitive performance can be done through various methods, in-
cluding classification by general process involved, regional brain functions, and hier-
archical structure based on the complexity of operations. ERP measures the brain’s
response to specific stimuli [17,18]. This allows investigators to explore a nearly in-
finite number of domains where it is of interest to understand the relative timing of
neural events in a non-invasive method [11].

In ERP, the stimulus is presented multiple times to the participant, and the
responses are measured. ERPs are created by averaging responses to standard and
deviant stimuli separately. ERPs measure voltage changes in the brain that occur
following the onset of specific stimuli or cues and provide a measure of the timing
of the brain’s communication or timing of information processing. It is extensively
used in neuroscience, cognitive psychology, cognitive science, and psychophysiological
research to measure cognitive performance. The amplitude, latency, and topography
of the resulting positive and negative deflections are taken to index the underlying
mental operations. ERPs provide a continuous measure of processing between a stim-
ulus and a response, allowing us to determine which stage(s) are being affected by
a specific experimental manipulation.

Additionally, ERP records brain processes on a millisecond scale, capturing neu-
ral activity related to both sensory and cognitive processes. It is used in experimental
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settings and is involved in language research [36]. ERP can be associated with sen-
sory encoding, inhibitory responses, updating working memory, and highlighting the
temporal unfolding of neural activity associated with different cognitive aspects of
language comprehension and production [23]. Moreover, studies have estimated the
test-retest reliability of ERP waves, with interclass correlation coefficients between
first and second recordings being around 0.8 for amplitude and around 0.9 for the
latency of the P3 NOGO waves, indicating the reliability of ERPs as measures of
brain functioning [6,24].

Classification by general process involves memory, attention, language, and ex-
ecutive functioning, while regional brain functions are derived from lesion studies
and include the frontal lobe, temporal lobe, parietal lobe, hippocampus, or other
structures [20,21]. Cognitive ability domains can also be conceptualized in several
ways, such as a hierarchical structure based on the complexity of operations, with
basic sensory and perceptional operations being the least complex and reasoning and
problem-solving being the most complex [14]. Tests of general cognitive ability are
used to identify human cognitive performance. The most used cognitive tests usually
take 15 minutes or less and include repeating lists of words or spelling words back-
ward [31]. These tests are good predictors of job performance and training success for
a wide variety of jobs. Processing speed is the strongest predictor of overall cognitive
performance and is correlated with impairments in everyday functioning, with cod-
ing tasks showing the most significant impairment in schizophrenia. However, there
are inconsistencies in the clinical and research literature, especially in broad domains
that may include multiple component processes [39]. In addition, there is an issue
with the intrinsic validity of cognitive domains in populations other than those with
specific regional brain damage [4]. Contemporary circuit-based conceptions focus on
the activation and interaction of these circuits. Current methods such as smartphone
assessment and remote cognitive assessment are more convenient for longitudinal as-
sessment and can measure preclinical AD-related changes in long-term associative
memory across varied memory retention intervals [35].

Moreover, there are a variety of methods available for measuring cognitive per-
formance, including gamified assessment, smartphone assessment, and assessments
of GPS data and gait characteristics [35]. Smartphone assessment is useful in mea-
suring preclinical AD-related changes in long-term associative memory but requires
retention intervals of at least 3 days to be sufficiently sensitive to differences in re-
call and recognition performance in adults without diagnosed cognitive impairment.
Gamified assessment has been found to reduce testing anxiety and increase task en-
gagement and enjoyment without affecting performance and can provide better con-
struct and ecological validity than simple laboratory-based tasks thanks to a more
realistic context [26]. Assessment of GPS data and gait characteristics measured
through wearable accelerometers have also been found to differentiate among demen-
tia subtypes with moderate accuracy, while recent developments allow neuropathology
associated with potential cognitive decline to be accurately detected from peripheral



Distance-based integration of ERP correlation analysis 525

blood samples [28]. However, the accuracy of these methods can be affected by var-
ious factors such as device type, operating system, and Wi-Fi connection, as well as
subtle differences in task design and the lack of interoperability between cognitive
functioning metrics.

In conclusion, while there are a variety of methods available for measuring cogni-
tive performance, researchers need to carefully consider the strengths and limitations
of each method to accurately assess cognitive function. The application of correlation
and distance analysis holds great promise in advancing our understanding of cognitive
processes associated with various tasks. By adopting these methods, this study can
gain valuable insights into the limitations of traditional techniques such as ERP. The
existing methods highlighted the strengths and limitations of existing methods, em-
phasizing the need for alternative approaches to studying cognitive performance. In
this study, Spearman’s rank correlation coefficient offers a statistical measure to ex-
amine the relationships between cognitive performance measures and other variables,
providing valuable insights into cognitive processes. On the other hand, Euclidean
distance analysis enables the assessment of similarity or dissimilarity in cognitive pro-
files, paving the way for future research and the development of diagnostic tools for
cognitive impairments. By leveraging these methods, this study can further our un-
derstanding of cognitive processes, improve diagnostic accuracy, and enhance clinical
interventions for individuals with cognitive impairments.

In summary, the research aims to employ correlation and distance analysis tech-
niques to gain a deeper understanding of cognitive performance, bypassing the lim-
itations of traditional methods like ERP. The study aims to explore relationships
between cognitive performance measures and other variables using Spearman’s rank
correlation coefficient. Additionally, it seeks to assess the similarity or dissimilarity in
cognitive profiles through Euclidean Distance analysis. Nevertheless, these methods
can contribute to a more comprehensive understanding of cognitive processes and have
the potential to enhance diagnostic accuracy and clinical interventions for individuals
with cognitive impairments.

3. Theoretical framework

3.1. Cognitive performance and related ERP sub-components

Cognitive performance denotes an individual’s capacity to process and utilize in-
formation, encompassing a spectrum of skills, including attention, memory, decision-
making, problem-solving, and language comprehension effectively and efficiently. The
evaluation of cognitive performance involves a diverse array of methods, spanning
behavioral assessments, neuroimaging modalities, and electrophysiological measures,
event-related potentials (ERPs) [37]. ERPs provide insights into the brain’s electrical
activity concerning specific events or stimuli. Among these ERPs, the P300, N170,
and N400 stand as prominent sub-components frequently employed in the investiga-
tion of cognitive performance.
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The P300, or P3 wave, manifests as a positive ERP sub-component, surfacing
approximately 300 ms post-presentation of a target stimulus [29]. It is conventionally
associated with cognitive processes such as attention, working memory, and decision-
making. The amplitude and latency of the P300 serve as indicators of cognitive perfor-
mance, with larger and faster P300 responses signifying enhanced cognitive processing
and performance.

In contrast, the N170, a negative ERP sub-component, emerges approximately
170 ms following the introduction of a visual stimulus, typically a facial image [16]. Its
primary function lies in the processing of facial features and the recognition of faces.
The amplitude and latency of the N170 serve as markers of cognitive performance,
with larger and more rapid N170 responses signaling improved face processing and
recognition.

Conversely, the N400, another negative ERP sub-component, materializes around
400 ms after the presentation of a semantic stimulus, such as a word or sentence [34].
The N400 is intimately connected with semantic processing, encapsulating language
comprehension, and memory retrieval. Here again, the amplitude and latency of the
N400 offer insights into cognitive performance, with larger and more rapid N400 re-
sponses indicative of superior semantic processing and comprehension. Each ERP
waveform boasts unique characteristics and is influenced by specific factors, as out-
lined in Table 1.

Table 1
Main characteristics of P300, N170, and N400 waveforms [19,23, 30]

ERP Latency Amplitude Characteristics and factors
waveforms [ms] range [uV]
P300 250-350 5-25 Reflects attention, cognitive

processing, and task relevance.
Amplitude can vary based on stimulus
characteristics, attentional demands,
and individual differences

N170 120-200 2-10 Typically observed in response to
visual stimuli, particularly faces.
Amplitude can be influenced by facial
familiarity, emotional expression, and

attentional focus

N400 300-500 2-8 Occurs in response to semantically
meaningful stimuli. Amplitude is
affected by semantic processing,
stimulus congruity, and contextual
integration

Table 1 offers amplitude ranges as general reference points, drawing from typical
observations in prior [19,23,30]. However, it is essential to acknowledge that actual
amplitude values may exhibit variation contingent upon the specific experimental
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protocols, recording configurations, and individual dissimilarities. These amplitude
ranges, therefore, serve as an initial framework for comprehending these ERPs and
the multifaceted determinants affecting the magnitudes. The P300, N170, and N400
ERP sub-components stand as invaluable instruments in elucidating the cognitive
processes and performance of individuals within cognitive neuroscience and clinical
investigations. Figure 1 shows a simulated ERP waveform with the N170, P300 and
N400 sub-components.

Simulated ERP Waveform with N170, P300, and N400 Sub-Components
T T T T T T T T T T

ok P300 |

Amplitude (uV)

N170
-10F -

0 50 100 150 200 250 300 350 400 450 500 550
Time (ms)

Figure 1. Simulated ERP Waveform with N170, P300 and N400 Sub-Components

3.2. Correlation coefficient

Spearman’s rank correlation coeflicient is a statistical measure assessing the strength
of the relationship between two variables [15]. In the context of human cognitive per-
formance and ERP, it determines the association between the amplitude or latency
of ERP sub-components (e.g., P300, N170, N400) and measures of cognitive perfor-
mance, such as reaction time or accuracy. Spearman’s rank correlation coefficient
relies on rank order rather than specific numerical values. The coefficient ranges from
—1 (perfect negative correlation) to +1 (perfect positive correlation), with 0 indicating
no correlation. It also reveals the proportion of variability in one variable explained by
another. In a study measuring P300 component amplitude in an attention-demanding
task and participants’ reaction times to target stimuli, Spearman’s rank correlation
coeflicient assesses the association between P300 amplitude and reaction time. A pos-
itive coefficient suggests that as P300 amplitude increases, reaction time decreases,
signifying better cognitive performance. Therefore, Spearman’s rank correlation co-
efficient is a valuable statistical tool for examining the relationship between ERP
sub-components and cognitive performance in studies exploring the neural basis of
cognitive processes.
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3.3. Distance-based measurement

Euclidean Distance (ED) is a widely employed method in numerous academic disci-
plines, renowned for its versatility in quantifying the similarity or dissimilarity be-
tween data points [27]. Within the domain of cognitive neuroscience, particularly
in the analysis of Event-Related Potentials (ERPs) and cognitive performance, ED
emerges as a crucial metric [7]. This distance metric, computed by measuring the
straight-line separation between two points in a multidimensional space, allows for
a nuanced comparison of ERP waveforms, where each data point signifies the wave-
form’s amplitude at a specific time point [7]. The application of ED in the analysis
of cognitive performance and ERP sub-components is supported by various empirical
studies. For instance, [22] demonstrate the effectiveness of different distance met-
rics, including Euclidean, in comparing ERP waveforms, while [30] provides insights
into the relationship between ERP components and cognitive processes. Smaller ED
between ERP waveforms obtained from individuals engaged in cognitive tasks often
indicates greater similarity in cognitive performance [7]. Conversely, larger distances
suggest greater dissimilarity, implying differences in cognitive processing. Moreover,
changes in ED pre and post-cognitive interventions offer valuable insights into the
impact of these interventions on cognitive performance. For instance, studies by [12]
explore the effects of cognitive interventions on ERP components, shedding light on
their potential to modulate cognitive processes. Through the meticulous analysis of
ERP waveforms using ED, researchers can unravel the intricate neural mechanisms
underlying cognitive processes and their susceptibility to various modulations, in-
cluding cognitive interventions and individual differences [7]. Thus, ED stands as
an indispensable tool in exploring the complex relationship between cognitive per-
formance and ERP sub-components, supported by empirical evidence from cognitive
neuroscience research.

4. Methodology

The research framework, as illustrated in Figure 2, comprises three primary stages:
1) data collection, 2) data preprocessing, and 3) data analysis. During the data
preprocessing phase, digital filtering, ensemble averaging techniques, and baseline
correction are implemented to extract the ERP sub-components from the raw data.
Subsequently, in the data analysis stage, the Correlation and Distance-Based ap-
proach is employed on the preprocessed ERP waveforms, and the resultant findings
are subjected to rigorous statistical testing for significance.

4.1. Data collection

In conventional psychological studies, data collection typically necessitates the in-
volvement of expert psychologists to ensure adherence to ethical standards. However,
this study adopted an open-source event-related potential (ERP) dataset obtained
through contrast discrimination tasks [1].
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Figure 2. Framework for ERP Analysis Using Correlation and Distance-Based Approach

This innovative approach allowed the investigation to proceed without the di-
rect involvement of specialized psychological experts. The raw brain signal data was
acquired using a WaveGuard cap and an ANT Neuroscan EEG system, which incorpo-
rated 64 electrodes. While the 10/20 system generally refers to a method for electrode
placement, it does not inherently consist of 64 electrodes. Instead, the electrodes were
arranged in a manner consistent with the 10/20 system principles, ensuring compre-
hensive coverage of the scalp. The AFz electrode served as the ground reference.
Data acquisition was performed at a sampling rate of 1 kHz utilizing the ASALab
software. To pinpoint the P300, N170, and N400 components, electrode placements
following the 10/20 system were adopted, covering prefrontal (Fp), frontal (F), tem-
poral (T), parietal (P), occipital (O), and central (C) regions. Additionally, midline
sagittal plane electrodes denoted as ’Z’ (zero), including FpZ, Fz, Cz, and Oz, were
designated as grounding or referencing points. These electrode selections were metic-
ulously made to encompass an extensive array of brain regions relevant to the P300,
N170, and N400 components. Channels Pz, P3, P4, and Cz were specifically chosen to
effectively capture neural activity linked to the P300 component, known to manifest
in these regions [8]. The N170 component, primarily associated with face processing,
was targeted using channels Oz, O1, O2, P7, and P8, selected for their significance
in the occipital and posterior temporal regions [2]. For the detection of the N400
component, channels Cz and CPz were included, as these central and centroparietal
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regions are commonly associated with substantial N400 activity [23]. During the ex-
perimental procedure, participants were seated in a dimly lit room 57 cm from the
display screen. Responses were collected through a mouse interface to indicate ob-
servations. The task was divided into five blocks, each comprising an 8-minute trial
period with 200 trials per target contrast. Trigger events with infrequent occurrences
during human brain signal detection were excluded from the analysis in this study.
To summarize, meticulous selection of electrode placements and the experimental de-
sign were devised to concurrently capture the P300, N170, and N400 components.
These specific channels were chosen considering the distinct requirements for iden-
tifying and investigating these components, all within the broader framework of the
electrode placement system employed in this study. It is important to note that the
experiment excluded the last 25% of the trials (50 trials) due to unusually high noise
levels caused by external factors.

4.2. Data preprocessng
4.2.1. EEG processing

In the raw brain signal recordings, a significant presence of noise is a common oc-
currence, primarily stemming from participant movements and voltage dispersion
between different electrodes during data collection. This noise can be effectively elim-
inated from the raw Brain Signals to enhance the extraction of ERP sub-components.
One approach employed for noise reduction is the use of finite impulse response (FIR)
filters, which are digital filters capable of removing noise that contaminates the raw
Brain Signals across a wide frequency range. FIR filters exhibit linearity in the phase,
ensuring enhanced stability during the filtering process, a feature that distinguishes
them from infinite impulse response (IIR) filters. Typically, a high-pass filter with
a cutoff frequency of 0.1 Hz and a low-pass filter with a cutoff frequency of 30 Hz is
applied to brain signal recordings to attain an optimal noise-to-signal ratio. These
filters effectively eliminate signals with frequencies falling below or exceeding the
specified cutoff frequencies, optimizing the overall signal quality. The convolution
equation representing the operation of a finite impulse response filter is presented in
Equation (1). This mathematical representation illustrates the process by which FIR
filters contribute to the refinement of brain signal data, enhancing the extraction of
ERP sub-components.
N—1
ym) = 3 by -a(n— k) (1)

k=0

The elements of the equation can be defined as follows: y(n) represents the output
signal, z(n) corresponds to the input signal, N signifies the filter order, and by denotes
the value of the impulse response at the instance denoted as k. These components
collectively illustrate the fundamental parameters and variables within the equation,
outlining the key factors contributing to the signal processing process.
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4.2.2. High-pass filter

High-pass filters are frequently employed in EEG and ERP studies to enhance the
statistical power of data. They serve the purpose of mitigating variations in voltage,
including skin potentials and gradual voltage offsets [25]. This type of electric filter
functions by allowing signals possessing frequencies above the cut-off frequency to
pass through while simultaneously attenuating signals with frequencies below this
threshold. Notably, high-pass filters exhibit reduced susceptibility to the edge artifacts
issue, which can lead to inaccuracies in the calculation of filtered values, especially
after the EEG recording. As a result, high-pass filters are commonly administered to
the EEG recording before the EEG Epoching step, during which specific time windows
are extracted from the continuous single-trial EEG data. This strategic application
of high-pass filters serves to optimize data quality and reliability in EEG and ERP
investigations. A high-pass filter with a cutoff frequency of 0.1 Hz and an attenuation
of 12 dB/octave is applied to the raw Brain Signal in this study.

4.2.3. Ensemble averaging

Ensemble averaging stands as a widely adopted technique in ERP analysis, primarily
serving the purpose of noise reduction and the amplification of ERP sub-component
signals. At its core, this approach involves the precise alignment and subsequent
averaging of multiple ERP waveforms that are time-locked to a specific event of inter-
est. To effectively isolate and extract components such as the P300, N170, and N400
from event-related potential (ERP) waveforms through ensemble averaging, a tech-
nique known as time-domain averaging is typically employed. This method entails
the meticulous alignment of multiple trials associated with the same type of stimulus,
followed by the collective averaging. This process is instrumental in elevating the
signal-to-noise ratio and facilitating the extraction of the intended ERP component.
The general equation for ensemble averaging can be succinctly expressed as follows:

ERP, ., (f) = % Zn: ERP; (¢) 2)

Where ERP,,(t) is the averaged ERP waveform at time point ¢. n is the total
number of trials. ERP;(t) represents the ERP waveform of the i-th trial at time
point ¢t. By repeating this process for all time points, a filtered ERP waveform that
highlights the component of interest while reducing random variability can be ob-
tained.

4.2.4. Low-pass filter

In contrast to high-pass filters, low-pass filters operate inversely, attenuating brain
signals characterized by frequencies lower than the specified cut-off frequency while al-
lowing signals exhibiting frequencies higher than the cut-off frequency to pass through.
In the context of ERP studies, low-pass filters find application in the suppression of
noise artifacts, including the noise line and EMG interference within the data [25]. It is
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pertinent to employ a low-pass filter when working with averaged EEG or ERP wave-
forms, particularly due to the reduced impact of edge artifacts on shorter waveforms.
A low-pass filter with a cut-off frequency of 30Hz and 24db attenuation is applied
to the ERP waveform. For optimal filtering performance and the enhancement of
spectral resolution, a finite impulse response (FIR) low-pass filter, implemented with
a Hamming window as the window design method, is often utilized [10]. The Ham-
ming window, an extension of the Hann window, presents distinctive characteristics,
including a heightened side lobe and a more gradual fall-off rate, as compared to the
Hann window, as illustrated in Equation (3).

w(n) = 0.54 — 0.46 cos (%%) (3)

Where w(n) represents the window coefficient, IV corresponds to the total number
of signals encompassed within the window frame, and n denotes the input signal.
These elements collectively indicate the fundamental parameters and variables within
the equation, outlining in the signal processing process.

4.2.5. Baseline correction

ERP signals exhibit a time-resolved nature, which implies the presence of temporal
drifts or vertical offsets in the electrical signals. These variations in voltage levels over
time often result from a range of factors, both internal and external, such as fluctu-
ations in skin hydration and static changes in electrode conditions during the data
collection process. To mitigate the influence of these offsets and drifts on the integrity
of ERP signals, a fundamental preprocessing technique known as baseline correction
is employed in ERP analysis. The core principle behind baseline correction involves
the removal of these temporal drifts and offsets from the recorded brain signals. This
is achieved by computing the average voltage level during the pre-stimulus inter-
val and subsequently subtracting this value from every data point within the ERP
waveform. The application of baseline correction serves the purpose of minimizing
variance in the data while effectively segregating the stimulus-induced brain activity
from any preexisting neural activity that may have been present before the onset
of the stimulus.

4.3. Correlation and distance-based approach

The Spearman’s Rank Correlation Coeflicient, in conjunction with Euclidean Dis-
tance, has been employed to formulate a framework for defining cognitive performance
with a focus on the P300, N170, and N400 ERP sub-components. Spearman’s Rank
Correlation Coefficient serves to quantify the strength and direction of the monotonic
relationships that exist between various variables, while Euclidean Distance is utilized
to measure the degree of dissimilarity or similarity between vectors representing these
ERP sub-components. This proposed approach offers a comprehensive evaluation
of cognitive performance based on the P300, N170, and N400 sub-components, en-
compassing both the interrelationships and the spatial separation. By incorporating



Distance-based integration of ERP correlation analysis 533

both the correlations between these sub-components and the spatial distances, this
integrated approach yields a more holistic assessment of cognitive performance. The
correlation between the amplitudes of the target waveforms can be computed using
Equation (4).

SN g2

where p is the correlation coefficient, d is the difference in ranks of corresponding

p=1-

observations, n is the number of observations (e.g., trials or participants). To provide
a more specific representation of the variables in the equation for the sum of squared
differences between the ranks of amplitudes, in this case, the variables can be denoted
as follows:

e P300,,,ks: The ranks of P300 across the EEG channels.
e N170,an1s: The ranks of N170 across the EEG channels.
e N400,.,1s: The ranks of N400 across the EEG channels.

To calculate the sum of squared differences between the ranks of these variables, the
equation is modified as Equation (5).

D> d® = (P300canks — N170sanks)” + D (P300ranks — N400zanks )
(5)
+ ) (N 170sanks — N400sanis)?

The actual computation of the sum of squared differences would involve sub-
stituting the specific ranks of the variables into the equation and performing the
summation. As the specific measure of learning performance is used, the experimen-
tal design will impact the interpretation of the correlation results. The strength of
the correlation in the correlation coefficient (p) ranges from —1 to 1. A correlation
coefficient of 1 indicates a perfect positive correlation, while a coefficient of —1 in-
dicates a perfect negative correlation and a coefficient of 0 indicates no correlation.
The significance of the correlation can be determined using a hypothesis test with a
p-value threshold (e.g., p j 0.05). Euclidean distance is applied to measure the correla-
tion between ERP waveforms and human learning performance. The basic idea is to
calculate the Euclidean distance between two targeted ERP sub-components and use
it as a measure of the similarity. A smaller Euclidean distance indicates a stronger
correlation between the two waveforms as in Equation (6).

d(z,y) = Z(l‘i —yi)? (6)

where d(z,y) is the Euclidean Distance between two waveforms = and y. z; and y;
are the amplitude values of the i-th sample in waveforms x and y, respectively.
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The Euclidean Distance can be computed as the square root of the sum of squared
differences between the amplitudes of corresponding components across EEG channels
as follows:

e P300;: P300 amplitudes across EEG channels.

e N170;: N170 amplitudes across EEG channels.

e N400;: N400 amplitudes across EEG channels.
The specific computation of Euclidean Distance for the amplitude of the ERP sub-
components is presented as Equation (7).

dgrp = \/Z(PZ%OOZ- — N170;)% + > "(P300; — N400;)% + > "(N170; — N400;)?
(7)
Where dgrp denotes the squared differences between the targeted ERP sub-
components. The P300;, N170;, and N400; are the amplitudes at index ¢ in the
respective vectors. Assigning weights to each component of ERP waveforms (P300,
N170, N400) based on the importance or relevance is subjective and can vary de-
pending on the specific research question or context. However, this study provides a
general approach for assigning weights Wi, Ws, and W3 to each component (P300,
N170, N400) based on the importance or relevance (normalized to a scale of 0 to 1):
oW1 =04
e Wy =03
[ ] W3 - 03
These weighted ERP waveforms reflect the assigned weights based on the im-
portant criteria by multiplying the Spearman’s Rank Correlation Coefficient by the
Euclidean Distance, weighted by the respective weights for each component. The
weighted correlation value is calculated for each component using the following Equa-
tions:

P300ycc = p-derp - W1 (8)
Nl?owcc =p- dERP N W2 (9)
N400yee = p-dprp - W3 (10)

Where WCC' denotes the Weighted Correlation Component for each component.
The weighted correlation values are summed up across the ERP sub-components to
obtain an overall measure of cognitive performance. The proposed methods combined
approach considers the correlation between ERP sub-components (P300, N170, N400)
using Spearman’s Rank Correlation Coefficient and incorporates the spatial distance
using Euclidean Distance. A positive correlation suggests that there is a consistent
relationship between the ranks of the P300, N170, and N400 components across the
brain channels. Higher ranks in one component are associated with higher ranks in
the other components, indicating a similar pattern of response across the channels.
The magnitude of the positive correlation coefficient would indicate the strength of
the relationship. If the correlation coefficient is close to 1, it suggests a strong positive
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correlation, meaning that the ranks of the components are closely related and tend to
increase or decrease together. If the correlation co-efficient is closer to 0, it indicates
a weaker positive correlation. In contrast, the negative correlation coefficient suggests
that there is a negative relationship between the ranks of the P300, N170, and N400
components across the Brain channels. This means that ranks in one component tend
to be associated with lower ranks in the other components. By applying appropri-
ate weights, this method can capture the relative importance of each component in
determining cognitive performance.

5. Experimental results

The ERP sub-components need to be extracted from raw Brain Signals and prepro-
cessed equally before being applied to the Correlation and Distance-Based approach.
Initially, a FIR high-pass filter with a cutoff frequency of 0.1 Hz and an attenuation
of 12 dB/octave is applied to the continuous single trial Brain signal data. This high-
pass filter effectively eliminates noise, optimizing the quality of the Brain Signal data.
The effects of the filter on an EEG channel are shown in Figure 3, highlighting the
successful noise reduction.
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Figure 3. High-Pass Filtered Brain Signal Data of Pz Channel

The high-pass filtered raw Brain Signal is divided into 150 separate trials, each
with a 2,400 milliseconds split into 1000 pre-stimulus and 1400 post stimulus duration.
These trials are then averaged into a single trial using time-domain averaging to
extract the Event-Related Potential signals. This process enhances the signal-to-
noise ratio and ensures that the extracted ERP sub-components are representative of
cognitive activity.

Table 2 presents the numerical values corresponding to the data points of the
Event-Related Potential (ERP) recorded across the Electroencephalogram (EEG)
channels within a representative sample following the time domain averaging. Sub-
sequently, a low-pass filter with a cut-off frequency of 30 Hz and 24 db attenuation
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is applied to the ERP signal across the Brain channels, reducing the impact of noise
and further refining the signal quality.

Table 2
Filtered ERP Data

. Amplitude [puV]
Time [ms] =5 =555 P7 P8 | Oz 01 02 | Cz | CPz
1 95.7 | 74.4 | 685 | 123.7 | 50.9 | 42.9 | 100.1 | 77.4 | 69.8 | 92.4
2 95.6 | 74.4 | 68.4 | 1235 | 51.0 | 42.8 | 1002 | 77.2 | 69.8 | 92.4
3 95.6 | 74.5 | 68.3 | -123.1 | 51.1 | 42.6 | —100.3 | 77.0 | 69.8 | 92.4
2399 95.8 | 74.5 | 685 | —123.6 | 51.3 | 43.2 | —100.1 | 77.5 | 69.9 | 92.3
2400 95.9 | 74.4 | 68.6 | 1234 | 51.4 | 43.3 | —100.0 | 77.6 | 69.8 | 92.3

Voltage (V)  Voltage (1V) Voltage (uV) Voltage (1V)  Voltage (uV)

In addition, a baseline correction will be enacted on the data, wherein a pre-
stimulus duration of 1,000 milliseconds will be employed. This correction involves
computing the average of the first 1,000 data points in the ERP signal and sub-
tracting this computed value from the entire waveform within each EEG channel.
Afterward, 75 evenly distributed data points from the time windows of 250-350 ms,
120-200 ms, and 300-500 ms are extracted to take the amplitudes of the P300, N170,
and N400 ERP sub-components respectively, as specified in Table 1. Only 75 data
points are selected because it is the greatest number evenly spaced of data points ex-
tractable from each ERP sub-component time window. Figure 4 shows the extracted
amplitudes of the ERP sub-components from the 10 channels of a sample, indicating
the presence of the components of interest.

Figure 4. Preprocessed ERP Waveforms Across the Brain Channels
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Finally, ensemble averaging is applied to the extracted amplitudes of the ERP
sub-components by taking the average of the amplitudes of the 10 channels at each
time point. This ensemble averaging provides a consolidated representation of the
ERP components and enhances the statistical significance of the analysis. The result
is shown in Table 3, indicating the averaged amplitudes of the P300, N170, and N400
ERP sub-components.

Table 3
Ensemble-Averaged Amplitudes of P300, N170 and N400 ERP Sub-Components

P300 N170 N400
Time [ms] | Activity [uV] | Time [ms] | Activity [uV] | Time [ms] | Activity [uV]
250 0.3930 120 0.7729 300 0.6764
251 0.4056 121 0.7933 303 0.6525
253 0.4242 122 0.8110 305 0.6328
349 0.2277 199 0.2098 497 -0.0548
350 0.1969 120 0.2156 500 -0.0368

To analyze the Event-Related Potential components with the Correlation and
Distance-Based approach, the 75 data points of each ERP sub-component are rounded
to 2 decimal places, standardizing the data for further analysis. The data points are
sorted in ascending order and given a rank based on the values compared to other data
points. This ranking process is essential for quantifying the relationships between ERP
components. The ranked amplitudes are then used to calculate the sum of squared
rank differences between the P300, N170, and N400 ERP sub-components (see Fig. 5).
The resulting sum of squared rank differences, along with the number of ranked data
points, is employed to compute Spearman’s Rank Correlation Coefficient, utilizing
Equation (7).

P300 amplitudes

Voltage (11V)

Time after stimulus(ms)
R 1 | | 1 1 1 1
272 283 294 306 317 328 339

N170 amplitudes

Lmﬁ

‘Tlmc after stimulus(ms)
1 1 1 | 1 1

Voltage (11V)

138 147 156 164 173 182 191

Voltage (1£V)

r ‘Time after stimulus(ms)

2 1 | |

344 367 389 411 433 456 478
[=Pz—P3 —P4 —P7 —P8 —0z—01 —02 —Cz—CP]

A’i

Figure 5. Amplitudes of P300, N170, and N400 ERP Sub-Components
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For the distance-based part of the method, the square root of another sum of
squared differences between the sorted amplitudes of the ERP sub-components is
taken to obtain the Euclidean Distance between the amplitudes of the ERP sub-
components. This Euclidean Distance measurement provides insight into the spatial
relationships between the ERP components. Finally, the weighted correlation coef-
ficients of each ERP sub-component are calculated by multiplying the Spearman’s
Rank correlation coefficient with the Euclidean Distance and the assigned weights for
the respective ERP sub-component, following Equations (8), (9), and (10) from Sec-
tion 4.3. This weighted correlation approach allows for a comprehensive assessment
of the contributions of each ERP sub-component to cognitive performance. The de-
scriptive statistics of the results obtained from the ERP analysis using the Correlation
and Distance-Based approach are shown in Table 4.

Table 4
Results of the Correlation Coefficient and Distance-Based approach
Variable Mean Star.lde.u"d Variance Cfmﬁdence
deviation interval
Correlation Coefficient (p) 0.99 0.01 0.0002 0.01
Euclidean Distance (dERP) | 5.50 2.70 7.30 0.93
P300wcc 2.18 1.08 1.16 0.77
N170wcc 1.63 0.80 0.65 0.58
N400wcc 1.63 0.81 0.65 0.58

The examination of correlation coefficients displayed in Table 4 unveils pro-
found insights into the interrelationships among the P300, N170, and N400 ERP
sub-components and the impact on cognitive performance. A Spearman’s rank corre-
lation coefficient of 0.99, accompanied by a low standard deviation of 0.01, accentuates
a positive correlation between the amplitudes of these sub-components and cognitive
performance. This implies that greater amplitudes of the P300, N170, and N400
sub-components are indicative of enhanced cognitive performance.

Complementing this insight, the analysis of Euclidean Distance data corroborates
the observation. With a mean value of 5.50, a standard deviation of 2.70, and a Con-
fidence Interval of 0.93, the relatively diminutive Euclidean Distance underscores the
spatial proximity of data points associated with these ERP sub-components. This
suggests that the P300, N170, and N400 sub-components share analogous predictive
capacities concerning cognitive performance. The combined evidence from correlation
coefficients and Euclidean Distance data underscores a positive relationship among
these sub-components, establishing a strong case that higher amplitudes are reflective
of superior cognitive performance.

Moreover, the results of paired two-sample t-tests serve to fortify these findings.
The p-value of 0.0001 derived from the comparison of P300y.. with the ERP sub-
components underscores the statistical preeminence of P300yc. in cognitive perfor-
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mance assessment, thus underscoring P300 as the most reliable ERP sub-component
for this purpose. Conversely, the p-value of 0.999 arising from the paired two-sample
t-test contrasting N170yc. and N400y.. implies the absence of a substantial distinc-
tion in the efficacy in the evaluation of cognitive performance, reaffirming the equal
importance of the N170 and N400 ERP sub-components within this context.

In summation, the systematic scrutiny of correlation coefficients, Euclidean Dis-
tance data, and paired t-tests collectively reiterates the positive correlation between
the P300, N170, and N400 ERP sub-components and cognitive performance. This
evidence strongly suggests that elevated amplitudes within these sub-components cor-
relate with superior cognitive performance. These findings offer invaluable guidance
in prioritizing the P300 ERP sub-component in cognitive performance research, while
simultaneously acknowledging the equal significance of N170 and N400 in the evalu-
ation of cognitive performance.

6. Discussion and conclusion

6.1. Discussion

The identification of cognitive performance in humans using event-related potentials
(ERP) has been a topic of extensive research for several decades. In recent years, sig-
nificant advancements have been made in the field, particularly in the development
of advanced techniques and methods that enable more precise and dependable mea-
surements of cognitive performance through ERP analysis. Our experimental results
align with these advancements by demonstrating the effectiveness of filtering and pre-
processing techniques in enhancing the quality of Brain signal data, which is crucial
for accurate ERP analysis.

A notable recent development involves the application of machine learning al-
gorithms to classify ERP waveforms. Deep learning and support vector machines,
among other machine learning algorithms, have shown promising outcomes when
utilized to analyze ERP data. These algorithms possess the capability to identify
patterns and correlations within ERP data that may not be readily discernible to
human observers [32] [3]. This is particularly relevant to our study, where the Corre-
lation and Distance-Based approach was used to analyze the ERP sub-components,
providing a robust method for assessing cognitive performance.

Moreover, recent progress in ERP research involves the utilization of high-density
EEG systems, which enable the recording of ERP data with superior spatial resolu-
tion. This advancement offers the potential to extract more detailed information
about the neural processes underlying cognitive performance [33], enhancing the sig-
nificance of our findings related to the P300, N170, and N400 sub-components. The
integration of multimodal imaging techniques, such as combining EEG with func-
tional magnetic resonance imaging (fMRI), has facilitated a more comprehensive un-
derstanding of the neural mechanisms associated with cognitive performance [5,9],
further supporting the potential applications of our study.
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In addition to investigating cognitive performance, recent studies have focused
on utilizing ERP data to develop brain-computer interfaces (BCIs) for individuals
with disabilities [38]. The utilization of ERP data in the development of BCIs has
demonstrated encouraging results, enabling individuals with disabilities to control
devices such as prosthetic limbs and communication devices [13]. These advance-
ments highlight the broader implications of ERP research, extending beyond cogni-
tive performance assessment to practical applications that can significantly impact
individuals’ lives.

6.2. Conclusion

The correlation analysis conducted in this study has yielded valuable insights into the
associations between the P300, N170, and N400 event-related potential (ERP) sub-
components and cognitive performance. These ERP sub-components, which are linked
to various cognitive domains, have emerged as potential biomarkers for evaluating
cognitive abilities in educational and training settings. The strong positive correlation,
as indicated by Spearman’s rank correlation coefficient of 0.99 and a low standard
deviation of 0.01, underscores the relationship between the amplitudes of these sub-
components and cognitive performance.

The high-pass filtering, and time-domain averaging applied to the raw Brain
signal data effectively enhanced the signal-to-noise ratio, allowing for clear extraction
of ERP sub-components. The subsequent application of low-pass filtering and baseline
correction further refined the signal quality, enabling precise measurement of the
P300, N170, and N400 amplitudes. The Euclidean Distance analysis substantiates
the strong correlation observed, revealing a relatively small distance between the
ERP sub-components, which indicates similar predictive power regarding cognitive
performance.

The results of paired two-sample ¢-tests reinforce these findings. The p-value
of 0.0001 in the comparison between P300y.. and the N-group ERP sub-components
highlights the statistical superiority of P300y.. in assessing cognitive performance. In
contrast, the paired two-sample t-test between N170yc. and N400y.cc, with a p-value
of 0.999, indicates no significant difference in their effectiveness in assessing cognitive
performance. This underscores the equal importance of the N170 and N400 ERP
sub-components in this specific context.

In summary, the study’s results demonstrate a positive correlation between the
P300, N170, and N400 ERP sub-components and cognitive performance, suggesting
that higher amplitudes of these sub-components are indicative of superior cognitive
performance. The study emphasizes the significance of the P300 sub-component while
also recognizing the necessity of N170 and N400 in the assessment of cognitive per-
formance. These findings offer valuable insights for future research endeavors and
practical applications in the field of cognitive performance assessment.
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6.3. Limitations and future works

There are several limitations to studies that aim to identify cognitive performance
using ERP. One of the main limitations is that the quality of the ERP signal is influ-
enced by various factors such as age and gender, mental state, and the type of EEG
equipment used for the participant. Additionally, the process of collecting and ana-
lyzing ERP data is time-consuming and requires significant expertise, which can limit
the practicality and scalability of the approach. Besides, ERP signals may be influ-
enced by other factors besides cognitive performance. For example, external stimuli
such as sounds or visual cues can trigger certain ERP sub-components, which may not
necessarily reflect cognitive performance. Moreover, different individuals may have
varying levels of baseline ERP activity, which can affect the interpretation of ERP
signals. Furthermore, there is a lack of consensus on the precise relationship between
ERP sub-components and cognitive performance. While some studies have reported
strong correlations between specific ERP sub-components and cognitive abilities, oth-
ers have reported weak or inconsistent relationships. The complex nature of cognitive
performance, which involves multiple cognitive processes and neural networks, makes
it difficult to identify specific ERP sub-components that can accurately predict cog-
nitive performance. Finally, there are ethical and privacy concerns related to the use
of ERP signals for cognitive assessment. The collection and analysis of brain activity
data may raise concerns about the confidentiality and privacy of the individual, as
well as potential discrimination based on cognitive ability. Despite these limitations,
the use of ERP signals for cognitive assessment shows promises and has the potential
to provide valuable insights into cognitive performance. Ongoing research is focused
on addressing these limitations and developing more accurate and reliable methods
for identifying cognitive performance using ERP signals.
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science. It enables to develop, operate, and maintain software in an engineer-
like manner. Therefore, numerous concrete strategies, methods, best practices,
and concepts are available. A combination of such methods must be adequate,
efficient, applicable, and effective for a concrete project. Eelsewise, the develop-
ers, managers, and testers should understand it to avoid chaos. Therefore, we
exemplify the BMACH method that provides software guidance. The method
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1. Introduction

Managing software artifacts is one of the most essential aspects of computer science.
The question is how to develop, operate, and maintain software [15,66,75,76,80,81].
Scientists and industry give different (partial) answers to this question: software
process models [1,24,45,69, 70, 73, 74], programming paradigms [4, 7], change man-
agement [3, 8,10, 13,22, 30, 32, 38, 52, 86], best practices [9,39-42, 53, 85], and many
more [14,17,23,27,47,60,79,84]. So, to tackle one challenge, we have various solution
strategies, methods, description languages, and suggestions present. We neither have
a uniform solution strategy nor a description language. For managing concrete soft-
ware, e.g., in a project [67, p. 1] [70, p. 3,5,14], software developers, managers, testers,
and reviewers are deciding and understanding/learning a management strategy. Thus,
the open question in concrete is.

How to review if a software artifact management strategy is suitable
ahead of the beginning of the management?

In principle, a management strategy has to cover at least all relevant aspects of
software management. So, the V-Model is insufficient if a project requires maintaining
and operating software. A software management strategy should not cover addition-
als, to be minimal. So, a change management process is insufficient if the decision
to create software is already done. Knowledge transfer is an additional challenge. If
a Kanban-based project decides on an explicit requirement engineering, the results
of the requirement engineering are included in the development process. Therefore,
the requirement engineer can deliver a programmer understandable description or
participate in the development process. Requirements are not present in a Scrum
process. Such a process requires user stories. They also describe the same functional
properties of software artifacts.

The examples describe the overall challenges. The different management strate-
gies cover varied aspects, but a project requires managing exactly the project’s as-
pects. All involved persons have to understand their role in the overall process. Cre-
ating and transferring (by persons, documents, and software artifacts) has to be
explicit to enable management. The different software management strategies use
different terms and languages, which makes them hard to understand and combine.

Our solution is a uniform, complete, minimal, and easy-to-apply software guid-
ance. It applies to all management strategies and their combinations. SMACH han-
dled the challenge that an a priori a unification of the languages used in computer
science is not possible [44,91] [72, p. 319]. Nevertheless, it is possible to describe
the knowledge. Examples are the description of ontology’s of engineering [75,76], the
work by Popper [63,64], or other general categorizations [76].

The 8SMACH method [33,37] provides a unification of the aspects based on a uni-
fication of management strategies, an extraction of relevant management aspects, and
a systematization of these aspects. As a result, the BMACH method enables a soft-
ware developer to check and specify a concrete management strategy with minimal
effort. The management strategy becomes easily understandable to programmers,
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project managers, engineers, testers, etc. The SMACH method enforces a description
of all relevant aspects of software management and identifies missing ones enforce
completeness. It enables review strategies, fosters improvements, is a starting point
for academic discussions, and is the basis for systematic comparisons of management
strategies. Therefore, it can describe all kinds of management strategies in a uniform
knowledge-based language and avoids chaotic processes.

In this paper, we exemplify the BMACH method to explain it, provide its advan-
tages, and test its applicability. Therefore, we have to decide on a management strat-
egy. Scrum, V-model, or Kanban are describing such management strategies. They
are easily describable by the BMACH method, so we decide on a more challenging task.

We decided on microservices. It is a concept, not a management strategy. Mi-
croservices are an answer to various scalability challenges. They enable large and com-
plex systems by scaling the number of services and development teams. Microservices
allow self-management and agile processes such as Scrum. Therefore, the developers
apply the microservices concept to all parts of the overall system. It requires all de-
velopers, managers, software engineers, etc., to understand the microservice concept
and to follow it, so the BMACH-based description in this paper is helpful.

This paper focuses on using the SMACH method and not creating the SMACH
concept. Therefore, we explain the usage of BMACH on a toy example and analyze
microservices. We decided on microservices because they are well-established and
widely used in large-scale industrial applications [55,56,78]. Such systems have proven
to be scalable to support several million users. Academics described them at various
conferences [16,28,29,46,51,54,77] and discussed them heavily. Thus, microservices
are an answer to actual scalability challenges and an object of academic research.

The scalability of microservices is not limited to the user load. Also, the
development is scalable. Microservice systems consist of individual microser-
vices [11,19,58,90,93]. Every service is developed and managed by one team (but
a team can have multiple services). The idea of microservices is to keep a team small,
as described by Levis and Fowler [49]. Most importantly, the teams and the microser-
vices stay small, even if the overall system can scale. It scales by adding additional
microservices and teams.

The small teams provide a set of advantages like less management overhead. The
team members are more productive in a flat hierarchy, and agile software management
processes are easy to learn. The microservices and teams are independent of each
other. Thus, the overall management overhead is reduced. Nevertheless, too many
requests based on service communication or other aspects can hinder the productivity
of a small team [53]. It is the reason for demanding service and team isolation. It is
an essential factor of microservices. Based on the isolation, we call our microservice
definition a strong one, as opposed to code size, the number of team members, or the
used technology as the basis [2,5,57,82,89].

In a microservice system, even if the teams are small and self-managed [21,43,70],
a minimum set of rules has to be set. The teams should not break the microservice
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system, e.g., by building interfaces to other microservices. In addition, all manage-
ment aspects need a description. Software management includes creating, improving,
deploying, and operating software artifacts [74]. Also essential are the documentation
and communication of the teams. All members need to understand and agree to the
process to avoid conflicts.

BMACH [33,37] documents and defines a software management process. It aims
to check the management strategy to support all relevant management aspects and
avoid unnecessary management. MACH is minimalistic, based on scientific ground-
work and an ontology of key management aspects. It provides engineer-like systemat-
ics. In this paper, we give a SMACH protocol to accomplish all significant aspects of
software management in a microservice team. It describes how to create such a proto-
col. So you can adapt it to your concrete process. As a result, based on the SMACH
protocol, we can demonstrate how the independence of microservices is a solution to
many management aspects.

We organize the paper as follows: An introduction to SMACH in Section 2, to
give the fundamentals of the scientific method. In Section 3, the microservice system
is defined and explained. Section 4 describes a use case. Then (Section 5), we explain
how to fill the SMACH protocol (perform the SMACH method). With the SMACH
protocol, we can provide observations on the microservice-based process to manage,
and we will analyze microservices (Section 6). We close with a conclusion (Section 7).

2. A short explanation of BMACH

The SMACH! method is an approach to define and plan a software-management
process, e.g., a software development project. Therefore, SMACH defines the
management process, gives additional context (meta-information), and describes
how to cover essential aspects of software management (As groundwork, see,
e.g., [4,6,8,12,18,20,25,26,47,50,59,62,73,74,87]). The key aspects are based on an on-
tology of software engineering and software management strategies and are described
based on the vocabulary of knowledge management.

The BMACH protocol consists of three parts: the definition of management pro-
cesses, meta-information, and descriptions of the key aspects. A team should fill in
a protocol for each separate management process. The meta-information defines the
team, the filler of the protocol, and additional parts. The definition of Our Team
and Cooperating Teams are essential for understanding the protocol. Our team is
the group of persons who directly manage the software. In our example, the team
manages one microservice of the overall microservice system. Cooperating teams are
other teams that are intensively involved. An example would be a dedicated testing
team. In our case study, there is no such team.

1Systematic Software Management Approaches Characterization Helper; 8 is the German Eszett.
You can read and pronounce it as “ss”.
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By defining the management process (Fig. Al and 1), we provide the guidelines to
plan the management. It can be short and link to additional documents. For instance,
we can reference the Scrum Guide [70] in the case of Scrum-like management. The
definition should be easy to understand by the target audience. Usually, this audience
is the team. In this case, the readers of the paper. The definition should be in
numbered bullet points. So it can efficiently describe the key aspects.

BMACH defines three groups: our team, cooperating teams, and externals. Our
team is the group that manages the software, so they have to deliver and operate
a microservice (of the microservice system). Also, our team defines and learns the
management process in the BMACH protocol. Cooperating teams are other teams
that our team can or must cooperate with. Our team can not define how cooperating
teams work (they do their own management). Our team can change the agreements
with them during the management process. Such teams are, e.g., teams in the same
organization. Because our team is working with such teams, SMACH calls this In-
ternal. The last group is called External. Our team can not directly influence such
parties, e.g., contract partners. Qur team has a defined contract and has to follow
it. Another example is a provider of a library or end-users who use the microservice.

The BMACH protocol organizes the description of the key aspects of software
management in a table. Fig. 3 provides an example. The columns define the different
aspects of knowledge and information management. It includes who is doing (column
Roles), what needs to be known to perform the process (column Process Knowledge),
and how is the product or aim of the process (column Product Knowledge). This part
of BSMACH follows the idea that a product or artifact is created and managed by
actors/persons/roles in a process. [74]. In addition, BMACH points out if a piece of
knowledge is not present at the beginning (column Demanded Knowledge). Clarifying
which knowledge is required is essential as the process needs to find a solution to
acquire it during the management. The last column is called Process Information,
which defines which information has to be provided by the management process, e.g.,
working hours for billing, the results of meetings, and delivery protocols.

The rows define the product aspects and the party that influences the aspects.
Previously, we gave the type of parties. Our team has external parties (marked by
the term Outside), and our team has cooperating teams (marked by the term Inside).
Our team is present by the table and needs to conduct the management process based
on the key aspects, given in the table.

The rows in the table represent the Product Properties. The artifacts our team has
to develop/manage. Interfaces are the definition of (technical) interfaces of our arti-
facts to communicate with other systems. Dependencies describe everything our team
demands to get from others. Responsibilities give what our team needs to provide to
others (e.g., based on contracts or regulations). Each of the four aspects is present as
internal and external. So, BMACH defines interfaces to cooperating teams that can
be discussed and adapted based on the project needs and fixed interfaces to external
parties. These aspects cannot be influenced directly by our team.
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The last row is External Artifacts. It describes that an artifact is taken from
another party and included in our project. It is copied (e.g., use an open-source
library). As a result of copying, it is irrelevant whether it is from a cooperating team
or external. Nevertheless, an external artifact needs management. Our team needs to
know how the artifact works, how we will use it, and other consequences (e.g., based
on licensees) the team has to consider.

In addition, SMACH defines relations of different aspects, abstracted as cells in
the table. One aspect can require another, so knowledge transfer or transformation is
required. A provides relation expresses that an aspect does not need active manage-
ment. The aspect is handled /provided as a consequence of managing another one. For
example, forbidding the usage of external artifacts provides a solution to all related
management aspects by avoiding any need for management.

To exemplify the BMACH method we provide a toy example in the appendix.
The toy example provides additional explanations for all its parts. Thereby, it is
possible to look up what to fill in the protocol and have a very simple example of
a filled protocol. For this paper, we split the protocol into parts to support printing.
The original protocol consists of an A4 page for the definition of the management
plus meta-information and A3 pages for the description of the key aspects. We give
the management definition in Figure A1, and the meta-information in Figure A2. The
table with the key aspects has an initial explanation. We present it in Figure A3.
The original protocol provides one table with all key aspects. In this paper, we split
it into three parts, presented in Figure A4, A5, and A6. For the toy example, we use
blue text to visualize everything we (or the team) filled in. The hints are presented
in gray text. You can download the SMACH protocol at https://doi.org/10.5281/
zenodo.10992007 to print it in large or zoom in to read all the details.

The toy example is the following. A company has a magical box to create soft-
ware. So, your challenge is to find out how to get the box. One team of the company
is our team. This team wants to use the software itself. Thus, communication, de-
pendencies, management goals, etc., are extremely reduced compared to a realistic
project. The magical box can be interpreted as a simplification of outsourcing. So,
payment circumstances, problems with the outsourcing partner, etc., are removed
from the example.

The toy examples use the different relations of key aspects. The fields in the col-
umn process information (Fig. A5 and A6) are all very similar. Based on the manage-
ment definition, no information is recorded. In each case, the part 6 of the definition
is referenced. Therefore, the similarity is visualized by the same background color.

The toy example provides different examples of require relations. One example is
from the field inside dependencies / product knowledge to inside product properties /
roles. The dependency describes the need to get the magical box. This box provides
the product properties, and someone (a role in the team) needs to get the box from
another team of the company. As a result, the dependency requires a role to support
resolving the dependency.
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An example of provide relations is, e.g., present in the row inside dependencies.
The inside dependency is defined by getting the magical box. That is what you
need to know to handle the dependency. So, it is in the column product knowledge.
This field is resolved by a demand relation described above. In addition, the magical
box does not need extended management. Because it is so easy, it does not need an
additional/extra role to manage it or a process. Thus, product knowledge provides
a solution for field roles and field process knowledge. In this case, it provides a solution
because it can be denied to have a role or a process to manage the inside dependencies.

Later on, we describe the filling in of an SMACH protocol in detail. So, we stay
with the toy example as a self-explaining, very simplified example.

3. Strict definition of microservices

The paper aims to analyze microservices with the SMACH method. Therefore, we
defined and described microservices in general, and based on the SMACH method.
We are not describing a concrete microservice project, and we do not deny that those
real-world systems need to find compromises between the strict isolation our definition
demands and practical circumstances. Thus, we do not describe a concrete, but
rather a preparation of a management process. It checks if the microservices concept
describes all management aspects defined by BMACH. For a real-world management
process, we would need a more concrete context and an adaption to give missing
descriptions in the microservice concept.

Before using SMACH, we start with the general description: The term microser-
vice is not well-defined: The term is used for SOAs [93] build of small services [61,83],
for a realization of an organizational structure [49], as a DevOps concept [49,90], or
as architectural style [11,19,49,58,93]. Our definition focuses on the strict isolation of
individual services because isolation can be helpful for management processes [12,71].

In the following, we provide a clear definition of microservices. We used def-
initions stated before (see also [34-36]), a combination of common definitions and
strategies, e.g., [11,19,49,58,93]. We present our definition as a pattern.

Name Microservices (also called Slice Service Style)

Problems to solve Solves the need for scalability concerning the system load
and the number of persons/teams developing the system.

Definition The slice service style is an architectural style where the essential
aspects of the system are encapsulated in services (slices, microservices, or ver-
tical services). These services deliver functionality to end-users and have no (or
minimal) dependencies on other slices of the system. It includes code-sharing,
usage of interfaces, sharing of manpower, and management of, e.g., creation,
deployment, and operation.

Consequences Because of the separation of slices to allow scalability, the soft-
ware process model needs to be adapted or tailored. The definition of slices
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influences the overall system and has to be done globally (e.g., up to the design
phase of the waterfall model), while the creation and operation of the slices
are independent. Thus, the (global) software process model has to support
independent software development (e.g., by realizing each slice as a DevOps
project) and a design or architectural phase at the beginning.

Drawbacks Because the independence of slices includes teams and persons,
the structure of the organization developing the system needs to be aligned.
In addition, independence reduces the knowledge transfer of the persons of
different slices and hinders common reuse techniques. Especially cross-cutting
concerns cannot be managed.

4. Use case

In the following, we present concrete use cases from the development team’s perspec-
tive. We give examples of how the SMACH protocol can be helpful in concrete and
how it is used by the team. Therefore, we use the microservice example as a basis,
but we will also point out differences to a concrete SMACH protocol.

4.1. The external artifact question

When our development fills in the BMACH protocol, they get to the row about ex-
ternal artifacts. Microservices, as a concept, do not provide a clear and commonly
accepted solution strategy. As a result, our team is pointed to this challenge and
needs to make a clear and informed decision. Typical answers are the following:

e To reduce the dependencies on external code, we forbid the usage of external lib-
erties. In the SMACH protocol, we fill in that no knowledge regarding external
artifacts exists and no management process is required. We make it clear to the
team members by adding “It is forbidden to use external artifacts.” as an item
to the management definition.

e To forbid external libraries creates new challenges. Encryption, single sign-on,
and logging are forced to be re-implemented. This is a high, additional effort
and very error-prone. Using established, well-tested, and continually supported
libraries is a solution strategy. In such cases, it demands to know the libraries
and check that the licenses are exportable. Integrating the liberties requires
checking for security issues and update own microservice on demand. Therefore,
it requires adding a process and role to the SMACH protocol.

The BMACH concept forces the team to decide how to handle external artifacts.
The team decides on a strategy and avoids unwanted problems like unmanaged secu-
rity issues based on outdated libraries.
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4.2. Why not use another microservice?

Let us assume we have a running microservice, and our team operates and maintains
it. In this situation, our team gets a new member who proposes to use the other
microservices to reduce the code base and increase the functionality.

The team can refer to part 1 of the definition (Fig. 1). Thus, the new member
can understand the current situation.

The BMACH is not written in stone. If the situation changes, the protocol can
be updated. In this example, it is discussed to remove part 1 of the definition. As
a result, all key aspects referring to this part (Fig. 3) are part of the discussion. In
concrete, cooperation with other teams has to be established and managed. It is,
e.g., needed to have a plan if another service changes the interface or is temporarily
unavailable.

Whether it is more effort or risk to manage the relation to other teams/microser-
vices or to not use their services is a decision of our team. BMACH demands to
describe the plan to foster an informed decision.

4.3. The functionality of the microservice

One of the open questions in our example is the functionality of a singular microser-
vice. In BMACH, this is mainly a question of product knowledge. To program and
maintain the microservice, our team needs the related product properties (see Fig 3).
In short, the interfaces the microservice provides to the end-user define the product
knowledge (the code base of the microservice). The code needs to implement the real-
ization of the interfaces. The responsibilities (the definition of what our microservice
has to provide to the end-user) define the interfaces. A chain of demands relations in
the BMACH protocol (see Fig 3) represents the knowledge transfer. The open ques-
tion in the protocol is who (which role) provides the responsibilities of our service as
a system’s concern of the overall microservice system.

In our example, we can not answer the system’s concerns at all. The concerns
require a concrete system and project. Without knowing the aims, purpose, or busi-
ness model of the microservice system, we can not answer. A real microservice system
example has such information available, at least for the overall microservice system.

The BMACH protocol we provide in this paper is for the development team of one
microservice. Thus, from the viewpoint of this team and the corresponding SMACH,
the knowledge of the partial system’s concerns (outside responsibilities) needs to be
provided somehow. If we create a BMACH protocol for another microservice and
another team, we encounter the same problem. As a result, we demand additional
teams that define the business capabilities of the overall microservice system. In
addition, such teams separate the overall system’s concerns into individual microser-
vices [31]. To describe such a team in BMACH is another story. It requires having
an overall business strategy [12] and dividing [92] the overall business concerns into
individual services.
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5. Filling of the BMACH protocol

‘We use the microservice definition to describe the filling of the BMACH protocol. The
first step is the discussion of the context information. Then, the definition and the
aspects of management are discussed in parallel. The results are Fig. 1, 2, and 3.

5.1. BMACH context

To fill the BMACH protocol starts with writing down the context information. This
part of the BMACH protocol defines other parts. So, it is a good starting point.
Mostly, the context is very clear and easy to fill. We know the name and the date
a priori. It is the first version, so we label it as 1.0.

The SMACH protocol is filled for a team that manages a microservice, not for
the organization that manages the overall microservice system. We call the team Mi-
croservice Team A, A to indicate that other teams of this kind exist. The team needs
more details than a name, so we added an explanation in Fig. 2. This also describes
the artifacts. In the pattern definition (Section 3), the part “This includes code-
sharing, usage of interfaces, sharing of manpower, and management of, e.g., creation,
deployment, and operation.” describes the separation and the artifacts. The part “by
realizing each slice as a DevOps project” describes the different teams.

The cooperating teams are mostly independent. Thus, we could define them
as external. Also, the teams belong to the same organization. The organization
manages the overall microservice project. It argues against a complete disjoin. We
use the system border of the microservice system as the external border. The mapping
of individual microservices to teams is sufficient to describe it: all teams work on the
same microservice system as cooperating teams, even if they are independent. As
a result, the context information of the SMACH protocol is present in the SMACH
protocol in Fig. 2.

5.2. BMACH Definition and software management aspects

BMACH is a method to define and discuss a software management process.
The 8MACH protocol defines the process required by a software development
team. The team is responsible for a microservice. We start with the work packages.
Afterward, we describe the management process of our team.

5.2.1. Work package responsibilities

Work packages of BMACH describe if our team is responsible for the development,
maintenance, and improvement. The pattern-like definition of microservices (Sec-
tion 3) mentions development, maintenance, and improvement. Development is called
“creation”. The “deployment” is a part of the development and/or maintenance (de-
pending on static deployment or the system changes its deployment). The “oper-
ation” is at least part of maintenance and can include improvement. The mention
of DevOps confirms that all work packages are included in the management process.
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Thus, the team is responsible for all work packages, and we check them in the SMACH
protocol (Fig. 1).

5.2.2. Definition of the management process

We have a microservice definition (Section 3), but it is not a SMACH protocol. We
need a description where different parts of the definition are easy to reference. Also,
each part should describe one aspect and no mixtures.

To get the definition for SMACH, the definition from Section 3 is decomposed
and recomposed. We can split the first sentence of the pattern-like description into
parts that are candidates for the SMACH definition:

e The naming microservice and the classification as architectural style.
e The representation of system concerns as encapsulated services.

e The services deliver functionality to the end-users.

o Services have no (or minimal) dependencies on each other.

The second sentence describes what is included in the services and is independent
of other services:

e Services have a code base.

e Services have interfaces.

e Services have a team (“manpower”).

 Services persist over development, maintenance, and improvement (“creation,
deployment, and operation”).

The naming and classification as architectural style do not give the descriptions
as needed by the SMACH protocol. In addition, we can reorder the items in the
description of the system and the microservices:

1) The microservice system consists of microservices.

2) Microservices have no (or minimal) dependencies on each other.

3) Microservices represent encapsulated system concerns.

4) Microservices are persisting over development, maintenance, and improvement.
6) Microservices have interfaces.
7
8

)
)
)
5) Microservices deliver functionality to the end-users.
)
) Microservices have a code base.

)

Microservices have a team.

For the BMACH protocol, it is only allowed to add needed parts to the man-
agement definitions. Thus, it is a reasonable strategy to develop the definition of
the management process by answering the questions about the management aspects
in the table of the BMACH protocol. This table provides two separate parts. They
are the work the team is not responsible for and the part the team needs to manage
directly. In the following, we give both parts.
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5.2.3. Responsibilities of the team

The team is responsible for product development, maintenance, and improvement.
Thus, we have to cross the fields in the table. So, we finished the rows of product
development, product maintenance, and product improvement. We do not have to
prepare for other teams to overtake the work. It is typical for DevOps-like strategies.

In the following, we have to provide the descriptions of the software management
aspects and fill the table. By filling the table, we have to refer to the parts of the
software management concept. As the current starting point, this part of the SMACH
protocol is empty.

We start with interfaces. (There are two rows for interfaces in the table.) We
already mentioned interfaces in item (6). The interfaces are inside interfaces in case
cooperating teams use the interfaces. It would be a kind of dependence that (2)
mostly denies. Thus, the interfaces are mostly used by externals. Externals are
the end-users according to (5). Item (3) describes the purpose of the microservice.
Because the pattern-like definition does not mention other communication, it needs
to be offered by the interfaces. So, inside interfaces can be mostly denied. The
product properties of the outside interfaces are a subset of the system concerns. For
the BMACH definition, we combined items (1) and (2) from above to part 1 of the
BMACH definition. In addition, we combine items (3), (5), and (6) from above as
part 2 of the BMACH definition (Fig. 1).

We state that internal interfaces are not present. In short, we deny them. To
deny internal interfaces means we can deny the need for product knowledge. The team
does not need to know anything about nonexisting interfaces. We denied the other
cells in the row, too. There is no need to explore additional knowledge (demanded
knowledge), no management process is needed (process knowledge), no one needs to
do something (roles), and the team cannot record information about the nonexisting
process (process information). In other words, based on the fact that no interfaces
exist (product knowledge), no role is needed. In SMACH, this is a provided relation.
Based on the cell product knowledge, other cells in the row are filled /inferred. Provide
relations are marked by an arrow and according to the coloring of the right side of
the cell, as provided by the filled BMACH protocol in Figure 3.

To deny product knowledge based on the independence of services can be directly
transferred to the rows inside product properties, inside dependencies, and inside
responsibilities. The arrow for the provided relations and the coloring of the right
part of the cells are the same. We applied the same argumentation to the cell product
knowledge in different rows. SMACH demands to use the same color, in this case
(it is not a relation, so the left part of the cell is colored). Based on the same
argumentation, we used the same color (Fig. 3). So, we finished the rows inside
interfaces, inside product properties, inside dependencies, and inside responsibilities.

Part 2 (Fig. 1) of the BMACH definition does not only define the product knowl-
edge of outside interfaces. The interface and the concerns define the outside product
properties. Part 2 defines the product knowledge of the outside responsibilities by
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a subset of the system concerns, too. Thus, all three fields get the same color in the
BMACH protocol (left side of the cell). In addition, we visualize that the three fields
depend on each other. The concern of the system presented by the responsibility is
best. The interface is just the technical and organizational presentation of the respon-
sibility. So, it is dependent on fulfilling the responsibility. The product property is
the realization of the interface. So, the fields of product knowledge in the rows outside
product properties, outside interfaces, and outside responsibilities are defined.

The definition of an architectural style (Section 3) does not describe how and by
whom the artifacts should be managed. The consequences part of the pattern-like
definition is helpful. It gives the tailoring of the software process model. We start with
the part that describes that DevOps projects are present for each microservice. It
helps to describe additional fields. The DevOps team has to provide all needed roles,
and it is small enough to manage itself. It gives the roles and the process knowledge
for the rows outside product properties and outside interfaces. Because we gave all
descriptions based on the DevOps team, we use the same color for all fields (left part
of the cells). We present the result in Figure 3. Now, we add the DevOps team to
the BMACH description as part 3.

The DevOps team knows how to develop and maintain the product. Thus, the
DevOps team members have product knowledge (row outside product properties).
In other words, the DevOps team builds and maintains the software based on their
knowledge/experience (and based on the definition of the interfaces). Microservices
do not give an additional knowledge object. Therefore, we extended the product
knowledge cell in this row and the demand relation (Fig. 3).

Demanded knowledge (row outside product properties) does not exist. The
DevOps team manages the artifacts. The outside interfaces present a definition of
the product. It adds two provides relations, so everything is present.

The “consequence” section of the pattern-like definition (Section 3) gives the
root of the concerns managed by the team. The product knowledge in the rows
outside responsibilities demands it. The separation of system concerns is not described
(probably given by another team). Thus, it is demanded knowledge for our team. How
to obtain this knowledge is unclear. We cannot name the needed process, roles, and
process information. We use question marks and red coloring. Also, the SMACH
definition is extended by part 4. The outside interfaces are (mainly) defined by the
outside responsibilities. In the case of a concrete end-user, we would need additional
aspects, concretization, and adaptions. The DevOps team handles these interfaces.
These are two provides relations.

The column process information is not directly covered by the pattern-like def-
inition (Sec. 3), but the concerns of the system can demand such information (e.g.,
accounting of used resources to benchmark efficiency). Thus, our team transfers the
(description of) product knowledge to process information for the rows of outside
responsibilities, outside interfaces, and outside process properties.
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The pattern-like definition does not give or define the row outside dependencies
(e.g., to use an external service or external artifacts). Both can be demanded or
forbidden by the system’s concerns. So, a demand relation exists. Otherwise, we
can expect that the DevOps team manages artifacts and dependencies (similar to
outside product properties and outside interfaces we give them in the already defined
color). The product information depends on the system concerns (e.g., for the outside
interfaces, the system concerns define also the process information directly, but we
do not describe it this way). Our team does not demand additional knowledge. We
expect the DevOps team to have the needed skills and knowledge. So, we finished the
table of BMACH descriptions (Fig. 3).

5.3. Filled BMACH protocol

We separated the parts of the SMACH protocol. Figure 1 presents the definition,
Figure 2 the meta-data, and Figure 3 explains the management aspects.

The BMACH protocol has only two open, not complete answered cells (Fig. 3).
The cells describe the separation of concerns of the overall system to isolated mi-
croservices. It is a challenge of microservices [48,65,68, 88].

The microservice definition describes many cells, especially product knowledge.
The system concerns are a basis, with many relations in the SMACH protocol. The
independence of services enables answering inside related rows.

The architectural style does not fully describe roles and processes. The usage of
DevOps answers such questions.

Based on the strict description of microservices (the pattern-like definition, Sec-
tion 3), we can fill a BMACH protocol (Section 5.3). Thus, the given definition covers
nearly all relevant aspects of software management. The red-colored cells in the
BMACH protocol point out the open challenge of microservices to define independent
concerns of the overall system.

The microservice definition (Section 3) holds information not present in the
BMACH protocol. Thus, parts of the definition do not describe software manage-
ment aspects.

The name of the pattern-like definition is (somehow) represented in the context
part of the BMACH protocol (Fig. 2). The “problem to solve” part is not needed to
fill the BMACH protocol. This part can help to decide whether to use microservices
or not. It is not in the scope of the SMACH method. BMACH helps to understand if
all aspects of managing software artifacts are covered. It is no direct helper to decide
to use a specific management method, but it can check different strategies. So, the
aims of the pattern-like definition and SMACH are different.

The “definition” sections of the pattern start with the description in an archi-
tectural style. The BMACH protocol does not cover it. So, it describes a pattern
property, like the description itself. The rest of the definition sections cover parts 1
and 2 of the SMACH definition (Fig. 1).
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The
mation.
Second, t

“consequences” part of the pattern-like definition gives two pieces of infor-
First, detail of the service separation (part 1 of the SMACH definition).
he separation of concerns and services has to be realized somehow (part 4
in BSMACH). Third, individual services are realized by DevOps (part 3 in SMACH).

The drawback section of the pattern-like definition is not represented by SMACH.
It describes problems outside our team, and BMACH does not represent them. It is

an additional different aim of the pattern-like definition and 8SMACH.

Work Package Responsibilities:

Ii( Finelizing Product Development

Iﬂ( Finelizing Product Maintains

Iﬂ( Finelizing Product Improvement

Definition of the Management Concept:

1.

Figure 1. Definition of microservices in the SMACH protocol. The definition gives the num-
bers of the bullet points/parts. (See Fig. 3 and https://doi.org/10.5281/zenodo.10992169

The microservice system consists of microservices, microservices have no (or min-
imal) dependences to each other.

Microservices represent encapsulated system concerns that are delivered via inter-
faces to endusers.

A microservice is managed by a DevOps team that provides all needed knowledge
and manages itself.

The separation of system concerns to microservices has to be realized, how to do
S0 is not covered bv the microservice concent.

for more details)

Context (User/Team/Context Information):

Name of the Marcus Hilbrich

Filler:

Represented Microservice Team A: one of the teams managing mi-
Team (Internal croservices of the overall microservice system

Border):

Cooperating All teams working on the same microservice system.

Teams (Exter-

nal Border):

Managed Arti- A subset of the microservices of the overall microservice
facts: system.

Date: 2020/06/11
Version of Doc- 1.0

ument:

Comment:

This 8SMACH protocol is based on a microservice definition, to test the SMACH
method and the microservice definition.

Figure 2.

Context or meta-data of the definition of microservices in the SMACH protocol.

(See Fig. 3 and https://doi.org/10.5281/zenodo.10992169 for more details)
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Figure 3. Description of microservices based on the B8MACH protocol. BMACH describes a set of key
aspects. Each cell of the table represents an aspect. The right part of each cell holds the references to

the definition in the BMACH protocol (Fig. 1). BMACH defines coloring. Based on the management

process, we use light green in the right part of a cell for aspects that do not need active management.
Active management means that an aspect is realized without a need for action. The darker green
indicates that an aspect is also performed without needing active management but is provided by

another.

Such an aspect indicates

relation. The aspect on the peak is

‘We use violet for aspects used or required by additional ones.

end describe a provides-

a special interest. Arrows with a peak-

provided by the other. A round end arrow gives a demand relation. The other aspect needs the one at
the rounded end. The left part of the call can be colored, too. If the left part of multiple cells uses the

same color, the cell’s descriptions are equal or very similar. The described aspects in this figure are

all based on the other parts of the BMACH protocol,

provided in Fig. 1 and 2. Download the BSMACH

protocol as PDF to zoom in and explore the protocol (https://doi.org/10.5281/zenodo.10992169)
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6. Results: learning from the BMACH Protocol

We investigate the SMACH protocol (Section 5.3):

1) We start to look for aspects that do not need active management. In the SMACH
protocol, such aspects are marked by a green color on the right part of the cell
(Fig. 3). For the strict definition of microservices, the rows for inside aspects
do not need active management. The reason is also present. Based on the inde-
pendence from other services of the same system, no technical (product-based)
cooperation with teams of the same microservice system is present. As a result,
the other fields in the rows do not need active management because there is
nothing to manage. There is no need to manage internal relations, a significant
advantage. Fewer communication partners reduce the complexity and the needed
team management skills. The team can concentrate on itself and is probably
more productive. BMACH represents the idea of the strict microservice
definition to foster scalability by separating microservices.

2) Based on the provides and demands relations, the SMACH protocol describes
knowledge propagation. We already mentioned the propagation for the aspects
without active management. The knowledge propagation for active management
is interesting for a software engineer. How is the knowledge transferred and
converted, and which knowledge is it? In Figure 3, the starting point is the
concerns. Individual microservices handle the system’s business concerns (row
outside responsibilities). The microservice team’s responsibilities are the basis for
the outside interfaces and the outside dependencies. Thus, the product properties
are indirectly based on the concerns. In other words, the business concerns
of the microservice need to be defined first. Afterward, the microservice team
cares about creating and operating the microservice. The team cares for
the microservice. The 8MACH protocol points out that the team
needs a defined business concern as a starting point and then manages
the service creation and operation based on the concerns. Another
influence on the team is not present. (See Section 4 for other management
decisions and strategies.)

3) Only one kind of description for roles is present in the SMACH protocol (Fig. 3).
The roles are not exactly defined. In other examples of BMACH protocols, we
have seen concrete roles like software developers, architects, and designers. In
Figure 3, there is a DevOps team. The roles this team needs are not fully
defined. Based on the understanding of DevOps, the roles are reasonable to
perform the given tasks. The SMACH protocol does not point out that the
DevOps team needs to adapt to the microservice’s business concern.
For a concrete project, we need to define and instantiate the abstract
definition of roles.

4) The process knowledge is given by self-management of the DevOps team. Similar
to the roles, this is not concrete. Nevertheless, DevOps is the idea of small
teams and self-management. A concrete team should give more details on how
to perform self-management. 8MACH points out the DevOps team’s self-
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managed process. Thus, inadequate influences on the team have to be
omitted. It is also a consequence of the independence of microservices.

5) The definition of the management concept in SMACH (Fig. 1) holds four easy-to-
read bullet points. It is very minimal, easy to remember, fast to understand, and
interpretation is present and referrable at any time (Fig. 3). Based on our obser-
vation, it is very helpful to have an explicit management process. It makes the
process easier, reduces conflicts, and enables improvements. Also, a change in
the process gets obvious, and changes can be explicitly discussed. The SMACH
protocol is compact, and it is easy to understand the definition of the
management process. So, the planned process is written down and can
be referred to later on. (See Section 4 for changing the management strategy
and updating the protocol.)

6) The effort to create a BMACH protocol is not very high and no special knowl-
edge or skills are needed. To describe microservices, you need to understand
microservices. So, you can create a protocol in about two hours on a whiteboard
with the DevOps team. Afterward, the process is clear to all team members. We
have also discussed two weeks about a single SMACH protocol. We discussed
the management process, and we learned a lot. Based on filling the SMACH
protocol, we identified the gaps in the process, found borderline cases, and nailed
down the differences between our idea of the process and the practical doing. At
least based on our observation, the BMACH method supported us. A SMACH
protocol is created in some hours and can help to improve the man-
agement process.

7) SMACH is a communication helper. The terms in the protocol support under-
standability. The description of the process by one person is easier to understand
for the team. It was even possible to identify misunderstandings between persons.
If two persons answered a management aspect in the SMACH protocol differently,
the process was not yet clear. The definition of terms and the systematics
of the BMACH protocol support the communication of the involved
persons and avoid misunderstandings in the management process.

8) Our definition of microservices is strong for explaining the essentials of the con-
cept. To allow minimal dependencies is a concession to practical implementations
of microservice systems. Nevertheless, isolation is not easy to realize. Especially
for transforming legacy systems to microservices, the definition gives a goal,
not the transformation or an intermediate step. Thus, a practical realization of
a microservice system probably sacrifices strict isolation and decides to manage
the consequences instead of dealing with the realization of strict isolation. We
use a microservice definition to point out the advantages of strict iso-
lation. A real-world system uses potbelly less strict definitions with
reduced isolation. Especially, the transformation of a monolith into
a microservice system will not hold our definition. In such a case, the
B3MACH protocol will look different.
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7. Conclusion

Based on performing the SMACH method, we can state two kinds of findings.

First, the SMACH method is helpful for the analysis of software management
processes and supports the management. The method is systematic and defines terms
to describe the process. So, it supports analyses, such as the understanding of the
process by the development team and learning the process by all team members. Also,
the method is easy and fast to perform and thus efficient.

Second, the isolation of individual microservices supports the development team.
The team can avoid many aspects of management. In addition, the team can per-
form all the knowledge representation and transformation to develop an individual
microservice. There are no supplementary relations or dependencies to the team. So,
the number of teams can be scaled without overhead to individual teams.

We close this paper by introducing you to fill a SMACH protocol for your soft-
ware management process and take value from the method. To learn more about
your management proceeding and how your colleagues understand it.
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Abstract | Diabetic retinopathy (DR) is one of the major causes of vision problems world-
wide. With proper treatment, early diagnosis of DR can prevent the progression
of the disease. In this paper, we present a combinative method using U-Net with
a modified Inception architecture for the diagnosis of both the diseases. The
proposed method is based on deep neural architecture formalising encoder de-
coder modelling with convolutional architectures namely Inception and Resid-
ual Connection. The performance of the proposed model was validated on the
IDRid 2019 contest dataset. Experiments demonstrate that the modified In-
ception deep feature extractor improves DR classification with a classification
accuracy of 99.34% in IDRid across classes with comparison to Resnet. The
paper Benchmark tests the dataset with proposed model of Hybrid Dense-ED-
UHI: Encoder Decoder based U-Net Hybrid Inception model with 15 fold cross
validation. The paper in details discusses the various metrics of the proposed
model with various visualisation and multifield validations.
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1. Introduction

Blindness and vision loss can result from diseases of the fundus. A few frequent fun-
dus conditions that impair vision are cataract, diabetes retinopathy, and age-related
macular degeneration [4]. Diabetes is a serious pandemic worldwide, especially in In-
dian culture and around the world. As a result, there is an excess of diabetes, which
spreads disorders like DR.

Diabetes has affected more than 422 million people worldwide out of which India
ranks in the top 3 nations in terms of the number of diabetics. Half of the population,
which has increased from 108 million to 422 million in recent years, now resides
in India, China, the USA, Brazil, and Indonesia [11]. Diabetes can cause an eye
condition called diabetic retinopathy. It takes place when high blood sugar levels
harm the blood vessels in the retina, causing visual issues. Although diabetes can
result in several problems, this paper will concentrate on diabetic retinopathy. After
having diabetes mellitus for a while, diabetic retinopathy, an eye condition, develops.
It harms the tiny veins in the retina, resulting in obstruction, damage, and erratic
vein growth. The narrowing of the blood vessels in the eyes is a secondary effect of
diabetes brought on by high blood sugar levels. A reduction in the blood flow to the
retina may cause blindness. Among the symptoms of DR are lesions that develop
on the retinal surface [7]. The vessels that carry blood in the retina are harmed by
sustained high blood sugar levels, which results in diabetic retinopathy. This results
in weaker arteries, obstructions, and fluid leaks. The body may react by developing
abnormal new blood vessels, which can bleed and cause more harm. Its advancement
is aided by factors such as elevated blood sugar, high levels of blood pressure and
cholesterol as well as chronic inflammation. For early identification and treatment,
periodic vision tests and managing diabetes are essential. The small blood vessels in
the retina are harmed by high blood glucose levels, which results in DR. The macula
enlarges and thickens because of the retina producing a greater amount of the blood,
cholesterol, the latter of other lipids [28]. As sample blood is given to the retina, IrMAs
(Intraretinal Microvascular Abnormalities) start to form as new, abnormally delicate
blood vessels [12]|. The rising pressure within the eye may potentially cause damage
to the optic nerve. The most efficient method for identifying early indications of
anomalies in the present clinical diagnosis is routine screening of diabetes individuals
using fundus examinations. Blindness can be prevented if DR is identified in its
earliest stages and treated right away [37].

The figure beneath shows the different stages of DR. As shown in the figure
below, there are various stages of diabetic retinopathy. Fluid leakage and microa-
neurysms are features of mild non-proliferative retinopathy. Blockages in the blood
vessels, edoema, and distortion are symptoms of moderate non-proliferative retinopa-
thy. There are more blocked vessels because of severe non-proliferative retinopathy.
A characteristic of proliferative retinopathy is the development of aberrant blood ves-
sels, which can result in hemorrhage and retinal detachment. Due to the many fundus
imaging tools, accurately grading and identifying diseases might be difficult. It may
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also be challenging to distinguish between normal and pathological regions due to oc-
clusion, shadow, reflection, or inadequate illumination in DR fundus pictures (Fig. 1).

a)  Without DR

b) Early Diabetic

¢) Mild NPDR
Retinopathy

d) Moderate NPDR ¢) Severe NPDR

f) PDR and
Neovascularization

Figure 1. Dataset visualisation

Due to the many morphologies, sizes, and colours of lesions, manual retinal lesion
assessment is laborious and demands great accuracy. Computer-assisted diagnostic
(CAD) tools make it possible to diagnose diabetic retinopathy (DR) accurately and
quickly, which helps with choosing the best course of action. To examine the Re-
gion of Interest (ROI) and determine the grade and severity of the disease, DR lesion
segmentation is essential. The conditions that received the most research attention
were glaucoma, AMD, and diabetic retinopathy [6]. Because ML techniques are more
precise than traditional segmentation methods that rely on few indicators, they have
taken their position. In comparison to conventional ML algorithms, DL, a contempo-
rary technology, has demonstrated improved performance in DR lesion classification
and segmentation [5].

In recent years, deep neural networks and particular machine learning models
have shown promise in a variety of computer vision applications, particularly in med-
ical picture analysis for diabetic retinopathy. Deep learning-based computer-aided
diagnostic (CAD) systems that can categories anomalies can aid in medical decision-
making and enhance patient care [25]. The rest of the paper is structured as follows.
Related works on DR image classification are presented in Section 2. The informa-
tion and suggested approach are explained in Section 3. The experimental analysis is
presented in Section 4 and discussion are presented in Section 5. Section 6 presents
the conclusions at the end.
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2. Literature review

Depending on their study focus and area of interest, researchers in the subject of di-
abetic retinopathy have accomplished a lot of work. Researchers have suggested and
applied a variety of machine learning techniques, as evidenced by the linked work in
the fields of medical sciences and machine learning, however for diabetic retinopathy,
a comparative analysis of these deep learning techniques is still absent. The work
completed demonstrates that a fresh technique can be used when looking at the out-
comes and comparing different machine learning algorithms for DR. In addition to
several other analysis approaches, [22] used image processing for the automated and
early detection of diabetic retinopathy. In their study, [40] suggested a method for
improving images based on morphological operations, along with threshold-centered
static wavelet transforms for the retinal fundus image and CLAHE (Contrast Limited
Adaptive Histogram Equalization) for vessel enhancement. The method used by [50]
is centered on a mixed classifier that detects retinal lesions through preprocessing, le-
sion extraction from candidates, feature formulation, and classification. The research
leads to a further development of the m-Mediods-based modelling methodology, in-
tegrating it with the Gaussian Mixture Model to create a hybrid classifier that will
increase classification accuracy. [2| investigated whether neural networks could recog-
nize the signs of diabetes present in fundus photos and compared the network against
a set of fundus images used for ophthalmologist screening. The research demonstrated
the ability to find vessels, exudates, and hemorrhages. Their network achieved greater
accuracy for the identification of diabetic retinopathy as compared to ophthalmolo-
gists. [15] contributed to the decrease in the number of features needed for the lesion
categorization using feature ranking and Adaboost in their study. They suggested
a novel two-step hierarchical classification method in which false positives or non-
lesions are eliminated in the first stage.Bright lesions are further divided into two
categories in the second stage: cotton wool patches and hard exudates. Additionally,
red lesions are still categorized as haemorrhages and micro-aneurysms (MA).

Guo et al. [18] suggested a multi-scale feature fusion technique to address tiny
lesion detection problems. To improve sensitivity, binary cross-entropy (BCE) loss
alongside balancing coefficients was applied. The computational model was trained
using full-resolution photos that were scaled to pixels without any additional pre-
processing. Yan et al. [47] presented a mutually local-global U-Net to address the
shortcomings of patchwise training, which fails to capture global context.

Other methods researchers have developed for segmentation purposes over the
years like Fuzzy C-Means (FCM) clustering algorithms which are commonly used to
divide image pixels into diverse cluster [30], and others like region growing methods are
used to form distinct image regions based on some uniformity criteria such as grey level
and colour [39], and mathematical morphology operations are performed by analysing
the geometrical makeup of certain retina components [41,43]. However, most existing
approaches are limited to acting on a single retinal image, making it impossible to ex-
tract spatial and spectral characteristics across many spectral slices at the same time.
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Various researchers have advocated various segmentation strategies. In any event,
these approaches only work on fundus pictures and have no pathological implica-
tions [14]. It is challenging to segment the vascular vessel treemap without disconti-
nuities. Azzopardi et al. [3] created a filter called the Bar-selective Combination of
Shifted Filter Responses (BCOSFIRE). Its parameters have an impact on the filter’s
performance. To detect retinal vessels, Wilfred Franklin and Edward Rajan [13] de-
vised the Multilayer Perceptron Neural Network. For its representation, the weight
of the feedforward network is altered using the backpropagation technique. Because
it is dependent on pixel processing, it has a lower level of accuracy of 95.03%. Par-
tovi et al. [31] proposed a model in which photos were classified using an error-based
autonomous network. It was validated using a dataset of remote sensing photos.
In the categorization of medical images, the Deep CNN (DCNN) model provided
an extended feature extraction-classification technique. Gulshan et al. [17] trained
the Deep Convolutional Neural Network (DCNN) to detect DR in retinal fundus im-
ages. Deep learning can be utilised in retinal fundus pictures to construct an algorithm
that automatically detects DR and diabetic macular edoema. The specificity and sen-
sitivity of the method for assessing DR expressed as moderate or worse DR or both
were generated based on the key decision of the ophthalmology team. The method,
which has 96.5% sensitivity and 92.4% specificity, was created using deep convolu-
tional neural networks and a large quantity of data in various grades per image. By
learning a deconvolution network, the authors of (Noh et al., 2015) [26] suggested
an improved semantic segmentation technique. The convolutional layers are adopted
from VGG16 as well, and the deconvolution network is made up of deconvolution and
unpooling layers that identify pixel-wise class labels and forecast segmentation masks.
On the same PASCAL VOC 2012 dataset, the proposed technique achieved 72.5% IoU.
Shen et al. [38] introduced a multicrop pooling method that was used in DCNN to
capture object salient characteristics in order to classify lung nodules on CT images.

In the literature [20], DR pictures were classified using a Gabor filtering and SVM
classification model. Before employing the classifier, the Circular Hough Transform
(CHT) and CLAHE models were fed with input images, yielding a detection rate of
91.4% on the STARE dataset. [36] made a contribution to the decrease in the amount
of features needed for the lesion categorization using feature ranking and Adaboost
in their study. They suggested a novel two-step hierarchical classification method in
which false positives or non-lesions are eliminated in the first stage. Bright lesions
are further separated into two categories in the second stage: cotton wool patches
and hard exudates. Additionally, red lesions are still categorized as hemorrhages and
micro-aneurysms (MA). For the diagnosis of various retinal abnormalities, the divi-
sion of the blood vessel represents a crucial prerequisite. The accuracy of the cascaded
U-Net architecture used by [36] on the DRIVE dataset was 96.92%, and its precision
on the STARE dataset was 97.40%. [24] propose a deep CNN network that simultane-
ously slices arterioles and venous vessels from the DR pictures. The DRIVE dataset,
on which the framework was tested, achieved 87% sensitivity and 98% specificity.
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Data augmentation using the U-Net model was done over the DRIVE dataset by [46]
which obtained an AUROC score of 0.97 for segmenting blood vessels.

On the MESSIDOR dataset [37] classified DR fundus images using a modified
AlexNet architecture by applying the appropriate pooling, softmax, and ReLU layers.
The MESSIDOR dataset showed 96.6% accuracy for the suggested model. Xiancheng
et al. [45] demonstrated a DR model for classification using the InceptionV3 as archi-
tecture and a short dataset transfer learning approach. Utilizing an SGD optimizer
including the cosine loss function for binary classification, Hagos’ technique obtained
90.9% accuracy. In a study by [19], the referable lesion regions in DR images were
examined using a generalization of the backpropagation approach and a poorly su-
pervised model. On the Kaggle dataset and the E-Ophtha dataset, [33]’s suggested
method has an area around the ROC curve (AUC) of 95.50% and 94.90%, respec-
tively. An ensemble of models trained with deep learning was used in a study by [29]
to detect red lesions in fundus images. In that technique, 3232 pixel patches were
extracted initially and put into a Deep CNN. The random forest (RF) classifier also
received hand-crafted features that were extracted in addition. Orlando’s approach
demonstrated how a hybrid feature vector with both hand-crafted and deep learning-
based features might enhance the networks’ performance and obtain 89.32% AUC. In
order to classify eye illnesses, Bali et al. [8] suggested a DFex-hybrid strategy com-
bining the BeeHive model, CGAN, and PSO. In the RFMiD and ODIR datasets,
they obtained, respectively, accuracy of 98.79%, sensitivity of 95.99%, specificity of
99.79%, and accuracy of 97.16%, F1 score of 96.81%.

The goal of this paper is to develop an automatic diagnosis method for DR. The
paper discusses multiple deep learning techniques for the segmentation of the fundus
image as shown in Table 1. The paper is benchmarked over main dataset of IDRID for
respective classifications. The paper is capable of not only reducing the computation
time for the enhanced Dense-ED-UHI: Encoder Decoder based UNet Hybrid Inception
architectures but also is able to hybridize it with inception V3 to calculate complex
features for better extractions.

Considering the aforementioned review, we developed a unique architecture to
overcome the aforementioned restrictions. The following is a description of the main
contributions of the suggested research efforts:

1) This study uses a customised U-Net model (UHI) to semantically segment retinal
lesions. The encoder used in the model is a deep network encoder called “Incep-
tionV3”. The smaller convolutions performed by the InceptionV3 model allow for
a quicker training procedure.

2) To resize the convolution nearest neighbour, the model applies a unique up-
sampling technique that involves pixel-wise periodic shuffling convolution. Com-
pared to traditional approaches, our procedure speeds up network convergence
and creates retinal images with excellent resolution that are free of checkerboard
artefacts.
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3) Comparing the suggested model to other existing works, it produced state-of-
the-art results for the diagnosis of DR lesions.

4) A hybrid U-Net architecture with inception design and multiple kernel extractions
is used in the study to infect deep encoding.

5) Finally, the study evaluates the model’s performance across multiple classes.

Table 1
Literature review comparison

Study Methodology Advantages Disadvantages Specificity | Recall | AUC
DL: Hieh accurac Large labelled
[17] Convolutional i racy datasets 0.99 0.90 NA
Neural Network | 21¢ Precision required
DL: Ensemble Automated Computationally
[ of CNNs feature learning | intensive 0-87 0-96 0.98
Handles Prone to
[16] DL: CNN diverse lesion . 0.98 0.94 0.97
. overfitting
morphologies
Data
[42] DL: CNN Robust .to In01se augmentation 0.91 0.90 0.93
and variations may be
required
Can handle Parameter
[49] ML: Random small or tuning may 0.70 080 | NA
Forest imbalanced be required
datasets q
Can be used to
define the level Can be
of severity of improved
[34] ADL (ACth.e ?etlnal images th.ro.ugh data 0.95 0.92 NA
Deep Learning) important mining and
patches with data exchange
provision of methods
(ROTI).
It is useful for .
(48] Deep DR DR severity The model is 0.97 097 | NA
. . too complex
classification
It assigns pixel
values for
Deep learnin determining Parameter
[35] p & the importance tuning may 0.90 0.90 NA
methods . .
and evaluation be required
of forecasted
category
. . After
Proposed | ;11 Network Described in Hyperparameter 0.997 0.989 | 0.999
Model section 3 .
Tunning
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3. Methodology

The methodology, experiment design, and workflow employed in the proposed frame-
work in Figure 2 were used in this section’s full explanation of the dataset. The
following shown below is the proposed architecture

‘ Data }—»{ Imaging

|

777
Ldrid \‘

vz

Segmedted Diabetic Retinopathy Image

( HARD EX )
( SOFTEX }‘

Figure 2. Flow diagram

3.1. Dataset rescription

The open-access Indian Diabetic Retinopathy Image Dataset (IDRid) focuses on dia-
betic retinopathy, an eye-related consequence of diabetes. The dataset is intended to
support study and advancement in the area of retinal analysis of images, particularly
for the detection and grading of diabetic retinopathy. There are 516 retinal pictures
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in all, each with a resolution of 4288 x 2848. The pixel-level annotation has provided
a binary mask for each distinct DR deformity, such as haemorrhages, hard-exudates,
soft-exudates, and microaneurysms. Furthermore, every 516 photos have been graded
and given the DR severity [21]. The data description in Table 2.

Table 2
Data description

S. No Keypoints Description

The IDRid dataset includes fundus photographs of the retina.

1 Content 516 high-resolution retinal pictures make up the entire collection

Expert-verified ground truth labels describing the existence
and severity of diabetic retinopathy are added to each image

2 Annotation | in the collection as annotations. The labels, which vary from 0
to 4, represent the International Clinical Diabetic Retinopathy
severity levels from “No DR” (zero) to “Proliferative DR (four)

The uncompressed TIFF format used by the IDRid dataset

3 Image preserves the high-resolution details required for analysis and
formats . .
diagnosis
A training set as well as a testing set were created from the
4 Dataset dataset. There are 413 images in the training set and 103 images
division in the testing set. This category enables researchers to assess
how well their algorithms function on hypothetical data
In accordance with the rules of the Creative Commons
Attribution 4.0 International (CC BY 4.0) licence, the IDRid
Terms dataset is available for research purposes. This means that,
5 of usage as long as the original authors are properly credited, you are

free to use the dataset, modify it, and redistribute it for any
non-commercial reasons

3.2. Implementation details

For model training, a GPU with 8GB of RAM is used. In the papers of [9, 10],
both attempted were some of the earliest papers to utilise U-Net for image segmen-
tation. In these studies, it is discussed how to segment retinal lesions in images of
diabetic retinopathy using the U-Net design. Since then, the U-Net architecture has
been widely used for a variety of medical picture segmentation applications, including
the identification of diabetic retinopathy. After being initially presented for broad
biomedical image segmentation tasks, the U-Net architecture has now been adopted
and used in a number of medical imaging areas, including diabetic retinopathy.
While segmenting retinal structures and lesions in images of diabetic retinopathy
has shown the U-Net architecture to be useful, there are certain restrictions as well.
Utilising U-Net for diabetic retinopathy has some drawbacks, including a restricted
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capacity to capture global context. U-Net may not successfully consider greater spa-
tial connections and contextual signals because of its encoder-decoder architecture,
which places a heavy emphasis on local information. This constraint may reduce
the model’s capacity to incorporate global data necessary for precise categorization
of diabetic retinopathy, which may have an adverse effect on the model’s general
efficacy. Additional architectural alterations or the incorporation of other methodolo-
gies might be required to improve the integration of global context and increase the
categorization accuracy in order to counteract this limitation.

The study adopts concepts from the Inception design and inserts them into the
neural network instead of using the conventional U-Net architecture. The detec-
tion becomes simpler as Inception design combines numerous kernel sizes to collect
information on various scales and at various granular levels. Additionally, U-Net In-
ception improved feature representation, led to a more thorough knowledge of the
retinal image, and may improve the performance of the suggested model as a whole.
Additionally, the expansive to contract cross-linking helps produce the extremely pre-
cise segmented output image. There are four blocks of encoder units in the U-Net
contract chain. Each encoder unit has two convolution layers that are followed by
a max-pooling layer. Every time a pooling process is used, the feature elements are
doubled. The bottleneck, which consists of two convolution layers with one at the
top, is the essential component that separates contractile and expanded techniques.
A U-Net expanding path is being performed by four decoder units and consists of two
convolution layers, a de-convolution layer, and two comparable feature maps using
the contract trail. The Table 3 below discusses the brief difference between the both.

The proposed work with the dataset split into the training, validation, and testing
set for DR classification in retinal pictures. In the Figure 3 seen below, the paper
proposes a detailed overflow of utilising four benchmark datasets to train the images,
follow the methods and update if required. Following this, testing the dataset is
done and if the model performs up to the expectations, it can be utilised in the field
of medical imaging. The Figure 3 and Figure 4 describe the primary steps of data
preprocessing the the following order

1) Training — Testing and Validation Split, as discussed, the training data 70% is
used to train and reiterate the model. Testing and validation process used to
analyse the fitting parameter and ensure precise modelling.

2) Data preprocessing, it includes various steps like Normalisation of the given input
sequences, Filterining Scaling etc.

3) Mask Encoding or One Hot encoding is done to create a binary mask for multiple
classes used.

4) Model creation, hyperparameters and other units are discussed below.

5) Post training cycle is completed the model goes through a vivid evaluation for
Cross validation across all metrics such as accuracy, precision, recall, sensitivity,
specificity.
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Table 3

Difference between U-Net Inception and Standard U-Net

Aspect

UHI: U-Net Inception

Standard U-Net

Architecture

The U-Net framework
incorporates concepts from
the Inception architecture

Encoder-decoder as well as
skip connections are part of
the original U-Net architecture

Multi-scale
feature
extraction

Uses various kernel sizes
to efficiently capture
data at various scales

Focuses heavily on skip
connections for the
extraction of local features

Global context

Due to the incorporation of
modules inspired by Inception,
the global context may be
captured more successfully

Capability to capture
the global context
is somewhat limited

Fine detail

Possibility of enhanced

May rely more heavily

representation fine detail representation on skip connections
in retinal pictures to express fine details
Performance Possibility of improving Established performance
potential categorization accuracy by on tasks involving
using data from multiple scales the classification of
diabetic retinopathy
Complexity May add to the complexity of Architecture that is less

the architecture and processing

complex and contains
fewer extra parts

rain Images|

Loss Functions
Metric Score Optimiser m Modified U-Net
flatte l ghts
s [ ovmee B[ ] [t

Layers
(C

589

Data Preparation
(Normalisation,
Filering, Scaling, etc)

ropped Images
Validation Dataset

Validation Images

Data Preparation

+ Pooling)

e

Hyperparameters

Hyperparameter
Tuning

I Classification I
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Figure 3. Data split and implementation
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The figure below talks about the proposed U-Net Inception model for diabetic
retinopathy classification. The primary aims the figure postulates to demonstrate is
that training and testing sets are passed via various preprocessing pipelines after which
the train images are segregated with loss function and back propagation utilities of the
deep network inclusive of weights, biases, layers and hyperparameters as in Figure 4.

. Weights Continuous Weight
=i Biases Upgradation
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Figure 4. Data evaluation and cross validation set
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The following is a description of the various building blocks’ intended architec-
tural details.

3.2.1. Encoder unit

The encoder is essential for capturing and extracting hierarchical characteristics from
the input retinal pictures in the U-Net Inception Net structure for diabetic retinopa-
thy classification. It is made up of convolutional layers which combine input data with
filters to extract features. The encoding layers steadily increase the filter depth, en-
abling the neural network to capture intricate information important for categorising
diabetic retinopathy.

The encoder uses down sampling techniques like max pooling or stride convolu-
tion to increase the number of feature channels while decreasing the spatial dimensions
of the feature map. This down sampling aids in obtaining more advanced depictions of
the input and summarizing the data. The incorporation of the Inception module
into the encoder is one of the unique features of the U-Net Inception Net. The In-
ception module includes of a max pooling branch and parallel convolutional branches
that use different kernel sizes, notably 1 x 1,3 x 3, and 5 x 5. These branches catch
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features at many scales and assist the network in simultaneously learning local and
global knowledge. The encoder of the U-Net Inception Net improves the network’s
capacity to collect complex and multi-scale information that are necessary for pre-
cise diabetic retinopathy categorization by including the Inception module. Overall,
the U-Net Inception Net encoder collects pertinent and discriminative characteristics
from the input retinal images, creating a rich representation which is further used in
the later phases of the architecture for classifying diabetic retinopathy.

3.2.2. Inception unit

The U-Net Inception Net design for classifying diabetic retinopathy includes the
Inception module, which was first introduced in GoogLeNet. By obtaining multi-
scale and multi-level features, it improves a network’s feature extraction capabilities.
The Inception module includes of a max pooling branch and parallel convolutional
branches with various kernel sizes, such as 1 x 1, 3 x 3, and 5 x 5. The network may
collect data at multiple scales since every branch captures characteristics at a distinct
receptive field size. The 1 x 1 convolutions are in charge of dimensionality reduction
and input channel reduction, which helps to reduce computational complexity.

The U-Net Inception Net is capable of recording local as well as global informa-
tion by integrating the Inception module. The concurrent branches within the module
allow the network to simultaneously learn complicated and varied information. This
is especially helpful in the classification of diabetic retinopathy, because the network
must collect information at numerous scales due to the presence of various lesions,
including microaneurysms and exudates. The U-Net Inception Net’s capacity to ex-
tract discriminative characteristics pertinent to diabetic retinopathy is improved by
the Inception module. The network may collect both fine-grained minutiae and high-
level semantic data by combining multi-scale features. This aids in increasing the
classification task’s accuracy and resilience, allowing for more precise detection and
assessment of diabetic retinopathy (DR) in retinal pictures.

3.2.3. Skip connections

A key element of the U-Net design, which includes the U-Net Inception Net, for
the classification of diabetic retinopathy is skip connections. These connections are
essential for enhancing information transfer and maintaining spatial details across the
network. Skip links create immediate connections among the encoding and decoding
pathways in the U-Net Inception Net. These links make it possible to combine multi-
scale along with multi-level features, which makes it easier to integrate low-level and
high-level data. The feature maps from the respective encoder layers to the decoder
layers are concatenated to create the skip connections.

The U-Net Inception Net successfully blends semantic detail from the decoder
with low-level fine-grained features from the encoder by including skip connections.
This gives the network a thorough comprehension of the linked features in the in-
put retinal images. In addition to improving the network’s capacity to precisely
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classify diabetic retinopathy lesions, it aids in the preservation of spatial informa-
tion. Additionally, skip connections help to solve the issue of a data bottleneck that
might develop in deep networks. A network is able to access feature maps from
various scales and levels by simply linking the encoding and decoding paths, which
improves gradient flow and solves the vanishing gradient issue. The skip connections
in the U-Net architecture Inception Net architecture, in general, promote efficient
knowledge propagation, enable the integration of multi-scale data, and contribute to
the precise identification of diabetic retinopathy lesions by fusing local information
with global context.

3.2.4. Bottleneck

The bottleneck, which sits in the middle of the encoder and decoder paths, acts as
a bridge to collect the input data in its most compressed and abstract form. The bot-
tleneck in the U-Net Inception Net is often made up of several convolutional layers
including Inception modules.These layers and modules are created to capture highly
discriminative properties, which are essential for correctly classifying lesions associ-
ated with diabetic retinopathy.

The U-Net Inception Net gains the capacity to collect characteristics at various
scales and levels of abstraction by including Inception modules within the bottleneck.
The Inception modules’ parallel convolutional branches make it easier to extract de-
tailed information, allowing the network to pick up on intricate patterns and struc-
tures found in retinal images. The bottleneck’s job is to compile the encoder’s learnt
representations and get them ready for the decoding path. It seeks to decrease the
computational difficulty of the network while capturing the fundamental properties
that are most pertinent to the classification task.

The bottleneck efficiently compresses the data, making the retinal pictures’ rep-
resentation more condensed and expressive. It allows the network to generate precise
predictions throughout the succeeding decoding and classifying stages by collecting
the most discriminative properties.

3.2.5. Activation function

In order to introduce non-linearity and improve the network’s capacity to learn intri-
cate correlations between the input data and the target labels, activation functions
are crucial. The Rectified Linear Unit (ReLU), Leaky ReLU, and Exponential Lin-
ear Unit (ELU) are frequently used activation functions in the U-Net Inception Net.
ReLU is a widely used activation function that maintains positive values while setting
negative values to zero. Leaky ReLU avoids the dying ReLLU problem by permitting
a modest non-zero slope for negative values. ELU has a smooth curve for negative
values, unlike ReLLU, which does not. The non-linear mapping among labels for dia-
betic retinopathy (DR) and the input retinal pictures are simulated with the help of
these activation functions. The U-Net Inception Net can capture complex patterns
and data by incorporating non-linearity, which enhances its ability to distinguish be-
tween different types of diabetic retinopathy lesions and properly categorize them.
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The selection of the activation function is influenced by the specific requirements for
the classification task as well as the characteristics of the dataset.

3.2.6. Decoder unit

Upsampling the feature maps and regaining the lost spatial resolution are under the
purview of the Decoder. The decoder for the U-Net Inception Net commonly consists
of upsampling layers like bilinear interpolation or transposed convolutions. These
layers expand the feature maps’ spatial dimensions, enabling the network to recreate
the retinal pictures’ more minute details.

The decoder also includes skip connections that combine the feature maps from
the associated encoder layers. In order to accurately classify data, these skip con-
nections are essential for maintaining spatial data as well as combining low-level and
high-level properties. The U-Net Inception Net’s skip connections make it easier to
combine multi-scale features, giving the network access to both fine-grained specifics
and high-level semantic data. This helps gather pertinent data from many levels of
abstraction and enhances the network’s comprehension of diabetic retinopathy lesions.
The decoder in the U-Net Inception Net successfully reconstructs the spatial details
of the retinal pictures using upsampling operations and skip connections, providing
the data required for precise diabetic retinopathy categorization.

3.2.7. Hyperparameter set

The performance of the U-Net Inception Net architecture for the categorization of
diabetic retinopathy is strongly influenced by a number of hyperparameters. During
optimisation, the learning rate defines the step size, which affects convergence speed
and stability. The batch size regulates how many samples are handled during each
training iteration, which has an impact on both the accuracy and efficiency of gradi-
ent estimation. The U-Net Inception Net’s ability to learn complicated characteristics
depends on how many layers it has. Deeper networks can capture more detailed pat-
terns but need more computer power. Regularisation factors that avoid overfitting
and regulate the amount of regularisation used include dropout and L1 or L2 reg-
ularisation. The model’s non-linear behaviour showcased in Figure 5 and capacity
to represent complicated relationships are significantly influenced by the selection of
activation functions, such as ReLLU, Leaky ReLU, or ELU.

Choosing the best hyperparameter values for diabetic retinopathy classification
employing the U-Net Inception Net architecture typically requires experimentation
and validation on a different validation set. Techniques like grid search or random
search may be used to explore various configurations. The metrics used to evaluate
the performance are iou_score, focal loss, dice loss, accuracy, binary accuracy, AUC
and ROC, Specificity, Sensitivity.
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Figure 5. Data evaluation and cross validation set: a) Unet architecture;
b) Inception V3 convolutional network

4. Results

4.1. IDRID

Specific kinds of diseases that are frequently seen in visual pictures include hard exu-
dates, soft exudates, haemorrhages, and microaneurysms. These kinds of lesions are
frequently a sign of several visual illnesses, such retinopathy caused by diabetes. An
extensively used collection containing retinal pictures annotated for these abnormal-
ities is called IDrid (Indian Diabetic Retinopathy Image collection). Let’s talk about
the traits associated with these tumours and the criteria needed for segmenting them.

4.1.1. Hard exudates

In the retina, triglycerides seep through injured veins, forming brownish or white
plaques known to be hard discharges. They frequently take the form of tiny, rounded,
or longitudinal tumours with distinct margins. As their buildup can cause blurred
vision and act as a sign of the seriousness of diabetes-related retinopathy, these hard
discharges must be segmented in order to be quantified and their development tracked.

4.1.2. Soft exudates

Puffy white or yellowish blemishes referred to as cotton fibre areas, soft discharges
are the result of strokes of the ocular sensory fibre layer brought on by poor blood
flow. These resemble amorphous tumours with hazy edges. Soft exudates must be
segmented in order to determine their amount and location because they can be an
indication of ocular hypoxia.
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4.1.3. Haemorrhages

Blood leaks into the retinal cells during haemorrhages, which happen as veins burst.
They resemble irregularly shaped, black lesions that are red or dark in colour. As they
can reflect the extent of retinal harm and the evolution of diabetes-related retinopathy,
haemorrhages must be segmented in order to determine their existence and pinpoint
where they are.

4.1.4. Microaneurysms

These tiny, rounded expansions of the capillaries in the retina are believed to be the
first symptoms of retinopathy caused by diabetes. They appear as tiny, rounded
lesions that are brilliant red. Since the existence and growth of microaneurysms can
suggest the possibility of progressing to more severe retinal stages, segmenting them
is crucial for their measurement and management.

4.2. Retinopathy grade classification

From Table 4 and Figure 6 with a specificity of 0.909091 for type O retinal degenera-
tion, cases who lack Retinopathy that can be identified with excellent precision. The
F1l-score value for third-degree retinopathy grade is 0.917197, which indicates that
it is possible to forecast grade 3 retinopathy with an adequate level of recall as well
as accuracy. Recall and sensitivity are used equally in this list. For example, the
recall /sensitivity for retinopathy grade 2 is 0.972222, meaning that roughly 97.2% of
cases of grade 2 retinopathy were effectively detected by the model. The detection
rate for grade 1 retinopathy is 0.941176, meaning that the model correctly identified
cases of grade 1 retinal with a 94.1% accuracy. Prediction of category wise classes is
presented in Figure 7.
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Figure 6. Loss and accuracy plot for Retinopathy Grade Classification:
a) loss training validation plot; b) accuracy training validation plot
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Table 4
Classwise metric distribution (testing)

Class Accuracy Precision Recall or Sensitivity F1-Score Specificity
Retinopathy | 010601 | 0.955224 0.914286 0.934307 | 0.909091
grade = 0

t1 th
Retinopathy 0.941748 | 0.941176 1.000000 0.969697 | 0.842857
grade = 1
Retinopathy 0.902913 | 0.897436 0.972222 0.933333 | 0.941935
grade = 2

' h
Retinopathy 0.873786 | 0.972973 0.867470 0.917197 | 0.900000
grade = 3
Retinopathy 1.000000 | 1.000000 1.000000 1.000000 | 1.000000
grade = 4

Fundus Sample ID 102 with class 2

Fundus Sample |ID 89 with class 4

Figure 7. Class wise prediction
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4.3. Classification risk of macular edema

The percentage of correctly predicted cases to all occurrences is what is meant by
the term “accuracy”, which measures overall competence. We can see the accuracy
for every category in the following table. For example, the prediction accuracy for
category 0 is 0.953995 (as per the training loss 8), meaning that in almost 95.4% of
cases, the algorithm correctly predicted the likelihood of macular edema level 0. The
model’s prediction at classifying True Positives amongst the Predicted Classes that
are positive is measured in the “Precision” row. For example, the precision for class
1 is 0.991736, indicating that the algorithm successfully identified cases of macula
edema level 1 with a high precision of 99.2% (cf. Fig. 8).
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Figure 8. Loss and accuracy risk of macular edema: a) loss training validation plot;
b) accuracy training validation plot

It is the same as sensitivities in Table 5 and 6. For example, the recall /sensitivity
for category 2 is 1.000000, meaning that every incidence of macular edema level 2 was
successfully detected by the algorithm, resulting in an ideal recall. Better performance
is indicated by a higher F'1 score. For instance, the F1 rating for class 1 is 0.979592,
Indicating a strong equilibrium between recall and precision in classifying macular
edema level 1. For instance, the specificity for class 0 is 0.971910, showing an elevated
degree of reliability in detecting cases without macular edema at level 0.

Table 5
Class wise metric distribution (training)

Class Accuracy Precision Recall or Sensitivity F1-Score Specificity
Retinopathy | 951456 | 0.950000 0.966102 0.957983 | 0.931818
grade = 0
Retinopathy

0.961165 0.989011 0.967742 0.978261 0.900000
grade = 1
Retinopathy
0.990291 0.981818 1.000000 0.990826 0.979592
grade = 2
Table 6

Class wise metric distribution (testing)

Class Accuracy Precision Recall or Sensitivity F1-Score Specificity
i I
Retinopathy 0.953995 | 0.977876 0.940426 0.958785 | 0.971910
grade = 0
Retinopathy
0.963680 0.991736 0.967742 0.979592 0.926829
grade = 1
Retinopathy
0.956416 0.924051 1.000000 0.960526 0.907216
grade = 2
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The class wise prediction is showcased in Figure 9.

= o it

Table 7 highlights the distribution of samples of data throughout distinct cat-
egories of lesion types, possibly linked to medical imaging analysis. The table pro-
vides the total number of the samples for each given lesion type. “Hard Exudates” form
the most prevalent class with 350 samples, next to “Soft Exudates” with 150 samples,
“Hemorrhages” with 120 samples, and “Microaneurysms” with 110 samples. These
values represent how often each lesion type occurs in the dataset, offering vital infor-
mation into the dataset’s makeup. Such information is critical for creating reliable

artificial intelligence models, since the class distribution might affect the model’s ac-
curacy and generalization.

AMD Fundus Sample ID 174 with class O

AMD Fundus Sample ID 191 with class 2

=

Figure 9. Edema class wise prediction

Table 7
Data samples per class

Lesion type Number of samples
Hard exudates 350
Soft exudates 150
Hemorrhages 120
Microaneurysms 110

The provided table highlights the dataset’s variety and identifies probable pat-
terns or abnormalities in lesion incidence. In medical settings, this knowledge supports
both scientists and clinicians in knowing the cause of certain problems, guiding di-
agnosis, treatment techniques, and future study. It is vital to remember that the
application of these figures should be determined considering the unique clinical en-
vironment and the aims of the study, whether it’s for boosting diagnostic accuracy or
identifying disease features.
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4.3.1. Hard exudates

The difference in the predicted and actual classes of hard exudates is measured using
a loss operation, and a median loss of 0.057894 is the mean of the function through-
out train. Better model scores in accurately representing the characteristics of hard
exudates is shown by a smaller loss. The accuracy of the model appears to be stable
throughout various training iterations based on Figure 10, Figure 11 and Figure 12, as
indicated by a small variance of 0.014040. The amount of variance in the performance
of the model is indicated by the least loss of 0.035471 to the largest loss of 0.090734.
The model performs well overall in categorising pixels into either hard exudates or
non-hard exudates, according to the mean accuracy of 0.999293. This shows that the
model properly picks up on the characteristics that set hard exudates apart and can
correctly distinguish these from various ocular components. The model’s accuracy re-
mains constant across assessments, as seen by the low standard deviation of 0.000162.
The range of variation in the model’s accuracy across several samples is highlighted
by the least accurate value of 0.998942 and the highest accuracy of 0.999645.
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m Accuracy 0.999257 0.999327 0.999326
m Binary Accuracy 0.969272 0.968051 0.968795
AUC 0.999835 0.999873 0.999871
Specificity 0.934805 0.932559 0.934836
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Figure 12. UHI model performance

Figure 13 and Figure 14 illustrates the prediction of Unet Inception and Resnet
Models.

Original Image Original Mask U Net Inception Mask U NET ResNet

U Net Inception Mask U NET ResNet

U Net Inception Mask U NET ResNat

Figure 13. Mask prediction and BBox using Dense-ED-UHI:
Encoder Decoder based Unet Hybrid Inception (proposed model)
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U NET ResNet

U Net Inception

Figure 14. Comparison with other state of the art backbone (Resent50)

As per Table 8 the median amount of correctly anticipated hard exudates is
represented by the median true positive value, which is 34,116.49. This score sheds
light on the algorithm’s precision in hard exudate detection and segmentation. The
variance in true positives among various evaluations is shown by the standard variation
of 13,782.728251. The range of variance in the model’s ability to recognise hard
exudates is shown by the smallest value of 11,497 and the highest number of 71,688.

Table 8
Statistical analysis
Statistical test Loss Accuracy | True positives AUC Specificty | Sensitivity
mean 0.057894 | 0.999293 | 34,116.490000 | 0.966475 | 0.999851 0.929403
std 0.014040 | 0.000162 | 13,782.728251 | 0.009651 | 0.000046 0.019548
min 0.035471 | 0.998942 | 11,497.000000 | 0.942636 | 0.999746 0.881022
25% 0.046062 | 0.999188 | 23,017.000000 | 0.959663 | 0.999817 0.915989
50% 0.057263 | 0.999304 | 31,707.500000 | 0.967367 | 0.999855 0.930924
75% 0.069872 | 0.999411 | 43,709.000000 | 0.974321 | 0.999885 0.945510
max 0.090734 | 0.999645 | 71,688.000000 | 0.982697 | 0.999944 0.962151

AUC (Area Under the Curve) whose value is 0.966475 represents the algorithm’s
overall efficacy in identifying hard and non-hard exudates. Stronger discriminating
skills are indicated by a larger AUC, with numbers near 1 signifying outstanding
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results. The model’s capacity to accurately recognise non-hard secretions is demon-
strated by its average specific of 0.999851. The algorithm’s ability for correctly recog-
nising hard exudate regions is indicated by a median sensitivity value of 0.929403.
For assessing the model’s effectiveness in accurately identifying hard exudates, the
two metrics are crucial.

Overall, the statistical assessment of rigid exudates offers insightful information
about the effectiveness of the categorization approach. The model is efficient in cap-
turing the features of hard exudates, as evidenced by its minimal loss and excellent
accuracy. The simulation is able to differentiate among hard and non-hard exudates,
as evidenced by its elevated AUC and accuracy values. Yet, the model could at times
overlook some hard exudates given the significantly reduced sensitivities. These data
points act as crucial indicators for assessing and enhancing the categorization algo-
rithm’s efficacy for hard exudates in ocular pictures.

4.3.2. Haemorhages

Valuable information about its efficacy in identifying and categorising haemorrhages in
retinal pictures may be learned from the statistical examination of the haemorrhages
dataset. The model properly classifies pixels as haemorrhages or non-hemorrhages
with an average accuracy and absolute accuracy of 0.999264, respectively. This shows
the the simulation accurately depicts haemorrhages’ distinctive characteristics and can
separate these from various other ocular formations. The durability of the model is
further supported by the low standard deviation of 0.000230 (as per Table 9), which
shows that the correctness of the model is constant across several evaluations. The
range of variance in the model’s accuracy across several samples is highlighted by
the least precision of 0.998607 and the highest confidence of 0.999657. Figure 15, Fig-
ure 16 and Figure 17 describe the training and UHI network on Haemorrhages dataset.

Table 9
Statistical analysis

Statistical test | Accuracy | Binary accuracy AUC Specificty | Sensitivity
mean 0.999264 0.999264 0.974184 | 0.999812 0.939016
std 0.000230 0.000230 0.008255 | 0.000072 0.018514
min 0.998607 0.998607 0.956402 | 0.999574 0.901336
25% 0.999184 0.999184 0.968939 | 0.999759 0.927588
50% 0.999331 0.999331 0.973982 | 0.999836 0.938238
75% 0.999403 0.999403 0.979575 | 0.999862 0.948270
max 0.999657 0.999657 0.990752 | 0.999934 0.976834
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Figure 16. Focal+dice loss

The average value of 0.974184 for the AUC (Area Under the Curve) indicates
that the algorithm has a high capacity to discriminate among haemorrhages and
non-hemorrhages. Higher accuracy is indicated by a larger AUC, with numbers near
1 suggesting good discriminating. Consistent achievement with regard to of AUC is
indicated by a small variance of 0.008255. The AUC values of 0.956402, 0.990752, and
0.956402 respectively show the range of variance in the model’s capacity to discrimi-
nate between various samples. In addition, the algorithm’s ability to precisely detect
non-hemorrhage pixel is demonstrated by its average specific of 0.999812, which adds
to its total accuracy. The model’s capacity to correctly detect haemorrhage pixels is
shown by its average sensibility, which is 0.939016.
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Figure 17. UHI model performance

For assessing the algorithm’s effectiveness in accurately identifying haemorrhages,
both metrics are essential. The ranges of quartiles (25%, 50%, and 75%) give informa-
tion about the metrics’ dispersion and show the variation of the model’s effectiveness
in various samples. The algorithm’s excellent precision, good discrimination capac-
ity, and even effectiveness in properly recognising haemorrhage and non-hemorrhage
pixels are all demonstrated by the statistical evaluation of the haemorrhages dataset.
The findings show how well the algorithm performs haemorrhage detection and seg-
mentation in ocular pictures, which can be useful for identifying and tracking reti-
nal disorders.

The initial picture in this illustration is a macular the fundus picture with
retinopathy caused by diabetes symptoms. Numerous anomalies, such as exudates
and microaneurysms, are visible in the picture. Specialists create the appropriate
mask, which shows the areas that are important where these aberrations are found.
The mask assists in emphasising the regions that require focus for additional inves-
tigation and evaluation. The network processes the picture for classification utilising
the Dense-ED-UHI: Encoder Decoder based U-Net Hybrid Inception model. Intricate
characteristics may be captured and accurate segmentation operations can be carried
out using the U-Net Fusion framework. The aneurysm and exudate zones are correctly
identified and highlighted on the segments map produced by U-Net Inception, which
closely matches the surface truth mask. Figure 18 and 19 illustrates the prediction of
U-Net Inception and Resnet Models.
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Figure 18. Mask prediction and BBox using Dense-ED-UHI:
encoder decoder based unet hybrid inception (proposed model)

Original Image. U Net Inception U NET Resnet

U Net Inception U NET ResNet

Figure 19. Comparison with other state of the art backbone (Resent50)

Original Image.
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4.3.3. Microaneurysms

Figure 20, Figure 21 and Figure 22 describe the training and UHI network on Mi-
croaneurysms dataset. As per Table 10 and Figure 22 the algorithm has an excellent
degree of general precision in detecting microaneurysms, as indicated by a median
accuracy of 0.999264. It indicates that a large number of pixels in the picture, com-
prising all genuine positives and true negatives, are classified properly by the model.

Accuracy in Binary: the accuracy in basic measure similarly exhibits a high
average value of 0.999264. This statistic, which solely takes into account true positives
and true negatives, assesses the precision with which microaneurysms are classified.
The elevated score shows how well the representation can separate microaneurysms
from other areas of the image.

Table 10
Statistical analysis

Statistical test | Accuracy | Binary accuracy AUC Specificty | Sensitivity
mean 0.999264 0.999264 0.974184 | 0.999812 0.939016
std 0.000230 0.000230 0.008255 | 0.000072 0.018514
min 0.998607 0.998607 0.956402 | 0.999574 0.901336
25% 0.999184 0.999184 0.968939 | 0.999759 0.927588
50% 0.999331 0.999331 0.973982 | 0.999836 0.938238
75% 0.999403 0.999403 0.979575 | 0.999862 0.948270
max 0.999657 0.999657 0.990752 | 0.999934 0.976834
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Figure 20. Training IOU _score
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Figure 21. Focal+dice loss

The system’s capacity to accurately detect non-microaneurysm areas in the pic-
ture is demonstrated by its average specificity of 0.999812 for the dataset. This
means that the algorithm has a small percentage of fake positives and an elevated
genuine negative rate. AUC (Area Under the Curve): the region underneath the
Receiver Operating Characteristics (ROC) curve is represented by the AUC value
of 0.974184. It gives an indication of how well the simulation can distinguish among
microaneurysm-prone and non-prone locations. The statistical model performs better
at differentiating among the two groups based on the area under the curve (AUC).

1.02
1
0.98
0.96
0.94
0.92
0.9
0.88
0.86
0.84
0.82
08 Train Test Valid
u Accuracy 0.99974 0.999681 0.99964
m Binary Accuracy 0.99974 0.999681 0.99964
AUC 0.913566 0.875894 0.914899
| Specificity 0.99997 0.999965 0.999958
u Sensitivity 0.9761484 0.9677475 0.9768875

Figure 22. UHI model performance
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A median rating of 0.939016 indicates how well the algorithm can identify mi-
croaneurysms. It displays the real negative percentage, which shows how well the
algorithm can detect all of the microaneurysms visible in the picture. According
to the statistical results, the algorithm does a good job of detecting microaneurysms
generally. The model’s efficiency in reliably classifying microaneurysm areas is demon-
strated by its outstanding accuracy, dichotomous accuracy, and AUC scores. Further-
more, the model’s excellent sensitivity and specificity scores show that it can reliably
detect most aneurysm and distinguish non-microaneurysm locations. It’s significant
to keep in mind that the usual deviation numbers reveal information about the model’s
efficacy and inconsistency across different examples or datasets. The accuracy, cate-
gorical precision, AUC, particularity, and sensitivities have relatively small variances,
which shows that the algorithm performs consistently throughout the assessed data.

In conclusion, the statistical evaluation shows that the algorithm consistently
performs well throughout various data sets and reaches a high level of precision and
efficacy in recognising microaneurysms. These findings point to the algorithm’s pos-
sibility of helping doctors identify and diagnose microaneurysms promptly, and this is
essential for treating patients with diabetes along with different ocular illnesses. Fig-
ure 23 and Figure 24 illustrates the prediction of U-Net Inception and Resnet Models.

Original Image Original Mask U Net Inception Mask U NET ResNet

U Net Inception Mask U NET ResNet

Original Image Original Mask U Net Inception Mask U NET ResNet

Figure 23. Mask prediction and BBox using Dense-ED-UHI:
encoder decoder based U-Net hybrid inception (proposed model)
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Figure 24. Comparison with other state of the art backbone (Resent50)

4.3.4. Soft exudates

The training and UHI networks on the hemorrhages dataset are shown in Figure 25,
and Figure 26. The method has an outstanding level of general precision in recogniz-
ing soft exudates, as shown by a median accuracy of 0.999521, as shown in Table 11
and Figure 27. The efficiency of the Hybrid U-Net Inception model on the Soft Exu-
dates IRID datasets seems nothing short of remarkable. The algorithm demonstrates
its exceptional capacity to precisely categorise soft exudates with absolute accuracy
scores of roughly 99.95% on the initial training, testing, and validation sets. Addition-
ally, the AUC values are excellent, especially on the test and validation sets, where
they are 99.90% and 99.99%, respectively, demonstrating the model’s great ability to
distinguish between positive and negative instances. In order to reduce the number of
false positives in medical imaging analysis, the model also excels in specificity, scor-
ing over 99.97% on all datasets. Furthermore metrics, sensitivity — which measures
the model’s capacity to identify positive cases — remains quite high, particularly for the
test and validation sets, where it is 96.08% and 96.31%, respectively. In clinical set-
tings, when avoiding false positives is crucial, this minor trade-off between specificity
and sensitivity may be acceptable. After further validation and testing, the Hybrid
U-Net Inception model exhibits strong and encouraging performance, demonstrating
its potential value in real-world clinical applications.

Table 11
Statistical analysis

Statistical test | Accuracy | Binary accuracy AUC Specificty | Sensitivity
mean 0.999264 0.999264 0.974184 | 0.999812 0.939016
std 0.000230 0.000230 0.008255 | 0.000072 0.018514
min 0.998607 0.998607 0.956402 | 0.999574 0.901336
25% 0.999184 0.999184 0.968939 | 0.999759 0.927588
50% 0.999331 0.999331 0.973982 | 0.999836 0.938238
75% 0.999403 0.999403 0.979575 | 0.999862 0.948270
max 0.999657 0.999657 0.990752 | 0.999934 0.976834
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Figure 27. UHI model performance
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Figures 28 and Figure 29 show how the Unet Inception and Resnet Models predict.

Original Mask U Net Inception Mask U Net Inception Mask Overlap

Original Mask U Net Inception Mask U Net Inception Mask Overlap

Figure 28. Mask prediction and BBox using Dense-ED-UHI:
encoder decoder based U-Net hybrid inception (proposed model)

Original Image
T T 3

U Net Inception U NET ResNet

Figure 29. Comparison with other state of the art backbone (Resent50)

4.4. Comparative analysis

The comparison Table 12 illustrates how the Dense-ED-UHI model fared better than
other evaluated models when specificity and accuracy were taken into account.

The model put out by [21] outperformed earlier research, achieving a sensitiv-
ity of 80.32% and a specificity of 99.83% across many datasets. In their analysis
on the e-ophtha dataset for exudates identification, Chudzik et al. [9] found that
specificities were higher than 99.97% and sensitivities ranged from 84.58% to 86.66%.
Li et al.’s [23] work on the DDR dataset revealed an accuracy of 82.84%, whilst Play-
out et al’s [32] research attained a sensitivity of 80.02% and a specificity of 82%.
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Xia et al. [44], in comparison, obtained 82% sensitivity and 98.3% specificity on the
CHASE dataset and 81.2% sensitivity and 98% specificity on the DRIVE dataset.
Sensitivities and specificities were found to be between 80 and 83% in Oh et al.’s [27]
research using ETDRS datasets.

Table 12
Comparative study

Study | Dataset Sensitivity [%] | Specificity [%] | Accuracy |%]
i) | DEIMED, ecophtha, 80.32 99.83 -
DIARETDB
[9] e-ophtha (exudates) 86.66 99.98 -
[10] e-ophtha (exudates) 84.58 99.97 -
[32] e-ophtha (exudates) 80.02 - 82
[23] | DDR - - 82.84
m DRIVE 81.2 98 95.4
CHASE 82 98.3 97
27] ETDRS 7SF 83.38 83.41 83.3
ETDRS F1-F2 80.60 80.61 80.6

5. Discussion

The presented research focuses on addressing the challenges of diabetic retinopa-
thy (DR) through a novel approach employing a combinative method utilizing U-Net
with a modified Inception architecture. One of the leading causes of visual impair-
ment worldwide is diabetic retinopathy, for which prompt identification is essential to
successful treatment. Deep neural architecture, notably encoder-decoder modelling
using convolutional architectures like Inception and Residual Connection, is included
into the suggested model. To improve performance in image processing tasks like
semantic segmentation or image-to-image translation, the U-Net and Inception ar-
chitectures are combined. Prominent for its effectiveness in semantic segmentation,
the encoder-decoder structure of the U-Net architecture allows for accurate localiza-
tion. Conversely, GoogLeNet’s Inception design, which minimises computational cost
by using convolutional filters of different widths inside a single layer, is excellent at
collecting multi-scale information. By combining these designs, Inception modules
are added to the U-Net encoder (3 and 4), improving feature extraction at various
scales. Similar changes are made to the decoder, where layers of upsampling combine
with feature concatenation from scale-matched encoder features. Most importantly,
skip connection retention guarantees gradients and spatial information are preserved
during training. The last layers are customized for each job; for pixel-wise predic-
tions, they usually consist of convolutional layers followed by sigmoid or softmax
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activations. This combination combines the multi-scale feature extraction power of
Inception with the accurate localization expertise of U-Net to provide better results,
especially in applications where collecting data at several sizes is critical.

The efficiency of the modified Inception deep feature extractor is shown by the
study’s validation on the IDRid APTOS 2019 contest dataset, which produced an ex-
ceptional classification accuracy of 94.21% across classes, outperforming the compari-
son with Resnet. The suggested model attains a segmentation test accuracy of 99.90%
on the IDRid dataset across various classes, surpassing Resnet. Specifically, it achieves
testing accuracies of 92.62% for retinopathy grade classification and 95.80% for DME
classification. Moreover, the model demonstrates mean accuracies of 99.89%, 99.84%,
99.96%, and 99.97% for Hard Exudates, hemorrhage, Microaneurysms, and Soft Exu-
dates respectively. A hybrid dense-ED-UHI model, an encoder-decoder-based U-Net
with an inception architecture, is used in the article. It is cross-validated 15 times
across four classes of IDRID dataset.

The model performs very well; the haemorrhages dataset examination confirms
this, with mean accuracy and binary accuracy reaching 99.84%. The model is suc-
cessful in identifying true positives and negatives, as seen by the AUC and sensitivity
values, which highlight the model’s accuracy in differentiating between advantageous
and harmful scenarios. In the context of DR classification systems, the research em-
phasizes the relevance of the custom U-Net model with Inception architecture and
a novel up-sampling technique employing pixel-wise periodic shuffling convolution.
The comprehensive validation of the proposed framework against extant literature
presents it as a promising advancement that might lead to better outcomes and ther-
apies for people with visual impairment worldwide. When it comes to particularity
and accuracy, the Dense-ED-UHI model performs better than the other models that
were assessed. The dataset’s ability to properly identify and distinguish retinal dis-
orders is supported by its excellent accuracy scores. Because of the model’s proven
specificity, false positives are less likely to occur and unfavourable instances are ac-
curately recognised. Together, these results highlight the Dense-ED-UHI model’s
effectiveness and dependability, highlighting its potential for accurately classifying
retinal disorders.

Lastly, with regard to microaneurysms, the mathematical models show remark-
able precision and binary accuracy. With a 99.96% median accuracy, AUC values,
sensitivity values, and correct classification of unfavourable situations, the model
demonstrates its ability to discriminate between advantageous and harmful cases
while effectively identifying true positives. The high sensitivity values demonstrate
even more how well the model categorises unfavourable situations. The study report
concludes by presenting a unique strategy for treating diabetic retinopathy using an
advanced combinative technique. The suggested approach, verified on many datasets,
has exceptional precision and efficacy in categorising retinal disorders, presenting en-
couraging opportunities for enhanced identification and management in the worldwide
context of visual impairment.
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6. Conclusion

Although one is caused by ageing and the other by varied reasons, diabetic retinopa-
thy is complicated, multifaceted diseases, and our understanding of these diseases is
continually changing. Our systems of categorising these have undergone numerous
revisions over time, and they have had to be revised and updated to keep pace with
medical knowledge and technological developments. A new classification system must
consider the tremendous advancements made in the last few decades in disease patho-
physiology, imaging technologies, artificial intelligence, and treatment. In the training
set as well as the test set, the accuracy of the model was 92.5%, demonstrating its
capacity to make accurate assumptions about unobserved data. At 99.66% on the
test set, the level of sensitivity, or real positive rate, is also incredibly high. The
simulations exhibit remarkable accuracy for the examination of hard exudates, with
an average precision of 99.93%. The sensitiveness scores, with a mean sensitivity of
92.94%, show how well the models can detect true positives. The models’ high ability
to differentiate among both positive and negative situations is reflected in the AUC
values, which range from 0.9426 to 0.9827. The precise classification of adverse cases
by the models is highlighted by their elevated specific values, which range from 0.9996
t0 0.9999. The data analysis indicates that the models are effective in recognising and
categorising exudates that are hard overall.

The hypotheses performed exceptionally well in the evaluation of the haemor-
rhages dataset, with a mean accuracy and binary accuracy of 99.93%. The AUC
values, which range from 0.9564 to 0.9908, show how well the models can distinguish
between both benign and detrimental cases. The algorithms’ extremely sensitive val-
ues, which range from 0.9013 to 0.9768, indicate their accuracy in detecting genuine
positives. The precise classification of negative cases by the models is highlighted by
their elevated sensitivity values, which range from 0.9996 to 0.9999. These findings
show that the algorithms are capable of identifying and categorising haemorrhages
The new DR classification systems make use of a customised UHI or U-Net model
to conceptually segment using Inception as a spatial up-sampling method that uses
pixel-wise periodic shuffling convolution. It has been thoroughly validated by compar-
ison to the body of literature and should lead to better treatments and results for the
millions of individuals who suffer from visual loss globally. In terms of correctness and
accuracy, the Dense-ED-UHI: Encoder Decoder based Unet Hybrid Inception models
scored better than other models that were evaluated. High accuracy ratings were at-
tained, demonstrating the datasets’ capacity to appropriately diagnose and separate
the retinal diseases. The algorithm furthermore showed good specificity, demonstrat-
ing its capacity to accurately recognise the adverse cases (non-pathological areas) and
prevent false positives. These findings demonstrate the efficiency and dependability
of the Dense-ED-UHI: Encoder Decoder based Unet Hybrid Inception framework for
segmenting retinal disease.

The mathematical models are highly accurate and binary accurate when it comes
to microaneurysms, with a median accuracy of 99.93%. The AUC numbers, which
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range from 0.9564 to 0.9908, show how well the models can distinguish among both
beneficial and detrimental cases. The sensitive values, which range from 0.9013 to
0.9768, show how well the models are able to detect true positives. The precise
classification of unfavourable cases by the models is highlighted by their elevated
sensitivity values, which range from 0.9996 to 0.9999. The Dense-ED-UHI: Encoder
Decoder based U-Net Hybrid Inception structure’s ability to use the structure known
as Inception and gather global as well as local pigment data within the image which
constitutes one of its main advantages. This enables the model to effectively record
fine details in retina pictures by utilising multi-scale characteristics.

In conclusion, segmenting retinal disease can greatly benefit from the application
of deep learning models, particularly the UHI system and the possible integration of
the Classification network for broad category classification. These simulators have
proven to be highly accurate, durable, and capable of automating and assisting in the
early identification and recognition of retinal disorders. Continuing this field’s study
and development could result in better healthcare.
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1. Introduction

1.1. Overview

The raging of piracy has brought immeasurable losses to content creators, especially
prominent in areas such as news, design, photography and e-commerce. However,
because the digital content itself is difficult to identify with embezzlement and the
legal process takes a long time, victims often choose the actual fee of the violation,
which also makes to the increase copyright infringement.

In recent years, with increasing awareness of copyright protection at national,
social and individual levels, the protection of copyright such as videos, music and
literature has taken a big step forward. Additionally, the content creators also cre-
ate the non-fungible tokens (NFT) by minting their digital contents via blockchain
marketplace. In order to create an NFT art, a creator needs to upload their digital
content to a marketplace that supports NFTs, such as OpenSea'. The platform will
then mint the content into an NFT and assign it a unique identifier and metadata.
The creator can then set the price and terms of sale for their NFT, such as a fixed
price, an auction, or a royalty fee. The platform will also charge a fee for the creation
and listing of the NFT. To buy an NFT, a buyer needs to have a digital wallet that
supports NFTs, such as MetaMask?. Such NFTs are very valuable. However, due to
some characteristics of the digital contents itself, the process of copyright protection
has progressed slowly. The content of the digital contents is indispensable, the value
of the digital contents is increasingly enhanced, and the copyright protection of the
digital contents becomes indispensable.

To address such digital content infringement on the market today, the researchers
hope to solve the dilemma of rights protection through technology, to be able to trace
the original author by how to label and engrave their own work imprints. Blind water-
mark is a type of digital watermarking technology, which can hide digital information
in an digital contents. The processed image appears to be unchanged, but in fact the
image already has a unique identifier. Regardless of whether it is cut, pasted, rotated,
zoomed or added text or filters, the content of the watermark will be affected to some
extent. This allows copyright protection and tracking without damaging the original
work and going unnoticed.

The most robust watermarking techniques focused on copyright protection are
frequency domain based watermarking methods. The frequency domain can be ap-
plied on the watermarking techniques by single frequency domain or hybrid frequency
domain. Such combination of frequency domain can define the robustness of water-
marking methods [5,11,13]. The disadvantage of this watermarking algorithm is that
it is not possible to embed one bit of watermark in all blocks, resulting in low capacity.
To improve payload capacity, all blocks are used for embedding purposes in [10]. The

Thttps://opensea.io/
2https://metamask.io/
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robustness of the proposed scheme was tested against various single and combined at-
tacks, and a good quality watermark was extracted even after multiple simultaneous
attacks on the system.

In order to get the balance of imperceptibility and the robustness for frequency
domain watermarking methods, Thanh et al. had proposed the g-logarithm frequency
domain (¢-LFD) for image watermarking. They have applied the ¢-LFD for single
frequency domain in order to create a new frequency domain such as ¢-DCT [23],
¢-DWT [20], and ¢-SVD [21]. It is clear that depends on the values of ¢ parameter,
they could provide a new frequency domain for robustness and high quality of image
watermarking methods. However, to find out the optimal values of ¢ parameter, it’s
algorithm is quite complicated for analysis.

Nowadays, the non-fungible tokens (NFT) marketplaces cannot handle the chal-
lenges related to NFT ownership claims?, illegal redistribution, and data ownership
traceability*. The creation of NFTs has specifically led to a lucrative market for veri-
fying ownership of unique digital assets, including digital art products. However, this
NFT trading market also raises risks such as fraud, stolen works, authenticity and
copyright issues. Illegal traders exploit the market by trading unauthorized copies of
digital objects as NFTs.

To overcome these problems, the watermarking methods [18] can combine with
blockchain technique [19] to make the efficient NFT marketplace. Saeed et al. [12] pro-
posed a marketplace based on watermarking and NFT technologies. In their system,
the ownership data is stored as an NFT, then the copyright information is embed-
ded into the content of the NFT. The watermarked information can be extracted
from the watermarked NFT to identify the owner and the buyer of the traded data.
Dalla et al. [4] also proposed the digital watermarking as a means to establish the
authenticity of NFTs and showed the potential of NFTs ownership protection tech-
nique. Sarad Venugopalan and Heiko Aydt [25] proposed a solution that puts control
back in the hands of information owners by storing encrypted content on a data ware-
house and providing additional security against hacks and zero day exploits. Content
on their data warehouse is never decrypted or returned to its owner for decryption
during rekeying. Their solution seems to be good for proving the ownership of NFT,
however, such system requires the complicated infrastructure.

With another approarches, Tai et al. [15] had proposed the Blockmarking tech-
nique to embed the various watermarks information into many distributed patches of
NFT stored in IPFS. They proposed the idea to extend the model of DRM system by
using the distributed feature of blockchain network. Tai et al. [16] also extend such
model on distributing NFT image system combined with watermarking technique.
They could prove that their hybrid model based on watermarking algorithm with
blockchain technology can work with the copyright protection of NF'T image.

3https://fromlight2art.com/how-to- protect-your-nfts-for-artists,/
4https://www.imatag.com/blog/digital-art-and-nft-how-to-solve-the-trust-issue
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To build a transparent digital product copyright protection system, Digital Rights
Management (DRM) solution for NFT marketplace is proposed to effectively manage
the processing flow of digital products from manufacturers to users. The DRM solu-
tion allows producers to control what users can do with digital content such as photos,
videos, logos, audio files and so on. DRM is the management of legal access to digital
content. It also can restrict the use of proprietary hardware and copyrighted works.
DRM technologies govern the use, modification and distribution of copyrighted dig-
ital contents. Therefore, such DRM technologies include licensing agreements and
encryption.

1.2. Classification of DRM system

Based on technical solutions to classify DRM solutions, we can divide DRM into
several solutions as follows:

e Provider-based DRM system (PDRM): focuses on the protecting of con-
tents provider’s copyright [1,8,24]. Tt is also called provider-centric DRM solu-
tions. That means PDRM proves the copyrights of producers when he/she claims
a right to his digital contents. Therefore, even if the digital contents are sold for
end users, the copyright of producers/authors is still remained.

e User-based DRM system (UDRM): is the users-centric DRM solution. It
protects the copyrights of end users after he/she bought the digital contents.
UDRM is used to implement the system for embeding the copright information
of legal users into the digital contents [6,7,17,18]. Therefore, UDRM requires
the user’s information when he/she registers to buy the digital contents. The
watermarked contents from UDRM may be processed under various attacks such
as blur, noise addition, soften, sharpen, JPEG conversion, Rotation, Scaling, and
Translation (RST) and so on. Also, the extracted watermark is required to be
clear in order to judge the rights of users.

e Hybrid model DRM system (HDRM): is used to protect both copyrights
of providers and legal users [15,26]. In this case, HDRM requires the watermark
W from the provider P and the watermark W, from the user U. This solution
is potential for DRM because of adaptation with new technology likes AI and
blockchain techniques.

Three models of DRM above can be applied on real applications. However, each
has several problems. Although HDRM can improve the problems of PDRM and
UDRM, it is still dependent to authority judgement with saving of copyrights in-
formation in their central database. Also, only authority judgement can judge the
traitors or copyright of providers/users. If such DRM systems apply on blockchain
for protecting the NFT assets, the NFT marketplace can be efficiently managed. New
method of the design for embedding the watermark into digital contents before mint-
ing its NFT is required. Therefore, we need to improve such problem by employing
the advantages of blockchain technology combined with watermarking method.
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1.3. Our contributions

Previous DRM solutions have been effectively applied in copyright management sys-
tem. DRM system consists of three components such as watermarking processing,
license management, and legitimate user tracking. However, that DRM system be-
longs to a third party, so the above three components can be controlled by the third
party. Especially, recent DRM systems are hard to apply on NFT marketplace for
NFT copyright protection.

In order to solve such issue, we propose a new DRM system based on redun-
dant digital contents distributed through a blockchain network by using many patches
from digital contents. We also propose a systematic information restructuring method
for content distribution and verify legitimate users. Our method can manage multiple
digital patches of digital images from the blockchain network. The digital content is
firstly split to get multiple patches. Then, they are saved to the InterPlanetary File
System (IPFS). We also prepare some watermark patterns to embed in each digital
patch before saving them on IPFS.

We emphasize the following contributions in our paper:

1. Distributed digital contents management instead of central management

Our system proposes a new method for digital contents management. The copy-
righted digital content is divided into many patches, called NFT assets. Such
patches can be overlapped or non-overlapped. Afterwards, all patches are up-
loaded on IPFS system. IPFS is a modular suite of protocols purpose built for
the organization and movement of content-addressed data. Therefore, the saving
of digital contents does not depend on the database of third party. In order to
access the distributed patches (NFTs), we can manage the content identifier, or
CIDs, is a label used to point to each digital patch in IPFS. Therefore, by using
the distributed NFT stored via IPFS, we can manage the copyright of NFTs
more conveniently.

2. Propose watermarking method for the distributed patches before minting NFTs
Our system provides new watermarking method to embed the copyright infor-
mation into the distributed image patches before minting NFTs on blockchain.
Therefore, in our system, before becoming NFTs, the copyright information is
also embedded into the digital contents. That makes our system different from
other proposals.

3. Propose new method for managing legal users by using licensing system
In order to manage the legal users, we propose the licensing system to control
the watermark patterns for reconstructing the watermarked digital contents by
using the downloaded NFTs from IPFS. Such watermark patterns are used to
identify the legal users. Also, when dispute about the right to use digital products
happens, we can trace the traitor and judge the copyrights of digital content.
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4. Legal users identification using new watermark patterns
Instead of using only one watermark logo for identifying the copyright of digital
contents, we propose new approach that employs multiple watermark logos for
proving the right legal users and also tracing the traitors. This is the novel idea
to improve the conditional DRM system for managing legal users.

1.4. Roadmap

The remain of our paper is organized as follows. The explaination of preliminaries
is described in Section II. In Section III, the components of proposed DRM method
based on digital watermarking combined blockchain network are introduced, including
watermark embedding and extracting processes. Our simulation results are described
in Section IV. The conclusion is shown in Section V.

2. Preliminaries

To solve the problem of Digital Rights Management abusing detection to protect
multimedia content, we have proposed a new watermarking scheme based on the DCT
transform domain. We employ the IPFS blockchain for distributed storage of digital
contents, the watermarking technique for embedding the copyright information, and
distributed patches reconstruction.

2.1. Blockchain network

Blockchain is an potential technique that encompasses many technologies,e.g. cryptog-
raphy, mathematics, consensus algorithms and economic models [9]. It also enhances
customer service, drives end-to-end value, and increases operational efficiency. It
is a secure, shared and immutable distributed ledger (database). Such a database
records all of the network’s transaction data into blocks. It uses a peer-to-peer (P2P)
network and a consensus mechanism to solve the problem of distributed data synchro-
nization. Therefore, it is not necessary to have a centralized trusted authority [14].

In the blockchain, block data is defined as a back-linked record in the order of
blocks of transactions. Such blockchain data can be saved in a database (as a large
file). Each block in the chain can be specified using the cryptographic hash algorithm
SHA256° on the block header. The block consists of two parts, the main structure
data and the header information. The main structure data records a list of transaction
information across the network, while the header information includes the hash of the
previous and current block, Merkle Root, timestamp, nonce, and other information.

Since all list of transactions is permanently stored in a block, if we apply
blockchain technology to manage copyright, we can track all the transactions that
belong to a certain digital asset. That makes it our advantage over other DRM
systems because everyone can claim the copyright of digital content through the
blockchain network.

Shttps://emn178.github.io/online-tools/sha256.html
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2.2. Decentralized storage: IPFS

IPFS is a P2P distribution hypermedia protocol that aims to act as a universal file
system for all computing devices [3]. IPFS can be considered similar to the WWW.
It is like a single BitTorrent pool that exchanges digital objects in a single Github
repository. IPFS combines a decentralized hash table, data exchange and a self-
certifying namespace, also forming a generic Merkle architecture.

In particular, in the IPFS system, there is no single point of failure and the nodes
do not need to trust each other. Based on that, distributed digital content delivery
can save network bandwidth consumption [2].

IPFS is a technology especially suitable for distributing digital content over
a blockchain network. We can manage the CIDs inside the DRM system to achieve
certain digital content. We will show how to integrate IPFS technology with DRM
system in our proposed method. Such a combination of techniques may replace third-
party functionality.

3. Proposal of Blockmarking based DRM system

3.1. Overview of our system

Store blockchain-based IPFS decentralized content on the web by dividing large dig-
ital files into patches and distributing those patches across the network. Thus, if
IPFS replaces the functionality of authority judgement in a DRM system, the copy-
righted contents (copyrighted NFTs) can be distributed over the blockchain network.
Based on that, the storage of copyrighted content does not depend on the author-
ity judgement. Also, when someone wants to check the copyright of any content,
they can obtain the content via IPFS and extract the watermark. There are two
main processes that comprise our recommended approach: embedding and distribute
embedded patches in IPFS storage, copyrighted contents delivery and copyright con-
firmation via IPFS.

3.2. Embedding and distributing embedded patches in IPFS storage

Our idea changes the normal way to store the digital contents for sale by moving the
digital contents to NFTs marketplace. We do not save the copyrighted contents into
the centric database of content providers. In order to take advantage of IPFS, we
consider to split the original content I into many patches. Then, we embed multiple
watermarks into those patches. Afterwards, the embedded patches are distributed via
IPFS by minting them to NFTs via blockchain. The workflow of this stage is shown
in Figure 1.
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Figure 1. The process of Embedding and Distributing embedded patches in IPFS storage

The algorithm is explained as follows:

1. The original content I is split into m patches of image. Such patches denotes as
{p1,p2,p3,...,pm}.

2. n patterns of watermarks, e.g. {wl, w2,w3,...,wn} are used to embed into m
patches of image. After that, we can obtain m x n watermarked patches. That
means we have Zf;ﬁ p;w; watermarked patches. Such watermarked patches are
minted via IPFS network. After uploaded, CIDs are generated for referencing
content in distributed information systems.

3. All CIDs are collected, then they are saved into key-value as {Label, CID} system.

3.3. Licensing management

After uploaded the watermarked patches (NFTs) via IPFS, we can manage all CIDs by
using key-value table <Label, CID>. By using this table, we can randomly generate
the license table L beforehand, then assign the license number for according legal users
when he/she bought the digital contents. The detail of licensing process management
is shown in Figure 2. This algorithm is introduced as follows:

1. The license table L is randomly generated based on the CIDs table. Since licenses
are based on n (the number of watermark), the license number can denote as
{L1111, L1112, L1113,..., Lnnnn}.

2. When users want to buy the digital contents, he/she requests to provide a license
number. The provider send him/her a license number from the license table L.
According to such license number, n patterns of CIDs are decided. Afterwards,
n patterns of image patches (NFTs) are downloaded from IPFS to combine into
the watermarked contents I’ for end user U.

3. After sent the license number for end user, the information of user and license
number are stored into license table. Based on table L, the producer can manage
the license and that of legal user.
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When the copyright dispute happens or an illegal distribution of copyrighted products
is discovered, it is essential to confirm the copyright and identify the legal owner. In
our method, suppose there is a copyright dispute of the copyrighted content I’, we
need to extract the watermark patterns from I’, then match the patterns via license
table. According that, the information of legal users can be detected. This algorithm

is shown in Figure 3.
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1. The digital content I’ is split into m patches of image. Such patches denotes as
{p'1,)p2,p'3,...,p'm}.

2. n patterns of watermarks, e.g. {w'l,w'2,w'3,...,w'n} are extracted from m
patches of image. After that, we can obtain the watermark patterns. Based on
the watermark patterns, we can detect the license number Lzzz, then we can
trace the legal user of digital content.

3. After detected the legal user by using the license number Lzzz, we can judge
the rights of watermarked contents.

According to analysis above, we emphasize that our proposed system can replace
the conventional DRM system by employing the blockchain technology. We can dis-
tribute digital contents through IPFS, then anyone can check the copyright of the
content transparently.

3.5. The benefit of our proposed system

In our system, the original image I is divided into m patches. Afterwards, each patch
is watermarked separately with n patterns of watermark logos or ID information. In
order to sell to many end users, therefore, we can obtain n” different combinations
of watermarked images employing n x m different watermarked patches. Then, n x m
different watermarked patches are minted as NFTs and are saved to the IPF'S network,
and each patch gets unique address (CID)® which can be used to download the patch.
The end user when buying an image obtains m CIDs that can be used to download
m patches and then reconstruct the whole image with different watermark patterns.

According to above explanation of our algorithm, the main benefit of our pro-
posed system is that it saves the disk space, computing power, and Internet network
bandwidth (as some patches may be locally cached) as normally for L end users (buy-
ers) we need to upload L different copies of watermarked (whole) images to the IPFS
network. In the proposed system, the maximum number of legal users is n'™. In most
cases n = 2 or 3 (for m = 16), therefore the required disk space is only doubled/tripled
for managing L users with L licenses. The watermarking system might be also more
immune to watermarking attacks.

4. Performance analysis and discussion

4.1. Experimental environment

In order to perform the efficiency of the proposed algorithm, we employ six color
images from image database” with size M x N = 512 x 512 pixels. For embedding
watermark patterns, we use four logomarks in our experiments, and they are the
binary image with size 64 x 64 as shown in Figure 4.

Shttps://docs.ipfs.tech /concepts/content-addressing/#how-cids-are-created
Twww.vision.kuee.kyoto-u.ac.jp/IUE/IMAGEDATABASE /STDIMAGES/
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Figure 4. Experimental images

In general, to measure the efficiency of image watermarking schemes, their invis-
ibility, robustness, and computing time are calculated and are compared each others.
To evaluate the invisibility capability, we use the peak signal-to-noise ratio (PSNR)
to measure the similarity between the original color image I and the watermarked
image I’ with size of M x N.

The value of PSNR is employed as a measure for evaluating the quality of the
watermarked image comparing with that of the original image. PSNR is described
by the following equation:

2 2

where M S E is mean square error between the original and watermarked image. M SE

is defined as:
M—-1N-1

MSE = o 3™ S (1(0,5) ~ 1'.))? )

i=0 ;=0

In order to measure the robustness of our method, we also used the normalization
correlation (NC) value [22] and calculated it over all extracted logomarks.

4.2. Experimental results

In order to evaluate our proposed system, we split the original image I into n = 4 non-
overlap blocks image. We called them as Patchl, Patch2, Patch3, Patch4. Then, four
logomarks patterns are embedded into each patch image for generating the embedded
patches images. After that, the embedded block images are minted to NFTs to
IPFS network. The testing for confirmation of image quality and the robustness of
watermark extraction are performed, then the results are shown in Table 1.
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Table 1
Experimental values of PSNR/NC for all images
Im Patchl Patch2 Patch3 Patch4 PSNR PSNR
% | PSNR/NC | PSNR/NC | PSNWNC | PSNR/NC | Average/NC | Combine/NC
Lenna 47.21/1.0 47.63/0.9931 | 46.16/0.9980 | 48.67/0.9940 | 47.41/0.9963 | 47.24/0.9961

Couple 50.23/0.7805 | 50.27/0.9795 | 51.70/0.6543 | 52.25/0.8377 | 51.11/0.813 50.94/0.8047
Barbara | 45.90/0.9958 47.79/1.0 47.04/0.9940 48.66/1.0 47.34/0.9975 | 47.11/0.9975
Fruits 44.96/0.9876 | 48.25/0.9977 | 47.78/0.9940 | 46.80/0.9940 | 46.95/0.9933 | 46.55/0.9926
Sailboat 43.98/1.0 43.62/0.9977 46.05/1.0 45.54/1.0 44.80/0.9994 | 44.57/0.9995
Boats 50.60/0.9979 | 48.84/0.9954 | 46.38/0.9980 | 46.32/0.9311 | 48.03/0.9806 | 47.41/0.9800

We tried to generate the random license, then restored the watermarked con-
tents by retrieving the watermarked NFTs from IPFS. Afterwards, we evaluated the
robustness of the embedding method by using some attacks such as Gaussian noise,
salt&pepper noise, JPEG compression, erasing, change histogram, and change color.
The testing of above attacks on Lena image is shown in Table 2. According Table 2,
we can see that the copyright logo can be clearly recognized. The values of PSNR
and NC are suitable for copyright protection. In general, the value of PSNR is over
40dB, and the value of NC is over 0.9.

Table 2
Experimental values of PSNR/NC for Lena after attacks
Attack Patchl | Patch2 | Patch3 | Patch4d | NC Average | NC Combine
Gaussian noise 0.7712 | 0.7706 | 0.7382 | 0.7194 0.7499 0.7566
Salt&Pepper noise | 0.7509 | 0.6971 | 0.7618 | 0.7318 0.7354 0.8538
Jpeg compression 0.4015 0.4134 | 0.3758 | 0.4311 0.4055 0.4111
Erasing 0.7587 | 0.7293 | 0.7078 | 0.7699 0.7414 0.7276
Histogram 0.8656 | 0.8220 | 0.8223 | 0.8180 0.8319 0.8679
Color change 1.0 0.9931 | 0.9960 | 0.9841 0.9993 0.9950

The visualization of the attacked Lena can be seen in Figure 5. It is clear that,
based on the watermarked patterns, we can match the license number and detect the
legal users based on our license management system. We also retrieved the similar
results based on experimental results of another images.

We also compared the proposed method with several previous methods for NFT
copyright protection. Such comparison is show in Table 3. Our method and Saeed
et al. [12] use the watermark information to prove the copyright of NFT contents.
Meanwhile, Dalla et al. [4] only used watermark for authentication information. In
case of illegal NFT redistribution, our method can track the legal users by using the
license number Lxzx to extract the watermark pattern. However, other methods
cannot track the redistributed users when a dispute occurs.

According to above analysis, we can understand that our method can be applied
for NFTs marketplace efficiently.
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Figure 5. Logo patterns extraction under several attacks (for Lena)

Table 3
Comparison with some previous methods
Criteria Our method | Saeed [12] | Dalla [4]
Watermarking for NFT v v X
Legal users tracking v X X
Combination NFT patches v X X

4.3. Discussion

The limitation of the proposed method is that if the end user buys 2 or more copies
of the same image with different watermarking, it is possible to construct an image
with different watermarking IDs. In this case the image can be redistributed and
the end users who redistribute the image may not be properly identified. That means
the extracted watermarking pattern does not belong to the licenses that are generated
beforehand. Therefore, the image is redistributed and the end users who redistribute
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the image may not be properly identified, however, the users use such image with
wrong watermark pattern that does not belong to the license database L, such users
are judges as illegal users.

The solution to the above problem might be that one patch has as many water-
marks as the number of users or the n is much larger than required and additional
algorithm is used to track the users who redistributed the image. This solution will
be solved in the future works.

5. Conclusions

We have presented a new distributed image by using IPFS combined watermarking
method for copyright protection and users authentication system without third par-
ties. The original digital images are split into many blocks image, then are embedded
with various watermark patterns, and uploaded on the online storage via IPFS. The
license number is used to generate the watermark patterns for achieving the embedded
blocks image from IPFS. Those also can be used for specify the legal users. According
to the experimental results, the watermark patterns could be successfully extracted
and distinguished each others.
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CHARACTER/WORD MODELLING:
A TWO-STEP FRAMEWORK

FOR TEXT RECOGNITION

IN NATURAL SCENE IMAGES

Text recognition from images is a complex task in computer vision. Tradi-
tional text recognition methods typically rely on Optical Character Recognition
(OCR); however, their limitations in image processing can lead to unreliable re-
sults. However, recent advancements in deep-learning models have provided an
effective alternative for recognizing and classifying text in images. This study
proposes a deep-learning-based text recognition system for natural scene images
that incorporates character/word modeling, a two-step procedure involving the
recognition of characters and words. In the first step, Convolutional Neural
Networks (CNN) are used to differentiate individual characters from image
frames. In the second step, the Viterbi search algorithm employs lexicon-based
word recognition to determine the optimal sequence of recognized characters,
thereby enabling accurate word identification in natural scene images. The sys-
tem is tested using the ICDAR 2003 and ICDAR 2013 datasets from the Kaggle
repository, and achieved accuracies of 78.5% and 80.5%, respectively.

scene text recognition, convolution neural network, character recognition,
character/word modelling
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1. Introduction

Text recognition in natural scene images is a critical task in the fields of computer vi-
sion and machine learning, which aims to build computer software that automatically
extracts text from natural scene images. This technology has widespread applica-
tions in areas such as automated identification of traffic signals, license plates, and
autonomous robot navigation [10,22]. While numerous studies have focused on text
recognition, most have focused on documents or digital paper-based materials, ne-
glecting the complexities of extracting text from natural scene images. The intricate
nature of this task arises from the diverse layouts and styles of characters, encom-
passing factors such as font, shape, size, color, and position while contending with
challenges such as noise, blur, occlusions, and non-uniform lighting [25]. Earlier stud-
ies have used, OCR engines, such as ABBYY and TESSERACT, for text recognition,
but their efficacy in scene image processing has been limited.

The main aim of this study is to recognize text present in printed images [12,18].
Many researchers have acknowledged the effectiveness of deep learning architectures
for text recognition tasks [2,6,14]. These architectures contain multiple layers for
various purposes including input representation, feature extraction, and classifica-
tion. Among these, convolutional neural networks (CNN) have attracted significant
attention for computer vision applications [10,16,19,25]. The CNN architecture has
several layers, including input, middle, and output layers. The input layer processes
the inputs, whereas the middle layers with convolution and pooling features extract
relevant information. Finally, an output layer with one or more fully connected layers
performs the final classification [8].

This study conducted a comprehensive comparative analysis of text recognition
methods that employ various deep learning architectures. To evaluate the effectiveness
of the proposed system, two widely used public datasets are employed: the ICDAR
2003 and ICDAR 2013 datasets. The ICDAR 2013 dataset consisted of 229 training
images and 233 testing images, each annotated at the word level. This dataset includes
a diverse range of character and word graphics captured in natural settings and is
suitable for various applications such as banners, displays, navigation panels, clothing,
and house numbers. The selection of the sample images from the ICDAR 2013 dataset
is shown in Figure 1.

The datasets selected for this task are characterized by a diverse range of images
that showcase various sizes, scales, orientations, font types, and styles. These images
are rich in characters and are carefully chosen to provide a comprehensive represen-
tation of subject matter. The proposed framework can be effectively evaluated in
diverse authentic scenarios by incorporating various sample types, thereby enhancing
its adaptability and credibility in recognizing text from natural scene images.

The main aim of this study is to achieve three objectives. The initial objective
is to identify individual characters present in natural scene images using a CNN. The
second objective involves recognizing the sequential order of text present in natural
scene images, which is determined using a Viterbi search to determine the optimal



Character/word modelling: a two-step framework. . . 639

character sequence. The final objective is to conduct extensive experiments on two
complex scene text recognitions using benchmark datasets to demonstrate the perfor-
mance of the proposed system.
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Figure 1. Natural scene images taken from the ICDAR 2013 dataset

The problem addressed by the proposed system is scene text recognition, which
involves recognition of text in natural scene images captured by cameras or other
devices. This is a challenging task because of various factors such as varying light-
ing conditions, complex backgrounds, and different fonts and languages [8, 19, 24].
Traditional methods for text recognition rely on handcrafted features and complex
modelling, which are time consuming and may not be able to handle variability in real-
world scenes. Therefore, there is a need for an automated system that can accurately
recognize text in scene images, even in challenging scenarios.

The remainder of this paper is organized as follows. Section 2 presents prior
research efforts and contextualizes the advanced scene-text recognition techniques.
Section 3 details the design and implementation of the proposed system, delving into
its architecture, algorithms, and key functionalities, while also demonstrating the pro-
cess of creating a blueprint for scene-text recognition using character/word modeling.
Section 4 evaluates and discusses the experimental results and findings of the pro-
posed system by assessing both the character and word recognition modules. Finally,
Section 5 concludes the implementation of character/word modeling as a means of
text recognition in natural images.

2. Related works

This section provides an overview of the most advanced methods for scene-text recog-
nition. The two common processes in text recognition are character-based and word-
based processes. Character-based recognition depends on the detection and recogni-
tion of each character to identify an entire word when the characters are combined.
Character segmentation and recognition are the bases of traditional character-based
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recognition systems [16]. Several studies have employed a sliding window strategy that
incorporates various scales for character segmentation and recognition. The recogni-
tion of scene text is challenging due to the intricacy of the task and the impact that
segmentation, an essential component, has on the overall recognition system. The ab-
sence of segmentation in other character-based techniques for scene-text recognition
highlights the difficulties of this process.

Recent methods, such as connectionist temporal classification, create character
predictions followed by a post-processing stage [10]. Post-processing techniques that
incorporate linguistic knowledge can be employed to enhance the accuracy of scene-
text recognition. For example, Thillou et al. (2005) utilized n-gram scores to restrict
an inference algorithm’s prediction of a correct word [19]. Shi et al. (2016) proposed
a deep architecture that integrates a convolutional neural network (CNN) with a re-
current neural network (RNN) to identify scene texts in images. Convolutional layers,
which collect characteristics from the input picture, and recurrent layers, which pre-
dict a label, make up this design distribution for each frame, and a transcription
layer based on connectionist temporal classification converts the frame predictions
into a label sequence [17].

The main objective of a word-based recognition system is to obtain features from
a complete word picture, without implementing character segmentation. The sec-
ond objective is to integrate or pool these features into a predetermined architecture
to conduct word classification and subsequently recognition [5]. Chen et al. (2020)
developed an adaptive embedding gate for attention-based scene-text recognition to
detect text based on neurocomputing. Fisher vectors are combined with pyrami-
dal histograms of characters [1]. To develop a word-based recognition system, these
vectors are combined with densely extracted low-level descriptors and spatial pyra-
mids [9,24]. Word recognition was achieved using the maximum posterior estimate
obtained from a finite-state-weighted transducer. To address scene-text recognition,
a 90k-class-based CNN was designed, where each class corresponds to a word in the
lexicon [5].

In general, there are two basic strategies for using image-specific lexicons. A dic-
tionary or lexicon of terms is included to enhance the effectiveness of the word-based
recognition system. This list of candidate words allows the system to fix some of
its error [4]. To ensure accuracy, it is recommended to use a powerful algorithm
that searches for the dictionary term closest to the anticipated word. This approach
is particularly important for word-based recognition, because it simultaneously cap-
tures both low-level features and high-level linguistic priors. A character recognition
module can also be implemented in conjunction with a word recognition module to
improve the results.

3. System design

This system design demonstrates the process of creating a blueprint for the develop-
ment of scene-text recognition using character/word modelling. In this study, a deep
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learning-based system is developed to recognize text embedded in natural-scene im-
ages. Figure 2 shows the proposed framework, which consists of three modules: image
preprocessing, character recognition, and word recognition. In the first module, the
input image is preprocessed to enhance the text recognition. In the second module,
characters with different variations are recognized from the images using a popular
CNN-based architecture. Finally, in the third module, Viterbi search algorithms are
used to determine the best character sequence, which guides the system in determining
the exact word in the image.
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Figure 2. Overall system architecture

3.1. Image preprocessing module

The system accepts an image with text as input. The input image is preprocessed to
enhance the quality and facilitate the extraction of text regions. Preprocessing refers
to activities that involve pictures at the most fundamental level of abstraction. The
input and output of the system are intensity images that are essentially identical to
the original sensor data. Intensity images are typically depicted as matrices of image
function values or brightness levels. The aim of preprocessing is to improve the picture
data by removing unwanted distortions or enhancing the useful visual characteristics
for further processing. Figure 3 shows the steps involved in image preprocessing,
where the inputs are natural-scene images.

Image Preprocessing

- - Resized Image
Background | \ormalization —»|  Resizing
removal

Figure 3. Image pre-processing

Scene Image
Dataset

The steps involved are background removal, normalization, and image resizing.
The image background removal step eliminates or alters the background from natural
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scene images. Image normalization involves scaling the pixel values of an image to
a fixed range or the mean and standard deviation, which can help mitigate the effects
of lighting variations and other distortions. In the image-resizing step, each image is
resized to a fixed height and width using a downsampling operation. This is because
images captured from real-world scenes have character images of various scales, sizes,
locations, and orientations. Therefore, to recognize characters in these images, it is
mandatory to resize the image to a fixed height and width.

3.2. Character recognition module

In this module, the resized image is used as an input for character recognition. The
image is divided into individual frames, which are then processed to identify the char-
acter region. The frames are separated from the resized image, and each frame is pro-
cessed to localize the character region. To extract the important frame features, they
must be processed using a cascaded CNN architecture. The CNN architecture con-
sists of four stages of convolutional and subsampling layers used for feature extraction,
whereas a fully connected layer is used for classification. The CNN architecture com-
bines convolutional and subsampling layers to extract characteristics and predict class
labels from input frames, motivated by the visual cortex structure. The filters detect
specific characteristics in the input frame, thereby producing activation maps that are
passed to the next layer in the CNN architecture [11]. Ultimately, the CNN outputs
two crucial elements: the class label corresponding to the input frame and a score ma-
trix representing the probabilities of the characters in each frame (p(char-I)). With
characters falling into 62 possibilities (including 26 lowercase letters, 26 uppercase
letters, and 10 numbers), it is important to note that a frame may encompass ei-
ther the entire character or only part of it. Additionally, a character may span one
or more frames at times. To address this challenge, a non-maximum-suppression
method is applied. This method determines the frame containing the complete char-
acter based on the score value, thereby allowing the removal of redundant frames
from classification inputs. The character-recognition process is illustrated in Figure 4.

Character Recognition

! Score Matrix |
Frame Feature Extraction ‘Representation| Characters score value
Resized image Seperation d !

and Classification

CNN

NMS based
Chartecter
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Figure 4. Character recognition
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The score matrix depicted in Figure 5 represents the probabilities of the letters
in the input image, which contains the word "NEW.” The Viterbi search algorithm,
a topic covered in the following module, selects letters with highlighted probabilities
as the optimal sequence of characters to determine a word.

E 0.156 1.029

0.456 0.021

o|z|Z]:

W 1.01) 0.985

Figure 5. Score matrix for the word NEW

3.3. Word recognition module

In this module, a lexicon-based word recognition method is proposed to identify
word W from an input image based on character sequence S generated from the
character recognition module. The objective is to determine the sequence of charac-
ters with the highest probability. The character recognition module provides a set
of N probabilities corresponding to the character class labels for each examined frame
(N corresponds to the total number of character classes). The Viterbi search algorithm
is used to determine the probability of an optimal sequence of characters. This algo-
rithm is implemented to convert predicted probabilities into words. When confronted
with the challenge of a sequence of M overlapping frames, it is essential to determine
the most likely path for the optimal character sequence. The Viterbi search algorithm
is effective in handling such scenarios using a score matrix to identify the character
sequence with the highest score, ultimately declaring it as a recognized word [3,23].

Figure 6 depicts the comprehensive process of the word recognition system, show-
ing the recognized text within a boundary box. This box may overlap with the original
image used for testing. To ensure clarity, the recognized word is transformed into text
format and displayed separately.

Figure 7 provides a sample output of the text recognition process, offering a tan-
gible representation of the system’s capability to identify and display recognized words
accurately.
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Extracted Text

Figure 6. Word recognition

B Text Detection b o x

Figure 7. Output for word recognition
4. Results and discussion

This section discusses the experimental results and findings of the proposed system,
by evaluating both the character and word recognition modules using the ICDAR 2003
and ICDAR 2013 datasets. The experiments are conducted on a computer with an
Intel Core i7-7500U processor (2.9 GHz) and 8 GB RAM implemented using a Jupyter
Source Notebook in Python. The performance assessment unfolds in two stages: char-
acter recognition, where various deep learning architectures, such as CNN, ANN, and
RNN, are explored and compared, and word recognition, where the accuracy of the
system is evaluated based on precision. The accuracy metric measures the ratio of
correctly recognized characters or words to the total number of characters or words
based on the ground truth.

Figure 8 illustrates the correct recognitions for each alphabetical character (A—Z,
a—z) and number (0-9).
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Figure 8. No. of times correctly recognised characters

The experimental results in Table 3 and Figure 9 highlight the superior per-
formance of the proposed CNN-based text recognition method, which achieves the
highest accuracy of 80.5% on the ICDAR 2003 dataset and 78.5% on the ICDAR
2013 dataset. Furthermore, the system performance is assessed by varying the width
and height of the resized images, as listed in Tables 1 and 2.

Table 1
Word recognition accuracy in ICDAR 2003 different heights and widths

Height | Width | Accuracy [%)]
80 80 79.8
90 90 80.7
100 100 81.5
150 150 77.2
200 200 76.3
300 200 71.5
Table 2

Word recognition accuracy in ICDAR 2013 with different heights and widths

Height | Width | Accuracy [%)]
80 80 78
90 90 78.8
100 100 79.8
150 150 75.6
200 200 74.5
300 300 72.3
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Table 3
Accuracy for test data using CNN

Datasets Accuracies [%)]
ICDAR 2003 80.5
ICDAR 2013 78.5

ACCURACY

BCNN ®

ICDAR 2003 ICDAR 2013

Figure 9. Accuracy for test data using CNN

Notably, the width and height of (100,100) demonstrates optimal accuracy,
achieving 81.5% for the ICDAR 2003 dataset and 79.8% for the ICDAR 2013 dataset.
Figure 10 and 11 show the word recognition accuracy for different heights and widths,
revealing that the resized image of (100, 100) outperforms other sizes.

W Accuracy in%

{80,80) (90,90) (100, 100) (150,150) (200, 200)
Width,Height

Accuracy in %
L n I LT B L I B I == O =< B+ §
0O N EBE O 0O N

Figure 10. Word recognition accuracy in ICDAR 2003 with different heights and widths
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Figure 11. Word recognition accuracy in ICDAR 2013 with different heights and widths
The robustness of the system is tested against various image qualities, such as
clear, blurred, and low-quality images, as shown in Table 4 and Figure 12.

Table 4
Precision value for different categories of Image data

Image category ICDAR 2003 [%] | ICDAR 2013 [%)]
Low quality images 20 15
Blurred images 65 70
Cleared images 97 98

Precision

Low-quality images -

0% 20% 40% 60% 80% 100%

Image category

M Positive Prediction in % ICDAR 2013 W Positive Prediction in % ICDAR 2003

Figure 12. Precision value for different categories of image data

The system exhibited superior performance for clearer images. Comparisons be-
tween three different deep learning architectures CNN (Proposed Method), RNN, and
ANN revealed that CNN outperformed the others. This is evident in Table 5 and Fig-
ure 13, where CNN achieved the highest accuracy in character recognition. Similarly,
in word recognition, as shown in Figure 14 and Table 5, CNN outperformed the



648 M Shanmuga Priya, Pavithra A, Leema Nelson

other architectures. In summary, the proposed system, primarily utilizing a CNN,
demonstrated remarkable accuracy in recognizing characters and words, showcas-
ing resilience against varying image qualities, and confirming its efficacy in real-

world scenarios.
Table 5

Word recognition accuracy

Datasets CNN [%] | RNN [%] | ANN [%]

ICDAR 2003 80.5 78.9 70
ICDAR 2013 78.5 70.8 58.75
60
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Figure 13. No. of correct character recognition using
three different deep learning architectures
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Figure 14, Word recognition accuracy
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The result of the statistical test, as indicated by the obtained p-value of 0.235,
demonstrated the level of significance associated with the contrast in accuracy between
the two datasets under consideration. If the p-value is less than the predetermined
significance level (e.g., 0.05), it can be reasonably inferred that there is a statistically
significant difference in the performances of the two datasets. Statistical tests com-
paring the accuracies achieved using the ICDAR 2003 and ICDAR 2013 datasets are
presented in Table 6.

Table 6
Statistical tests accuracy comparison using
ICDAR 2003 and ICDAR 2013 datasets

S. No. Dataset Accuracy [%] | p-value
1 ICDAR 2003 80.5
ICDAR 2013 78.5 0-235

The proposed system for scene text recognition demonstrated impressive accuracy
and computational efficiency with notable speed, which makes it a strong candidate for
practical applications. To provide a basis for comparison, the runtime of the system is
assessed against those of state-of-the-art systems. The entire pipeline is implemented
on an Intel Core i7 2.9 GHZ machine, yielding a runtime of approximately 0.30 seconds
per image with GPU and 0.70 seconds per image with CPU. These results are com-
petitive with other existing systems, such as the one reported in [4], which achieved
an average runtime of 0.92 seconds per sample using a Core i5 2.80 GHZ processor.
Another system, developed by Novikova et al. [15], had a speed of 0.85 seconds per
image. In a separate study, [12] reported a runtime of approximately 0.25 seconds
per image with GPU and 0.83 seconds per image with CPU only on a computer with
an Intel Xeon E5 2.6 GHZ x 2 processor. The proposed word recognition system is
compared with existing state-of-the-art techniques, as shown in Table 7.

Table 7
Comparison between proposed word recognition system with existing state of art systems
ICDAR 2003 ICDAR 2013
5. No. Methods dataset accuracy (%] | dataset accuracy [%)]

1 [21] 62.00 70.00

2 [7] 66.19 -

3 [15] - 72.40

4 [20] 80.56 —

5 [13] 78.20 -

6 [4] 78.44 82.31

7 [9] 81.70 79.40

8 Proposed system 80.50 78.50
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5. Conclusion

This study implemented character/word modelling to recognize texts in natural im-
ages. This two-step process demonstrates significant advancements in scene-text recog-
nition. In the first step, the CNN model is used for character recognition, and the
Viterbi search algorithm is used for word recognition in the second step. The de-
veloped model is tested using ICDAR 2003 and ICDAR 2013 datasets. The results
demonstrated the effectiveness of the cascaded CNN architecture for recognizing char-
acters and words in various scenarios. Moreover, the developed model adapts to
different image qualities, such as clear, blurred, and low-quality images, thereby high-
lighting its robustness in real-world applications. The results obtained from the com-
parative analysis show that existing deep learning techniques, such as RNN, ANN,
and CNN; achieve the highest accuracy for character recognition. The developed
model not only surpasses traditional optical character recognition (OCR) techniques
but also shows promising results in challenging scenarios, making it suitable for appli-
cations such as document digitization, number plate recognition, image-based search
engines, and augmented reality.

By exploring diverse convolutional neural network (CNN) architectures, including
transformer-based models and innovative convolutional layers, it may be possible
to enhance the performance in character and word recognition through improved
feature extraction and context comprehension. This can be achieved by incorporating
attention mechanisms and advanced techniques.
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