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This special issue article concentrates on creative research of junior researchers, conducted by a
number of graduate and post-graduate students, young researchers, and international mobility students,
and done in four different research environments that have worked in synergy for decades in the past.
These four environments come from two different countries, Slovenia and Serbia. Two of the environments
address computer engineering from the electrical engineering standpoint: The School of Electrical
Engineering at the University of Ljubljana and the School of Electrical Engineering at the University of
Belgrade. The other two environments address computer science from the advanced mathematics
standpoint: The School of Computing at the University of Ljubljana and two respectful institutions from
Belgrade: The School of Mathematics and Computing at the University of Belgrade and the Mathematical
Institute of the Serbian Academy of Sciences and Arts.
The first paper Secure WebSocket Based Broker and Architecture for Connecting Internet of
Things Devices and Web Based Applications (by Matevž Hribernik and Anton Kos) presents an intuitive
approach to connecting Internet of Things (IoT) through a WebSocket protocol and introduces a new way
of communicating between IoT devices and web applications without the need for server-side processing.
Such communication and processing architecture could present an excellent platform for applications of
sensor technology in sport, an interdisciplinary research field aimed at giving athletes and coaches a
relevant and timely feedback about their performance and results. The next four papers deal with the use
of inertial sensors in different sport disciplines.
Paper titled Reliable Communication Protocol for Wireless Biofeedback Systems in Sport (by
Andrea Hernández Casillas, Sašo Tomažič, and Anton Kos) discusses a new reliable wireless
communication protocol that can be used in challenging environments. It studies the specific case of
swimming, where the wireless sensors are cyclically underwater, when radio communication is not possible.
The final goal of this work is the development of real-time feedback systems and user-friendly applications
for athletes and coaches that will help accelerate motor learning and improve their performance.
A machine learning based approach for the improvement of the precise shooting actions is presented
in paper titled Machine Learning based Accuracy Prediction Model for Augmented Biofeedback in
Precision Shooting (by Lan Yang, Junqi Guo, Rongfang Bie, Sašo Tomažič, and Anton Kos). Authors
designed concurrent and terminal versions of biofeedback applications that can give advice on errors and
performance in precise shooting. Many sports are high-dynamic and the acquisition of their kinematic
parameters require sensors with high sampling rates.
The paper Wearable Sensor Device for the Acquisition of High Dynamic Movements in Sport (by
Lia Romano, Anna Federica Altieri, Sašo Tomažič, and Anton Umek) presents the design of a sensor device
for high dynamic sports.
An idea paper Application of Inertial Sensors in Vertical Jump Performance Assessment (by
Stefan Marković, Milivoj Dopsaj, Sašo Tomažič, and Anton Umek) tries to determine the most suitable
methodology for evaluating vertical jump performance using only inertial sensors. This paper is an excellent
example of the interdisciplinarity where knowledge from sensor technology, signal processing,
communications, and sport is present. It nicely rounds-up the previously discussed topics with the
application idea that builds on the research of the other four papers.
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Alexis Perenton et al, in their article “The Empirical Cost of Generalization: Subgraph Isomorphism
and Clique Search,” start with reflections on the field of subgraph isomorphism and clique search and then
concentrates on their research mentored by professors Uroš Čibelj and Jurij Mihelič.
Dragan Bojić and Nenad Korolija, in their article “System Level Scheduling for Deep Learning Inference
on Edge Cluster with FPGA Accelerators,” stress the importance of FPGA-based accelerators for deep
learning and big data and then concentrates on their research sponsored by the Serbian Ministry for
Education and Science.
Jovan Radosavljević and Miodrag Živković, in their article “The List of Diameter-2-Critical Graphs with
at Most 10 Nodes,” first give definitions of crucial terms for the field and then concentrate on their research
mentored by professor Miodrag Živković.
Radomir S. Stanković et al, in their article “Electronic Guides – An Example of Application of
Information Technologies in Representation of National Heritage,” first give an excellent overview of
their own system implementation and then present results of their software solution generated through
sponsorship of the Serbian Ministry for Education and Science.
Milan Todorović, in his article “On Replacing the Consensus Protocol of Ethereum Blockchain
Platform,” first gives an excellent overview of the field and then concentrates on his research mentored by
professor Miodrag Mihaljević.
The editors believe that this special issue contains a lot of interesting material and that it could serve as the
guideline for those who would like to get a deeper insight into one or more of the presented topics. They
also observe that the research in the field of ICT has become highly interdisciplinary as many of the
presented papers refer to other research fields.
___________________________
Anton Kos is with the School of Electrical Engineering at the University of Ljubljana, Slovenia.
Jurij Mihelič and Uroš Čibelj are with the School of Computing at the University of Ljubljana, Slovenia.
Miodrag Živković is with the School of Mathematics at the University of Belgrade.
Zoran Ognjanović and Miodrag Mihaljević are with the Mathematical Institute of the Serbian Academy of Sciences and Arts.
Dragan Bojić is with the School of Electrical Engineering at the University of Belgrade, Serbia.
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Secure WebSocket Based Broker
and Architecture for Connecting
IoT Devices and Web Based Applications
Hribernik, Matevž and Kos, Anton


communication architecture based on the
WebSocket protocol. This protocol enables
security and quality of communication as well as
fast and easy development of new applications.
We can understand this proposed architecture as
an extension of the functionality of some other
protocols like MQTT (Message Queuing
Telemetry
Transport),
XMPP
(Extensible
Messaging and Presence Protocol), and AMQP
(Advanced Message Queuing Protocol) with the
WebSocket protocol [4]-[7]. With the proposed
architecture, the publish/subscribe paradigm is
introduced into the field of web applications. We
proceed similarly to the authors of [8]-[10], but go
one step further. Using the WebSocket protocol,
IoT applications can be fully deployed in a web
browser and IoT devices can be controlled
directly from the web browser. The proposed
architecture connects the application broker to a
server, web IoT applications, and IoT
microcontroller devices. This architecture is
designed to ensure complete privacy and security
when communicating with IoT devices because
the server broker is just an application-layer
network device. This concept is a relatively new
kind of communication within the IoT area. Most
IoT applications want to use cloud services to
process and present data. The architecture
presented in this paper aims to reverse this
paradigm and enable private IoT applications
without cloud services. With the proposed
architecture, the publish/subscribe paradigm is
introduced into the field of web applications.
In Section 2 we present some theoretical
basics of the Internet of Things, its components
and applications. Section 3 describes operation
and standardization of WebSocket. In Section 4
we describe proposed architecture and protocol.
We describe the operation of the overall system
and its components. We present our demo
application IoT-Thermostat and the operation of
the protocol. Section 5 focuses on security
aspects of the proposed architecture and
demonstrates our protocol privacy applications.
We conclude with Section 6.

Abstract: This paper presents an intuitive
approach to connecting Internet of Things (IoT)
devices and web applications using the
WebSocket protocol and application-layer network
architecture. The IoT is becoming an important
part of our lives. IoT devices are connected to the
cloud using various technologies and protocols.
This can lead to security and privacy issues. This
paper introduces a new way of communicating
between IoT devices and web applications without
the need for server-side processing. The presented
protocol and architecture use a simple broker for
transferring messages between devices. Although
this communication architecture is not new, the
use of WebSocket as a session protocol and
simple presentation protocol is new.
Index Terms: Internet of things, WebSocket,
protocol, web application, connected devices,
ESP8266, ad hoc network

1. INTRODUCTION

I

n today's world of communication and
connected devices, there is a particular interest
in Internet of Things (IoT) devices, which are
interconnected in different cloud service variants.
This interconnectedness enables IoT devices to
be more useful to the user. The IoT as a concept
is not new, since different devices have been
exchanging data for some time. The latest
development in this field is the modification of
ordinary objects such as cars, household
appliances, and households into so-called Smart
Connected Devices. Smart Devices can
communicate with users, systems, and each
other. Knowledge of communication protocols is
of paramount importance as different protocols
allow different levels of transparency, usability
and security between devices [1]-[3].
The purpose of this paper is to introduce a
Manuscript received November 22, 2019.
This work is sponsored by the Slovenian Research Agency
within the research program ICT4QoL - Information and
Communications Technologies for Quality of Life (research core
funding No. P2-0246).
Matevž Hribernk and Anton Kos are with the Faculty of
Electrical Engineering, University of Ljubljana (e-mail:
matevz.hribernik@fe.uni-lj.si).
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2. INTERNET OF THINGS

web infrastructure. It works with proxies, firewalls,
filters, and authentication procedures. This
makes WebSocket a perfect polling replacement,
allowing new applications to be faster and less
network intensive.
Full interoperability is achieved by using TCP
ports 80 and 443. Once the WebSocket
connection is established, both connected
devices can send and receive data independently
and without any agreement. Servers and clients
can exchange data in real-time with virtually no
overhead, and use a single TCP connection for
two-way communication. The WebSocket data
frame only adds a 2-byte header to each
message, which is significantly smaller than 800
bytes, which is the size of an average HTTP
header. The WebSocket standardization uses
term data frame and we will follow this naming
scheme. Reducing the number of connections
and redundant data, reduces server and client
load and enables more complex applications that
can run in real-time. Since the WebSocket
connection is established via HTTP, it is actually
an abstraction on the application layer of a TCP
socket. This allows WebSocket to run via proxies
as well as on top Transport Layer Security (TLS),
or Secure Sockets Layer (SSL) [12].
WebSocket is an application layer protocol and
is based on the principle of minimum data
transfer overhead. The header size of the
WebSocket protocol is 2 bytes. With the short
header, WebSocket assumes that the application
takes care of all the other metadata it needs. The
main purpose of the WebSocket frame is to be as
close as possible to the TCP segment. The
developers of the WebSocket protocol wanted to
maintain interoperability on web servers, and the
standard requires that WebSocket and HTTP
share the same TCP ports and run on the same
server.
HTTP and WebSocket protocols provide no
security and encryption, both using the TLS/SSL
protocol to establish a secure connection. When
this combination is used, the HTTP protocol is
referred to as HTTPS. WebSocket can also be
secured using the TLS/SSL protocol by activating
the handshake HTTPS instead of the HTTP
connection.

We can define Internet of Things (IoT) as a
network of physical devices and other "things
with embedded electronics". This includes
various sensors and actuators. Things are
connected to the Internet, which allows storage,
presentation, and exchange of data. The main
purpose of IoT is to connect these objects and
make them more intelligent and interactive. The
IoT is not limited to devices, but includes
communication
technology,
control
and
information plane, as well as data processing. All
of the above points allow different types of
applications [1]-[3].
The term IoT can cover a wide range of
ecosystems, communication technologies and
applications. It is therefore difficult to describe the
Internet of Things as a single ecosystem or
architecture. The interconnectedness of various
components of the IoT is application-specific, so
that the connections between devices can be
physical or logical or even application-specific.
These are core elements of the IoT:
- Sensors and controllers are small,
interconnected
devices,
usually
microcontroller devices, but can also be more
advanced as well. They are the “things” in the
IoT.
- Gateway devices collect, send, or
forward data in the data plane.
- Network is a physical infrastructure that
connects all the devices to each other.
- Analysis and translation of data is a
layer meant for data aggregation, storage,
provisioning, and processing of data.
- Applications and services are the
endpoints
for
controlling,
managing,
visualizing, and presenting the collected data
with the ability for users to influence the
results.
3. WEBSOCKET
The WebSocket protocol was introduced by
Web Hypertext Application Technology Working
Group (WHATWG) and is part of Hypertext
Markup Language (HTML) 5 standardization.
[11], [12] In 2011 the standardization was taken
over by the Internet Engineering Task Force
(IETF) [13].
This protocol allows better usability of web
applications and it allows expansion and realtime communication in web applications. The
WebSocket is integrated into all modern web
browsers.
Such
applications
can
work
simultaneously with HyperText Transfer Protocol
(HTTP), which makes them faster and simpler.
3.1 WebSocket Basics
The WebSocket specification was developed to
replace obsolete HTTP technologies such as
polling and long polling. The protocol is designed
to be compatible with the existing Internet and
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3.2 Establishing a Connection
The WebSocket protocol consists of two
phases: the connection setup via a handshake
protocol and the data transfer. The WebSocket
connection is established with the help of HTTP,
what allows backward compatibility.
To establish the connection, the client sends a
HTTP GET request with a desire to "Upgrade"
the connection with another protocol. HTTP
Connection Upgrade is located in the header of
the HTTP message and is a request from the
client to the server [14].
The web server receives the HTTPS
Connection Upgrade request. If it supports

WebSocket and can communicate with the client
via the WebSocket protocol, the server triggers
the protocol change via the HTTP response with
the status code "101 Protocol Change". After this
response, the HTTP connection is closed and
replaced by the WebSocket connection over the
same undelaying TCP connection.
3.3 Data Transfer
Once the client and server have completed the
first handshake using HTTP, they can begin
communicating via WebSocket. WebSocket
allows the client and/or server to send messages
to each other independently of each other and,
thus, establish a full duplex connection. Each
frame contains a mandatory header of at least 2
bytes and the payload can contain data in binary
or textual format. Two fields of a 2-byte header
are defined as opcode and frame size. Opcode
describes the type of payload as binary (0x2) or
Unicode (0x1) and a type of control frame as
Close (0x8), Ping (0x9) and Pong (0xA). The
latter have an import role in managing the
connection The Close frame is used when
terminating the connection. Ping and Pong are
used for maintenance and testing the connection.
They are used as "keep alive" and "heartbeat". If
the received frame does not contain a known
opcode, the connection must be terminated.

Figure 1 A proposed application architecture with a broker
and an application layer network of equal clients.

4. PROPOSED PROTOCOL ARCHITECTURE
The characteristics of the presented protocol
show that it is possible to create a secure, simple
architecture that allows direct communication
between clients using HTML5 specifications and
working with the existing network infrastructure.
We can say that this architecture creates a
network of devices on layer 7 of the ISO/OSI
protocol stack model. The proposed architecture
is an ad hoc application network that can run
multiple independent applications [15], [16].
The architecture shown in Figure 1 requires the
use of an application layer broker and a network
of IoT devices. In this case, IoT devices can be
either web apps or microcontroller devices. In
terms of the broker, all devices are the same and
the broker uses application identifiers (ID) for
message transfer between devices. The
architecture itself does not provide secure and
encrypted
communication.
Security
is
implemented using underlying protocols and
application
layer
encryption.
During
implementation, we followed some best practices
in Internet security to demonstrate how this
architecture can also promote and support
privacy and security. The communication system
presented here has two levels of security. First
one is on the broker level with the use of
WebSocket over TLS, the other is on application
level with the help of Advance Encryption
Standard [17].
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4.1 Broker in Protocol
The central component of this architecture is
the broker. The main purpose of this device is to
forward messages between devices or transfer a
message to multiple devices. To simplify the
explanation of the operation of this architecture,
we can state that a WebSocket connection from
the client to the broker represents a session layer
(5) protocol, and the protocol for message
forwarding represents a presentation layer (6)
protocol. An application layer (7) protocol is open
to each specific application on this architecture
and is not considered as a part of the above
architecture.
Each device that wants to use the application
layer network for communication needs its own
identifier. Devices use identifiers to introduce
themselves to the broker. Ideally, the identifier
should be unique. In our application presented
later in this paper, we define this identifier as the
hash of device name or as the UUID generated
with the standard algorithm [18]. If device A
wants to communicate directly with device B in
the network, A needs to know device B ID. If the
application data is encrypted, device A must also
know the AES key of device B.
Each device establishes its own (secure)
WebSocket session with the broker. The session
is maintained, as is necessary. When testing in a
local environment, it is not necessary to keep the
connection active, but if this architecture is
subject to the public IP infrastructure, it is
necessary to keep TCP sessions active over
NATs and Proxies. The broker links each device
ID to its WebSocket connection [19].
The proposed protocol requires only three
types of messages for its operation. Two of them
are used to establish a connection to the broker,
the initialization ('packet_type':'LOG_ON') and
the confirmation ('packet_type':'ACK_LOG_ON').
The third type of massage is MSG intended for
sending messages and contains application data
(payload). The structure of the broker protocol
message is shown in Figure 2. All messages are

in JSON form, which is easy to manipulate and
implement with JavaScript.

The microcontroller is prepared for wireless
connection to the Internet. To convert the
microcontroller
into
a
thermostat,
an
environmental
sensor
BME280
and
an
electromagnetic switch for switching the heater
on and off are added.
We use a special type of MSG message to
initiate the connection between the devices;
instead of using the packet_type:MSG we use
packet_type:START to tell the thermostat that a
new user wants to connect. Some rules of the
application protocol are written in the data part of
this message. After this first message, all other
messages are of the standard MSG type. All
MSG messages carry the application data and
we have used some simple JSON forms to make
this application work. This part is application
specific and does not interfere with the
interworking of the broker.

{'packet_type': 'MSG ', //START...
'transmitter': ‘ID sender’,
'receiver': ‘ID receiver’, // broadcast, multicast
'theme': 'name-of-the-theme', // if multicast
'data': [encrypted application data]}
Figure 2 A broker protocol message structure.

Even though the architecture of the broker
allows broadcast and multicast messages, our
current demo application does not make use of
this function.
4.2 IoT Application and Device
In the proposed architecture there is no rule
about the implementation of applications. It can
be run on a specific device or on a number of
devices. For the demonstration, we have
developed a connected thermostat that is
controlled via the web browser. The application
logic is divided between a microcontroller device
and a web application. The microcontroller
controls the temperature based on its own
memory and web application location data; the
web application sets the temperature and tracks
the position.

Figure 4 IoT thermostat device with ESP8266, BME280,
and electromagnetic switch.

Figure 3 Web IoT client for IoT thermostat control.

This architecture and this application concept
allow the use of the term HTML5 IoT; this means
that any web-enabled device can be an IoT
device using internal sensors and HTML5
technologies, as shown in Figure 3. To
emphasize this, we use a Location API to track
the location of the phone, calculate its distance to
“home”, and adjust the heating accordingly. If the
distance is less than 10 km, the “home” regime is
initiated. Otherwise, the “away” regime is set.
A microcontroller IoT device in Figure 4 is built
on the ESP8266 platform (WeMos NodeMCU).
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The IoT thermostat turns on and loads the last
stored data from its flash, including Wi-Fi settings
and the desired temperature. If Wi-Fi settings are
correct, the thermostat connects to Wi-Fi and
with the broker. The thermostat is now booted
and begins its operation by setting the
temperature. Since the thermostat is a device to
which others are connected, it waits until other
(web) devices connect to it first. After the web IoT
application has connected to the broker, it sends
the first START message. After receiving this
message, the thermostat knows which device to
communicate with. The thermostat responds with
an MSG/STATE message containing all
important measurements and settings of the
thermostat. This message is sent from the
thermostat to the device that initiated the
communication. The messages MSG/SET and
MSG/HOME_set are sent from the IoT web app
to the thermostat. Both require an MSG /STATE
response to changes, even if they do not occur.
MSG/SET is used to set the parameters
(temperature) of the thermostat. MSG/HOME_set
is used to send the parameters distance and "at
home" to the thermostat. The phone calculates
the distance to the thermostat and decides on the
operating mode. The thermostat itself selects
whether the selected mode requires a heater that
is turned on or off.
As for the network and the application, we can
say that the application protocol underlies on the

WebSocket as a session protocol and the broker
protocol is the presentation protocol. The
proposed architecture is developed to enable fast
and easy prototyping and app development, as
well as near pear-to-pear communication. This
architecture also enables secure and private
communication. At the application layer, this is
achieved by encrypting application messages
using AES before encapsulating them in a broker
protocol message, as shown in Figure 2.

The architecture uses publish-subscribe
paradigm with certain unique features, which in
this context is a new way of communicating. Our
architecture enables complete anonymity of
users and devices. There are no known security
risks and only isolated attacks on the application
network might happen, but no data can be
compromised. It would be wrong to assume that
this architecture and system are suitable for all
microcontroller devices and applications. It is also
impossible to say that this architecture is the
most efficient and redundancy-free, but we can
confirm that this type of architecture is, from a
development point of view, secure and simple
and fast. Using the WebSocket protocol and this
specific architecture, allows our broker protocol to
be used directly with web applications and
microcontroller devices what no other IoT
protocol can. This paper solves a special case
where IoT applications require complete security,
end-to-end communication, and direct browser
access, but cannot share their information with
other devices on the network or with server
applications. We are confident that this
architecture is forward-looking when it comes to
privacy and because there is a growing number
of devices on the market that use the web
browser as their operating system. Our
contribution makes these devices a useful and
important part of the IoT ecosystem.

5. SECURITY AND PRIVACY
We have conducted some security tests to
determine whether this architecture and
application behaves in the expected manner and
can therefore be considered secure and private.
We assumed three most problematic attacks
related to our architecture and application [17],
[20], namely open ports, compromised broker,
and traffic inspection.
We performed a long port scan with the nmap
[21] on the IoT thermostat device. We found out
that there was no open ports on this device. That
means there was no direct way to compromise it.
This result is not surprising as we use
WebSocket and thermostat as client and we
expect the ports on the client to be closed.
The second test was performed on the broker.
We performed a hypothetical test in which we
assumed that the software or hardware of the
broker was compromised. This means that the
attacker was able to obtain all the data from the
broker. Because we use AES end-to-end
encryption between the IoT web application and
the IoT thermostat, the attacker knows the device
ID but not the content of the message. If the
attacker knows the device ID, he can start
sending incorrect messages to this network. The
harm is done only by overloading the broker or
microcontroller device, but there is no
compromising of data being sent.
The last test was performed as “listening to the
wire” or packet inspection with Wireshark [22].
We could see messages reaching the broker and
leaving it. Since messages were send using the
TLS, there was no useful data to read. If our
broker did not use a secure session protocol
(non-secure WebSocket), every packet would be
a plan text. If the AES is used, this inspection
would show the same result as the previous one.
Since we use secure WebSocket and AES,
wiretapping is of no use to the attacker.
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we conclude with the discussion of results and
future tasks.

Abstract: Biofeedback systems and applications
in sports have great potential in accelerated motor
learning and injury prevention. Traditional
methods with terminal feedback are now being
complemented by concurrent feedback methods.
In sports, wireless communication systems are
preferred. Acquiring and processing sensor data in
challenging wireless channel conditions may
prove demanding. To address such issues, we
have designed and implemented a reliable
communication protocol for cyclically interrupted
radio channel. By using this protocol in
biofeedback systems, we achieve fast and reliable
transmission of sensor data and signals to the
processing device and back to the biofeedback
device. The final goal of our work is the
development of real-time feedback systems and
user-friendly applications for athletes and coaches
that will help accelerate motor learning and
improve their performance.

2. PROBLEM STATEMENT
Many papers based on real-time biofeedback
in sports, such as skiing, golf, volleyball, etc.
have been published to date [2]-[4].
Two of the important steps of a biofeedback
system development are an adequate acquisition
of motion parameters and signals by sensors and
their real-time transmission from the acquisition
systems to the processing device. While for the
abovementioned sports, the most technically
challenging stage is the sensing part, for some
other sports the most challenging may be the
communication part. One example of the latter is
the development of a real-time biofeedback
system for swimming. For such systems, we
must study and consider the specific
environment, as the athlete is cyclically
completely underwater. As it was already
mentioned, in swimming the demanding task
becomes the transmission of the acquired motion
parameters and signals through a lossy and
cyclically interrupted channel, which means that
we are facing cyclical channel interruptions at
random times and of random length [5]-[8]. We
face the problem of the cyclically interrupted
channel because, in water environments, the
radio signal penetration is not good and is
significantly degraded, especially at high
frequencies ranges where most of the
commercially available radio technologies
operate [3]-[4], [9]-[11].
We decided to implement a real-time system
for coaches in swimming to provide them with
reliable and concurrent information about the
athlete’s performance and swimming parameters.
After a study of the reliable data transmission
protocols, we realized that no protocols exist that
would adequately address this problem. To the
best of our knowledge, the majority of the
previously published papers tackle underwater
communication by implementing either wireless
systems using very low frequency or optical or
acoustic systems. None of them is seriously
considering real-time data transmission. Such

Index Terms: biofeedback system, block
selective repeat protocol, cyclically interrupted
channel, real-time communication

1. INTRODUCTION

T

HE idea of our work is to create an
evolutionary innovation to generate a new
solution for a real-time biofeedback in sport,
which can work in challenging environments
where the radio communication channel is
cyclically interrupted, what leads to loss or
corruption of the transmitted data.
This paper is structured following the
guidelines described in [1]. Section 2 presents
the problem statement and the reasons for the
implementation of this protocol. Section 3
describes the essence of the proposed solution,
the specific conditions of our work, and the
reasons for choosing certain technologies. In
Section 4, we detail the methodology and the
protocol functionality modifications. In section 5,
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solutions are valid for terminal feedback, where
time is not critical and the data sending speed is
not crucial because of post-processing. However,
as we are working with real-time biofeedback
systems in sports, high sampling frequencies
together with high data transmission rates are a
necessity and become even more significant, if
we consider that the radio channel is not only
noisy but is also cyclically unavailable. This
means that we should develop a system that is
able to acquire and send sensor data and signals
as fast as possible.
When joining these two requirements, we
decided to design and implement a new protocol
suitable for reliable radio communication over the
cyclically interrupted channel. According to [12],
we are creating a new idea based on
implantation and specialization, as we are
designing a new idea based on specific
technology for a specific domain, applying
commercially available technologies to improve
existing feedback systems operation.

faced with the challenge of developing an
application layer communication protocol, which
can ensure a reliable and efficient transfer of data
over the cyclically interrupted radio channel. The
proposed protocol is based on Selective Repeat
ARQ
protocol,
but
introduces
several
modifications to make it more efficient, faster,
and suitable for real-time applications.
The advantages of the proposed protocol are
especially noticeable in the case of heavy, bursty,
and mid- to long-time losses in the channel, i.e. in
swimming [13].
The operation of the protocol will need to
ensure the transmission of sensor data as fast as
possible in the periods when the channel is
available, and the recovery of the lost data in the
periods of channel unavailability. It is crucial to
consider that only the lost or corrupted packets
are retransmitted in order to increase efficiency
and to ensure that information at the receiver is
not duplicated.
4. METHODOLOGY

3. PROPOSED SOLUTION

The proposed name for our protocol is Block
Selective Repeat protocol. We implemented
several modifications and added a number of
functionalities to be able to transmit the sensor
data over the interrupted channel fast and
efficiently using the underlying Wi-Fi, IP, and
UDP protocols.
The first enhanced system feature is the ability
to dynamically create packets in the sender. This
characteristic improves efficiency and speed, as
it makes it possible to send a variable number of
sensor readings together in the same packet.
Moreover, sending an acknowledgement for
each received packet will not accomplish the
real-time requirements in terms of efficiency and
data rate. It will also lead to an unnecessary
waste of channel time, as processing time in the
sender will be wasted, if concurrent response
needs to be handled. Therefore, we decided to
modify the response pattern by generating a
response packet, which contains the combination
of negative and positive acknowledgements, and
sending it periodically back to the receiver.
While testing our system by using different
values for the ACK (acknowledgement) period,
we found out that this parameter is directly
related to the sending window and buffer size of
the sender. This means that the larger the ACK
period is in the receiver, the larger the window
and buffer size should become in the sender. As
we are working with real-time systems, time is
critical, and we cannot deal with large delays, so
the ACK period should also not be too long. We
should carefully choose the most suitable value
for the sending window length and ACK period.

To provide coaches in the swimming pool with
real-time information about swimming parameters
and performance, wireless technologies with high
bit rates and an appropriate range seem to be the
best, if not the only option.
Firstly, wireless communication is necessary
because, for sports that involve movement, wires
will become an obstacle for the athlete’s
performance. In addition, because time is one of
the main restrictions in our system, we need to
use high bit rates to be able to (re)send data as
fast as possible. Lastly, we need technologies
with an appropriate range to be able to send the
recorded data to the processing device in real
time, so we can take advantage of possible
concurrent feedback [3]-[4], [9]-[11].
By using commercially available wireless
communication technologies, such as Bluetooth,
or Wi-Fi, we are bound to high-frequency radio
communication [9]. Consequently, we are faced
with a problem of the cyclically interrupted
channel (swimmer is underwater); as high
frequencies are significantly degraded when
penetrating the water and they do not reach
significant depths.
Evaluating the available bit rate and range of
various
commercially
available
wireless
technologies, and the flexibility of our real-time
biofeedback applications, we decided to choose
the Wi-Fi technology.
We implemented our protocol in the application
layer of the internet protocol stack. On the
network and the transport layer, we use IP and
UDP protocols, respectively, which are both
connectionless and unreliable protocols. We are
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5. CONCLUSION

only for the augmentation of the professional
athlete’s performances but also for amateurs who
might find it as a powerful tool to boost the
performance of their daily sports activities.
One of the ideas we conceive is developing a
mobile app for coaches (trainers) and athletes to
receive relevant information about the performed
activities and interact with it in a friendly way. For
example, they would only need to set up
parameters and configuration values in an easy
and straightforward way to get a transcript of the
athlete’s current performance and possible
historical records.

Our protocol has good performance in terms of
efficiency and restoration after channel losses. Its
main benefits are fast and reliable transmission
of sensor data and signals to the processing
device and back to the biofeedback device and
the capability of working in challenging
environments, especially in such with cyclically
interrupted radio channel. Moreover, as we use
wireless communication and high transmission
rates, we will resourcefully solve the problem of
using a real-time system for certain sports
activity.
We have proved the protocol’s operations
performing multiple tests, both in experimental
and real conditions. In Figures 1 and 2, the
results for gyroscope and accelerometer
measurements recorded during 20s freestyle
swimming test performed in the swimming pool,
can be observed.
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of accuracy, the trainees have to complete a lot of
training, which requires a lot of time and
cartridges, as well as guidance from the coaches.
With the development of signal processing and
sensor technologies, inertial sensors are widely
used in the sports industry to improve athletes’
performance.
There has been some work related to the use of
inertial sensors in precision shooting. The authors
of [1] developed a motion analysis system based
on the technology of inertial sensors to estimate
posture or micro-movements like postural sway
during precision shooting activities. An aiming
system was developed to provide aiming
assistance to a shooter [2]. The relationship
between posture balance, rifle stability, and
precision shooting performance were discussed in
[3]. None of the above mentioned took into
account the factors that affect shot results in
precision shooting and none of them provided
real-time and terminal feedback within the same
system. To the best of our knowledge, there are
few studies that predict shot results using sensor
data and machine learning techniques. Although
the use of machine learning algorithms to predict
shot results was discussed in [4]-[5], they only use
static data, such as the athletes' basic information
(gender, age, status, and precision shooting
mode), and not the motion data collected by the
sensors. As a result, they cannot implement a
real-time biofeedback system that provides
real-time feedback to users.
Due to the above-mentioned disadvantages, we
developed an advanced biofeedback system with
the specialization method [6] to accelerate motor
learning in precision shooting training. This paper
follows the guidelines of Bankovic et al. [7].
First, we collect signals from inertial sensors
attached to the pistol and calculate hand
movements, which are the most important human
factor influencing the accuracy of the precision
shooting that can be directly monitored by sensors
[8]. Next, we created a machine learning model
based on the hand movement data to predict the
accuracy of precision shooting. Then we
developed an advanced biofeedback system that
gives concurrent and terminal feedback to the
user. The proposed model, based on Random

Abstract: In the military, police, security
companies, and shooting sports, precision
shooting training is one of the most important
courses.
To
improve
precision
shooting
performance, trainees will consume a large number
of cartridges and an immense amount of
professional coaches’ time - both could cost a lot.
We have designed an augmented biofeedback
system based on machine learning techniques to
reduce costs and shorten training time. Our system
works in two different scenarios: concurrent
feedback and terminal feedback. An accuracy
prediction model for precision shooting based on
random forest (RF) works in concurrent feedback
that provides the user with real-time audio
feedback to suspend the current shot, if the model
predicts a poor result. The terminal feedback
provides information about the statistical values of
the shot accuracy, possible errors that may occur
during the current training, and gives suggestions
for improvement during the next shooting episode.
Experimental results show that not only does the
proposed RF model achieve the accuracy of
91.27%, higher than any of the existing reference
models, but also our system has the potential to
reduce cartridge consumption and the time of
trainers.
Index Terms: Precision Shooting, Accuracy
Prediction Model, Augmented Feedback, Inertial
Sensor, Machine Learning

1. INTRODUCTION
Accuracy is the most important parameter in
precision shooting. In order to achieve a high level
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Forest (RF) classification algorithm, can be used
in the concurrent feedback scenario that provides
real-time audio feedback to the user, thus
reducing the number of poorly executed shots.
The terminal feedback scenario can provide
information about the statistical values of shooting
accuracy and possible errors that occur regularly
during precision shooting practice: excessive
hand movement error, aiming error, and triggering
error.

cannot be detected by analyzing sensor signals,
but by statistically analyzing a number of shots
taken by the same user after shooting.
3. RESULTS
The subjects performed 193 shooting episodes
(shootings), each episode contained 5 shots,
resulting in 965 shots that were fired in total.
Finally, we obtained 965 shot results from 6 m, 10
m and 15 m distances.
To evaluate the performance of the proposed
accuracy prediction model, it is compared with a
number of baseline models, including logistic
regression (LR) [10], support vector machine
(SVM) [11], decision tree (DT) [12], k-nearest
neighbors (KNN) [13], random forest (RF) [9],
Adaboost (AB) [14] and gradient boosting decision
tree (GBDT) [15].The experimental results are
shown in Fig. 1, the RF-based accuracy prediction
model achieves an accuracy of 91.27%, which
exceeds all baseline models.

2. METHODOLOGY
2.1 Concurrent Feedback
Our inertial sensor device, mounted on the
bottom of the pistol grip, includes a 3-axis
accelerometer, a 3-axis gyroscope, and a 3-axis
magnetometer. We collected data of the whole
process, from the trainees’ shooting preparation to
the end of the shooting, including the four shooting
phases: aiming, triggering, firing, and recoil
phase. It has been proven that the hand
movement before the firing phase is strongly
correlated with the accuracy of the precision
shooting [8]. The hand movement is acquired
through the attached sensor device. The measure
of hand movement is the standard deviation of the
collected signals. Therefore, we use the
measurement results as features to build a
shooting accuracy prediction model based on
Random Forest (RF) [9].
For the label, we can get an absolute shot
score (from 0 to 11) by reading it from a
standardized pistol target, but if we shoot from
different distances, such score is not a good
shooting performance measure. So, we use shot
result angle as a measure instead of the shot
result in numerical values. The shot result angle is
calculated from the shot impact point distance
from the center of the target and the shooting
distance. We perform a binary classification by
defining only two types of shot results: good and
bad, according to the shot angle threshold of 0.5
degree. If the shot angle exceeds the threshold
value, the shot result is bad, otherwise, it is good.
2.2 Terminal Feedback
There are three types of errors that occur
regularly during precision shooting practice and
can affect the shooting result: excessive hand
movement error, aiming error, and triggering error.
The excessive hand movement error is caused by
the conscious or unconscious body fluctuation.
We can detect this error by using the proposed
shooting accuracy prediction model. The
triggering error occurs when the trigger is pulled
incorrectly, resulting in an undesired pistol
movement just before the firing. We can detect
this error by analyzing the change of pistol angle
in the last 100 ms before firing. It is calculated from
the angular velocity signals collected from the
3-axis gyroscope of the sensor device. The aiming
error is caused by an incorrect aiming technique. It

Fig.1 The accuracy of different classification algorithms.

4.

CONCLUSION

We have proposed a precision shooting
accuracy prediction model based on the RF
algorithm. Experimental results show that the
proposed model with RF achieves higher
prediction accuracy than the other existing
reference models.
Based on this model, we have designed a
biofeedback system that works in concurrent
feedback and terminal feedback mode. If such a
system detects that the excessive hand
movement, the system will advise the user to
suspend the current shot, calm down and try again
later. This can result in a reduced number of
poorly executed shots and consequently saving
cartridges, money, and time. In addition, after
each shot or shooting, the system can give
terminal feedback, informing users and coaches
about users’ errors and performance.
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Wearable Sensor Device for the Acquisition
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2. MOTIVATION

Abstract: In order to improve everyday life
and, thus, the quality of life, many scientific fields
have focused on the well-being and health of the
community. Biofeedback can help increase QoL in
the areas of health and physical well-being, which
are two of its main aspects. The aim of this project
is to develop and implement a wearable sensor
device that supports real-time biofeedback
applications in sports and is capable of detecting
short-term events and high-frequency signals. To
enable wide accessibility of such devices, the
following limitations must be considered: small
size, low weight and low cost. MEMS Sensors and
microcontroller systems meet these requirements.
This type of equipment will open up many new
research opportunities in various sports or
physical rehabilitation that were previously not
possible, mainly due to the low sampling rates of
and affordable equipment.

Science, engineering,
and cutting-edge
technologies are being increasingly valued in
modern sports because they can provide new
knowledge and tools for achieving a competitive
advantage. An important area of research is the
use of real-time biofeedback systems supported
by various motion tracking systems. Most of
motions tracking systems are based upon motion
tracking sensors and sensory systems, such as
accelerometers, gyroscopes, and various optical
systems. The importance of this kind of
improvements is in the fact that these small and
embedded systems are able to help athletes
without interfering with their movements.
In order to achieve these results, the proposed
system uses low-cost MEMS motion sensors and
a
microcontroller
with
integrated
Wi-Fi
communication module for the transmission of
the acquired sensor signals to the remote
processing
device.
The
operation
of
biomechanical biofeedback systems largely
depends on the parameters of human motion and
its
analysis
algorithms.
Biomechanical
biofeedback is based on sensing body rotation
angles, posture orientation, body translation, and
body speed. These parameters are generally
calculated from raw data that represent
measured physical quantities. This intervention
requires specialized equipment to convert
physiological signals into meaningful visual and
auditory cues, as well as a trained biofeedback
practitioner to guide the training. Calibration of
these devices is also an important step in order
to obtain meaningful results and easily process
them to give a feedback.
The employed processing unit is also
important; it should have sufficient computational
power for the chosen analysis algorithms
because it can affect the total time between the
acquisition and the feedback release. This is
generally not critical with terminal biofeedback
that uses post-processing; it is of the outmost
importance with concurrent biofeedback that
requires real-time processing. In this case, all
computational operations must be completed
within one sampling period and for this reason it
is better to choose also an appropriate

Index Terms: Quality of life, high-dynamic
movement, real-time biofeedback, sensor data
acquisition and streaming, wearable sensor
device.

1. INTRODUCTION

T

he measurement of progress and success of
a state is often given by the quality of life of
its population. Indeed, the QoL appears among
the factors that influence the gross domestic
product. It is natural that humanity should strive
to improve the quality of life; therefore, it is not
surprising that, in recent years, the quality of life
has become one of the main research topics in
many fields of science. The purpose of this
project is right into this scenario because its
purpose is to simplify the training of an athlete by
monitoring his movements and providing a real
time feedback to improve his performance.
There are many devices for medical purposes
or low-frequency activities, but the aim of this
system is to deal with high-frequency signals and
short-time events.
Manuscript received December 9, 2019.
This work is sponsored by the Slovenian Research Agency
within the research program ICT4QoL - Information and
Communications Technologies for Quality of Life (research core
funding No. P2-0246).
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processing unit. As we already know when
sampling frequencies are high, the sampling
periods are short and this requirement can be
quite restricting. The last but not less important
requirement for biofeedback systems is the
dimension of the acquisition system.
This must be easily integrated into the user's
clothing or when it is not possible, it must be
almost comfortable to wear. Today wearables
come in a great variety, from smart devices, such
as smartphones or smart watches, to small
accessories, such as smart eyewear or earbuds.
Also, in case of small accessories there is a
mechanism for feedback implemented inside, for
example the last earbuds in commerce are
already able to give elementary feedback to the
user during a sport session. Today, many MEMS
technologies are becoming dependent on
nanotechnologies for successful new products.
For example, the crash airbag accelerometers
that are assembled using MEMS technology
have their long-term reliability corrupted due to
dynamic in-use stiction effects between the proof
mass and the substrate. Today MEMS are made
up of components between 1 and 100
micrometers in size and they usually consist in a
microprocessor and other components that
interact with micro sensors. MEMS inertial
sensors are portable, miniature, lightweight,
inexpensive, and low power. Because of their
properties, they are often the first choice for
integration into wearable devices used in motion
tracking systems even if the most promising
application
domains
concern,
advanced
diagnosis, therapy, and tissue engineering
strategies (BioMEMS). Our motivation is to
develop a low-cost system suitable for
continuous monitoring of sports training or
medical rehabilitation able to process sensor data
as fast as possible.
This paper is structured following the
guidelines described in Banković et al. and we
are creating a new idea based on implantation
and specialization methods from Blagojević et al.,
as we are designing a new idea based on
specific technology for a specific domain,
applying commercially available technologies to
improve existing wearable sensor devices.
3. PROPOSED SOLUTION
The news comes from the different signals and
from the occurrence of them. Most of the already
done prototypes, such as the ones for the
biomedical applications, works with low sampling
frequency and the total amount of data are not
big as the one that is achievable in a sports or
rehabilitation monitoring system.
To improve a movement or correct an improper
posture in execution, it is necessary to acquire
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the whole quantity of information in the time
window of the analyzed movement. The more
complex the movement, the more data we need
to analyze to get feedback. But this is not the
only problem; we have already mentioned the
sampling frequency in the parameters that must
be chosen according to the application and this is
still one of the points of greater importance.
For example, when hitting a ball or when
skiing, recording the high-frequency vibrations
due to the impact is necessary. Wireless
transmission of signals and data is also
necessary when processing data with powerful
processors and tools that cannot be implemented
or performed on a microcontroller-based sensor
device. Bluetooth technology is not enough for
purposes like this one even if not all the
interactions between coaches and athletes need
to occur in real-time.
A biofeedback system works in real time if it is
capable of giving concurrent feedback to a user
during the execution of a movement. The
concurrent feedback, which is given in real- time,
has been found useful for accelerated motor
learning and this can be useful also in sports
monitoring in order to enhance athletes’
performances.
The traditional way of instructor-based motor
learning can be improved by introducing technical
equipment that is capable of measuring,
calculating and presenting the properties of the
performed action. The main reason for using
technical equipment is the possibility to obtain
information that is impossible or beyond human
sensing capabilities. In fact, an instructor cannot
“see” the exact level of force that an athlete is
exerting during the jumps, and the same is for
see the exact spot where a tennis ball hits the
racket during a serve.
Using specialized technical equipment, it is
possible to measure, calculate, and present the
athlete force and the tennis ball hitting spot. For
example, if we want to analyze a tennis serve,
the sensing phase can be done by a high speed,
high definition camera that is recording the tennis
serve. In order to use the information acquired a
streamed video is processed and the ball hitting
spot can be easily calculated. The instructor can
get a graphical representation of the serve,
accompanied by several other relevant
parameters, on a tablet screen, and he can then
analyze the data and give advice to the tennis
player even with the help of his experience. In
addition to natural and instructor-based feedback
channels, artificial feedback channels are also
possible where software able to analyze and
correct the technique is available. The downside
of such applications is the possible need for large
processing power, which might not be available
locally on small and portable devices.

4. METHODOLOGY

and MinIMU-9 v5, composed of LSM6DS33 and
LIS3MDL, that is a 3D magnetometer. The
MinIMU-9 works only with I2C bus. By using the
maximum standardized frequency on SPI and
I2C buses and by minimizing the latency in the
Arduino code, the obtained results show that the
communication speed of SPI protocol is higher
than of the I2C protocol. The packet sending time
over Wi-Fi is the same for both prototypes. The
latter affects the total time the most. It consists of
reading, conversion, and sending phase., We
defined a number format for sensor data
streaming, taking advantage of the Wi-Fi
communication properties and the sensor’s
hardware. We emploed the block streaming
mode that uses the FIFO registers already
implemented on the sensor chip to process M
samples together. In real-time biofeedback
systems, the processing device is receiving a
stream of data frames with inter-arrival times that
equal system’s sampling time Ts.
To assure the real-time operation of the
system, all operations on received data frame
must be done within one sampling time; that is,
before the arrival of the next frame.
The threshold of real-time operation of the
processing device depends on many factors:
computational power of the processing device,
sampling time, amount of data in one streamed
frame, number of algorithms to be performed on
the data frame, complexity of algorithms, etc
Processing is a real problem in real-time
biofeedback systems and for this reason we
decided to analyze the whole process in order to
understand all the dependencies.
The analysis strategy consists of evaluating
how the total time required for acquisition and
sending of sample data can be split and to find all
the variables responsible for its variation. We
divide it into three parts according to different
process phases: reading time, conversion time,
and sending time.
The reading time is the time spent to read the
sensors’ output registers, the conversion time is
the required for organizing the packet into the
format required by the Arduino UDP library
function, and the sending time represents the
time needed for the communication over the
Wi-Fi. The reading time depends on two main
variables, the Bus speed and the IMU sampling
frequency.

Today compatibility and code reuse, also
called software reuse, are key points in a shared
project in order to save time and resources. It is
also important to reduce redundancy by taking
advantage of assets that have already been
created in some form within the software product
development process. The key idea in reuse is
that parts of a computer program written at one
time, can be, or should be, used by other
applications developed later on. The software
library is a good example of code reuse because
programmers may decide to create internal
abstractions. In this way, certain parts of their
program can be reused, or may create custom
libraries for their own use. There are few
characteristics that make software more easily
reusable. Among them there are modularity,
loose coupling, high cohesion, information hiding,
and separation of concerns.
The truth is in the fact that, in this field and
mainly in all the application that requires more
computational speed, it is even better if all the
dependencies can be lowered. The major
contributor able to improve performances in
microcontroller-based electronics systems is the
design of hardened software.
In fact, EMC-oriented software increases not
only security, but also reliability of the application.
For a real-time operation of our application, we
study sample-based and block-based sensor
signal acquisition, transmission, and processing
(Figure 1). To be able to memorize or improve a
movement, it is necessary to sample it at high
frequencies and optimize the data transmission in
accordance with the cognitive abilities of the
involved humans (athletes, coaches).

=

,

Figure 1: Sensor data acquisition and streaming modes.

We built two prototypes using the Arduino
compatible Adafruit Feather M0 Wi-Fi board,
each one equipped with a different IMU:
LSM6DS33, that is a 3D accelerometer and 3D
gyroscope and it can work with I2C or SPI bus,
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The bus speed in the reading phase depends
on the communication type used to retrieve data
from the output registers, while the IMU sampling
frequency determines how many samples are
available and can be read from it.
The conversion time depends only on how the

payload has been constructed. We can
determine that the two most influential
parameters are the payload size in terms of
number of bytes to convert and the C-type used.
= (

,

are not the most precise, the most reliable, the
most efficient, or the smallest. Therefore, the
technology used is not the most recent, but one
of the cheapest on the market.
The results we obtained testing the prototypes
show quite a good reliability for short time,
otherwise a new calibration is required.
The choice of using Arduino with a fully
compatible microcontroller makes the project
reproducible and simple to understand.
The results show that the chosen hardware
can, at its highest bus speed, reach a sample
rate for the I2C protocol that is lower than the one
reached by the same prototype using an SPI
protocol.
The best solution is given by using FIFO
registers what reduces the total time and allows
us to reach higher sample rates. We can
conclude that the block streaming mode is the
fastest way to acquire raw data from the sensor.
It is possible to achieve sample rates well above
1 kHz, if an additional delay caused by the block
reading of sensor samples is acceptable.
Further steps in this project will be realization
of the other part of the system, finding the most
usable combination of sampling frequency, frame
length for the block streaming mode, and clock
rates in order to reach the highest possible
sample rate.

)

The sending time can be influenced by the
number of bytes in the packet and the Wi-Fi
channel availability.
= (

,

)

In order to understand how to optimize their
ratios and to have a complete view of the
devices’ performance, we did a test including
10000 samples for all these parameters by
varying the bus speed and the payload size. The
C-type chosen for the test has been a simple
conversion from integer on 32 bits to four
hexadecimal values.The results are presented in
Figure 2.
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Another key point of the project was to
determine in which way it was easier and more
effective to give time stamp information of the
sample.
As we already know, the sensor has three
dedicated timestamp output registers composed
of 8 bits each; but the use of those registers was
not convenient in terms of time. For this reason,
we decided later to construct a packet with a
serial number to identify the samples. The
payload size has been varied increasing the
amount of data read from the sensor register
(accelerometer, gyroscope and magnetometer
data, temperature, timestamp) and also adding
meta-data (e.g. battery level).
5. CONCLUSION
The final purpose of the present project is to
build a real-time biofeedback system able to
capture human movements in sports. For this
reason, small and compact prototypes are a
priority. In order to keep the price down, sensors
and microprocessors used to build the prototypes
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Application of Inertial Sensors in Vertical
Jump Performance Assessment
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vertical jump is predominantly described in terms
of jump height. This has become one of the
indirect techniques most frequently used by
researchers and coaches to estimate lower limbs
muscle power [4].
The available equipment used for the
measurement of vertical jump performance
includes optical motion capture systems and force
plates, that are considered a gold standard in
relation to validity of the measurement but are
mostly confined to laboratory settings [5], [6]. In
addition, portable optoelectronic systems and
contact mats are often used in sport praxis [7].
However, recent technological advances in
microelectromechanical systems (MEMS) have
enabled the use of IMU (inertial measurement
unit) as a means for sports motion analysis [5],
including vertical jump testing.
As IMU utilizes the same fundamental principle as
the force plate for jump height measurement [8],
several ways of estimating vertical displacement
of center of the mass (CoM) used on a force
platform (FP) can, by analogy, be applied when
using an IMU. Among other methods used for
vertical jump height calculation, the two most
widely applied are based on flight time (FT) and
takeoff velocity (ToV) [7], [9], given by the
following equations, respectively:

Abstract: The aim of this paper is to determine the
most suitable methodology for evaluating vertical
jump performance using only an inertial
measurement unit (IMU). This is done by comparing
the measurement results gained from an IMU with
the results from a force plate and an optical motion
capture system. For the comparison, we consider
different calculation methods, sensor positioning,
sampling frequency as well as signal processing
algorithms. For these purposes, custom designed 6
DOF IMU wireless sensor device was developed and
implemented. It includes an accelerometer with a
dynamic range of 16 g0 and a gyroscope with a
dynamic range of the of 2000 deg/s. It allows
sampling frequencies of up to 500 Hz. The device
continuously sends sensor data and signals via a
Wi-Fi interface. Data obtained from the force plate,
optical motion capture system, and IMU is
synchronized by a custom-made LabVIEW
application. This provides a basis for improvement
of the VJ calculation model and enables more
reliable use of IMU sensors for testing and
evaluation of vertical jump performance.
Index Terms: IMU, wearable sensor device,
vertical jump, optical motion capture system, force
plate

1. INTRODUCTION
High level of muscle power of the legs plays an
important role in the context of performance in
multiple sports such as running, team, and combat
sports [1]. Therefore, testing and evaluation of
lower-limb power is included in most of the applied
sets of tests in the system of sport testing. The
vertical countermovement jump (CMJ), squat
jump (SJ) and drop jump (DJ) are among the most
widely performed movements to assess lowerlimb power [2]. Although an estimate of the power
generated during an activity can produce insight
beyond that given by the performance itself [3],

ℎ=

2 2

ℎ=

2

(1)

(2)

where in equations (1) and (2) ℎ denotes the
height of the jump in meters, is the overall flight
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procedure. For these purposes, a custom-made
wireless sensor device equipped with a combined
3D accelerometer and 3D gyroscope IMU sensor,
LSM6DS33,
STMicroelectronics,
Geneve,
Switzerland [17] was developed. The sampling
frequency of the IMU is up to 500 Hz, the dynamic
range of the accelerometer is 16 g0 and the
dynamic range of the gyroscope is 2000 deg/s.
The sensor device continuously sends IMU sensor
data via a Wi-Fi interface while a custom-made
LabVIEW application is used for real-time
synchronization of the data obtained from the
force plate, optical motion capture system, and
IMU. The comparison of the results obtained using
an IMU and simultaneously sampled results
obtained from a force plate and an optical motion
capture system can lead to extra-parametrization
[18] of the VJ calculation model and should be
used in order to draw definite conclusions in
relation to applicability of IMU for testing and
evaluation of vertical jump performance.

time in seconds,
is the takeoff velocity in m∙s-1
and
is the acceleration due to gravity in m∙s-2. In
this context, flight time is defined as the time
period between the instant of takeoff and the
instant of landing while takeoff and landing are
identified as points in time when the acceleration
becomes less than g and again equal to g,
respectively. Takeoff velocity is determined by the
integration of the filtered acceleration signal
measured before the instant of takeoff.
2. PROBLEM STATEMENT
Although numerous studies have validated
different IMUs [5]–[7], [10], [11], several important
questions remain. The first one is related to the
appropriate placement of the IMU on the body of
the participant performing a vertical jump.
Dominantly used positions include the following:
central positioning on the participants back at the
level of the inferior angle of the scapula [12],
projection of the CoM on lower back (L4-L5 region)
[5], [7], [10], [13], positioning on the hip [11], and
positioning of the IMU on the ankles of the
participant [14]. The second question is related to
the aforementioned jump height calculation
method that provides the most reliable and valid
results in relation to the appropriate positioning of
the sensor. The third question concerns the
characteristics of the sensor system that can
influence the obtained results. These are mainly
the effects of sampling frequency and applied filter
parameters [15] as well as the use of data
obtained solely from the accelerometer for FT
calculations versus data obtained using sensor
fusion that. Given a proper calculation algorithm,
the later can provide constant information about
sensor orientation relative to the global coordinate
system. This enables the use of ToV and
numerical double integration (NDI) methods for
jump height calculations [7], [16]. In these cases,
the effect of the integration of the angular velocity
and double-integration of the acceleration
introduces drifts in the results. In both cases, a
higher sampling frequency is beneficial in order to
obtain a more precise measure of jump duration
and minimize the impact of integration errors on
the jump height result. When coupled with
relatively short duration of the jump this can
potentially allow a more accurate jump height
estimate.

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

3. PROPOSED SOLUTION
[9]

On the basis of the above mentioned, further
research should aim to determine the most
suitable methodology for measurement of vertical
jump performance using an IMU. As already said,
this should be done in relation to the jump height
calculation method, sampling frequency, signal
processing algorithms, and the measurement

[10]
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The Empirical Cost of Generalization:
Subgraph Isomorphism and Clique Search
Parenton, Alexis; Čibej, Uroš; Mihelič, Jurij; and Fürst, Luka

search for a complete graph with k vertices as
a subgraph. It is easy to see that this is a special case of the subgraph isomorphism problem.
Even though there is such an obvious connection, the research community has been dealing with these problems rather independently.
There are plenty of solvers [11] for either the
clique problem or the subgraph isomorphism
problem. But no comparison has been made
to establish how well the clique solvers exploit
the specifics of the subgraph structure and/or
how large the time loss is if we use subgraph
isomorphism solvers to solve a more restricted
problem. In this paper, we are exploring this
connection guided by the research principles as
described in [4]. The article is structured as follows. Section 2 gives the basic definitions. Section 3 describes various solvers that we are going to use during our empirical evaluation and
Section 4 gives the benchmark graph instances
used and Section 5 shows the obtained results.
Finally, Section 6 concludes the paper and gives
some goals for future research.

Abstract: Subgraph isomorphism and clique
search are two well-known N P -complete problems, clique search being an instance of the
subgraph isomorphism problem where we fix
the subgraph to a specific complete graph. Various solvers have been developed for both of
these problems independently. The goal of this
article is to empirically compare the efficiency
of both types of solvers on the clique problem, i.e., we are solving the clique problem with
specialized clique solvers and with solvers for a
more general problem. In this way we can gain
an insight into the differences between different types of solvers and possibly identify some
approaches that could be migrated from clique
search solvers to subgraph isomorphism solvers
and vice versa.
Index Terms: graph, subgraph isomorphism, clique search, solvers, empirical comparison

1. Introduction
y definition, N P -complete problems can be

B reduced to one another and by developing

a solver for one, we also get a solver for the
other. But in practice, this equivalence is not so
simple since solvers that exploit some specifics
of the problem can be much more efficient than
more general solvers. In this paper we will focus on two well-known problems, one being a
natural generalization of the other. The general problem is called subgraph isomorphism,
where the task is to find a pattern graph G in
a larger graph H. The more specific problem is
the clique search, where, given a graph H, we

2. Definitions
In a graph, we consider the group of vertices as
a set V , and the group of edges as E. A graph
G is defined by those two sets V and E.
A subgraph G0 is a graph where you select
some of vertices in V to create a set V 0 . It
forms the E 0 set with the edges in E that connect vertices in V 0 . The example G0 shown in
Figure 1. is a subgraph of G.
The maximum clique search problem is defined as follows. Given a graph G = hV, Ei,
find the largest subset of vertices U ⊆ V such
that they form a clique, i.e., ∀u, v ∈ U, (u, v) ∈
E.

Manuscript received December 2019.
The first author is a student at Polytech ClermontFerrand and this work was done when visiting University
of Ljubljana. Other authors are affiliated with the Faculty of Computer and Information Science, University of
Ljubljana, Slovenia (e-mail: luka.fuerst@fri.uni-lj.si).
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Graph G
v1

v2

v30

v4

v3

functions.
At the end, the solver returns the result with
the time at each round of execution, the clique
size and weight, and finally the vertices that
composed the clique.

Graph G00

v10

v20

3.2

MaxCliquePara [6] is an exact parallel maximum clique algorithm. It is based on a branch
and bound algorithm. It uses the sequential MaxCliqueSeq algorithm, which was parallelized by splitting the branch and bound search
tree to multiple cores, resulting in the MaxCliquePara algorithm. By splitting that way,
it makes MaxCliquePara superior to older algorithms like MaxCliqueSeq, especially in our
empirical testing.
It was created basically for protein product
graphs and for protein structural comparisons,
but it is interesting to test this one on larger DIMACS graphs. The solvers return the searching
time, the number of steps, the size of the clique
and the vertices of the clique in ascending order.

Subgraph G0

fsub : (v1 , v30 ), (v2 , v10 ), (v3 , v20 )
Figure 1: An instance of the subgraph isomorphism problem
3. Solvers
Both the subgraph isomorphism and the maximum clique search problem have been studied
extensively in the literature. As a result of these
studies, many solvers have been developed. In
this section we give a brief description of the all
the solvers that we used in our experiments.
3.1

MaxCliquePara

Cliquer

3.3

Cliquer is a set of C routines for finding cliques
in an arbitrary weighted graph. It uses an exact branch-and-bound algorithm developed by
Patric Östergård [9]. It was made with the aim
of being easy to use for everyone and still be
flexible.
The solver includes a search for maximum
cliques (weighted and unweighted). It can also
search for cliques with a size or weight within a
given range. Besides that, it supports weighted
and unweighted graphs, but unweighted graphs
have faster routines.
The first version was copyrighted in 2002
and the last update was released in early 2010.
Cliquer calculates the size of the maximum
clique in a subgraph, then it increases the subgraph by adding vertices one by one and recalculating the size of the maximum clique. When
it finishes determining the maximum clique size,
it starts the search for the suitable position of
the clique.
For the second part, the order of the vertices
has a major impact on the speed of the search.
Cliquer can also order the vertices with different

MaxCliqueDyn

MaxCliqueDyn [6] is also an exact algorithm for
finding maximum clique in undirected graphs.
The solver was developed by Janez Konc. It
is based on a branch and bound algorithm and
mixed with subgraph colouring.
The solver runs twice with different options.
In the second execution, it performs dynamic
sorting of vertices and improved colouring. For
each run it return steps with the maximum
clique size at each step, the final maximum
clique size with the vertices, the number of
steps and the execution time. For small graphs,
the second run isn’t different or faster, but on
larger graphs it can be two or three times faster.
3.4

BBMC

The BBMC algorithm [10] is a little different. It has many variations, which are BBMCI,
BBMCR, BBMCL and BBMCS, but we will focus only on the basic variation. This algorithm
and its variations are all using bitsets to represent whether a vertex from the graph is in a
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VF2, gal, galv, galve, gf, ldgraphs unlabelled
and ldgraphs labelled formats.
SICS implements a large set of algorithms.
There are more than 40 algorithms, but some of
them are similar, so we choose the most different ones. The differences are the way to count,
to store in memory, to jump quicker or lazier to
other vertices, etc.
To run the solver, we needed two files.
First, the graph in entry is an obligation, because this is what we want to study. After
that, we need the subgraph we would like to
search. In the experiment, the subgraph is a
clique, corresponding to the maximum clique
of the graph.
We had to create each clique graph, in the
DIMACS format. When done, the algorithm
can be run. The solver needs the clique first
and try to find it in the graph.
In the main file, we choose to stop the execution when the first solution is found, because
subgraph isomorphism solvers can find every solution, when maximum clique solver are made
for one.
The solver returns the clique nodes and list
the corresponding nodes in the graph. The
vertex 0 is random and has no impact on the
clique. The clique size and the executing time
are returned

set or not. Algorithms using bitsets have two
main advantages: the use of a bitset instead of
storage implementations reduces the memory
needed by a factor equal to the size of a word
on the system, and common operations can be
done in parallel using bit-wise operation.
The BBMC algorithms is also implemented
in C++. To find solutions, they are using graph
coloring.
The algorithm also returns the graph information, the searching time, the number of
steps, the clique size of course and the clique
vertices.
3.5

MoMC

MoMC is a combination of two different algorithms [7]. They are all implemented in C
and they are based on a branch and bound algorithm. The first algorithm is SoMC which
means Static ordering MaxClique Solver. It is
called Static because the vertex ordering between the returned subgraph and the rest of
the vertices is always consistent with the initial
ordering.
The second one is DoMC which means Dynamic ordering MaxClique Solver. The main
differences are in the “GetBranches” functions
that will return vertices. It is called Dynamic
because those vertices are not always smaller
than the rest of the graph so the ordering between them should be dynamically re-defined.
Those two are exact branch and bound
based solvers. MoMC is different because the
solver switches cleverly between static and dynamic, depending on the graph.
MoMC returns the state of execution at
each clique increment. It also returns the
MaxSAT instance that can be used in SAT
solvers. It finally gives the vertices of the clique.
3.6

3.7

Glasgow Solver

SICS is based on the Glasgow solver [8], which
is another solver based on many approaches
developed for the constraint satisfaction problems. It can solve both problems that we
address here, i.e., the subgraph isomorphism
solver and the maximum clique problem.
Subgraph Isomorphism Solver. This is a
solver for subgraph isomorphism (induced and
non-induced) problems, based upon a series of
papers by subsets of Blair Archibald, Ciaran
McCreesh, Patrick Prosser and James Trimble
at the University of Glasgow, and Fraser Dunlop and Ruth Hoffmann at the University of St
Andrews. A clique decision / maximum clique
solver is also included.
We can build it with a C++17 compiler.
Fortunately, they had an auto-detection for the

Subgraph Isomorphism Constraint Satisfaction

SICS [3] is developed in C++ and must be compiled in C++17 or more. It is a subgraph isomorphism solver. In order to compare it with
the other solvers, we need to create the clique
and try to find it in the graph.
It can also read graphs from files by using
a “read” family of functions. It supports the
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• The “Dsjc”: random graphs generated by
David Johnson [5].

format, but it is better to specify it.
It was logical to test this solver in the experiment, because this is a second subgraph isomorphism solver, and because SICS was based
on the Glasgow solver, on an older version.
The subgraph solver is a constraint programming style backtracker, which recursively
builds up a mapping from pattern vertices to
target vertices. It includes inference based upon
paths (not just adjacency) and neighbourhood
degree sequences, has a fast all-different propagator, and uses sophisticated variable- and
value-ordering heuristics to direct a slightly random restarting search.
The solver returns the number of vertices,
the executing time and the vertices corresponding to the clique.

• The “Mann” family: clique formulation
of the Steiner Triple Problem, instances
generated by Carlo Mannino.
• The “Brock” family: random graphs with
cliques hidden among vertices with low
degree. Generated by Mark Brockington
and Joe Culberson.
• The “Gen” family: generated graphs with
huge clique. Instances generated by
Laura Sanchis.
• The “Hamming” family: graphs generated using the hamming distance, which
is distance between two different words.
Generated by Panos Pardalos.

Clique Solver. In the latest version of the
solver, they added a maximum clique solver.
We compared it with the other maximum clique
solvers, and with the subgraph isomorphism
solver. It works the same way as the subgraph
solver, but it estimates a clique size which will
exist in the graph, and it increases the size at
each executing step. The solver does not return the result the same way. It returns the
number of vertices, the running time and the
clique vertices.

• The “Keller” family: graphs generated
using the Keller conjecture on tilings
using hypercubes. Generated by Peter
Shor.
• The “P hat” family: random graphs with
p hat generator which is a generalization
of the classical uniform random graph
generator. Those graphs have wider node
degree spread and larger cliques than
standard ones.

4. Benchmark Graphs

.

We had a set of instances from the Second DIMACS Implementation Challenge [2]. It was
better to use this instead of creating our own
because those ones have special properties, and
it makes the experiment more accurate. There
are many graph formats that we can use. On
advice from the tutors, we choose the DIMACS
format, which is one of the simplest.
These are the graph classes in the benchmark set [1].

5. Results
The main part was the testing part. We had
to test every graph with every solver. To get
homogeneous results, We had to use the same
virtual machine on the same computer, so we
had to do it one by one. For some of the solvers
and graphs, the execution took days. Having
results like this was not useful, so we decided
to stop the solver execution after 600 seconds.

• The “C” graph family: they are random graphs generated with the number of vertices and the edge probability.
Michael Trick generated the “C” family using ggen, a generating program by
Craig Morgenstern.

6. Conclusions
All results are shown in Figure 2. In the middle
in colour, there is the executing time for the
maximum clique solvers. The maximum time
is 600 seconds, because we decided to stop the
execution after that time. There are 7 solvers:
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Figure 2: Results of the experiment
times”, but it has many good times on average. In conclusion for MaxClique, the parallelism made on MaxCliqueSeq to create MaxCliquePara optimized well the solver.
For the two MCQD solvers, the executing
times are mostly light orange and white, so it
seems in the median or a little lower. In fact,
the dynamic sorting version is slightly better
than the standard one, but they share mostly
the same place.
BBMC does not have a lot of orange times,
so it seems to be quick. The graph colouring
and the bitset memory storage obviously play
an important role in the execution time.
MOMC was the best in the majority of
cases. It has more than three quarters of best
times. It was very powerful, especially for the
“Gen” family, where its times are less than 2
seconds and the other solvers took more than
10 minutes. It is the worst, when Cliquer is the
best. MOMC also allow a quick execution for
large graph.
Glasgow MCS has good times. When

Cliquer, maxClique, MCQD, MCQD with dynamic sorting vertices, BBMC, MOMC and
Glasgow maximum clique solver. The colours
are the following ones: the orange is for the
worst, green for the best, white for the middle one. When the orange is faded, it means
that the solver is slow, but not the worst. It is
the same for the green, faded green is for quick
solver, but not the best. The best time is also
in bold characters.
There is also a grey part, when every solver
spends more than 600 seconds of executing
time.
On the right, there is two columns for the
subgraph isomorphism solvers. They don’t have
colours, because it is not useful for the experiment.
As said before, Cliquer seems to be the
worst one, even though there are cases where
it is the best. This is for the very small graphs.
In fact, it seems to be because of the approximated time.
MaxClique does not have a lot of “best

28

MOMC is not the best, it seems that Glagow
MCS is the best. It is in the top, but it has the
second place.
When we look at the subgraph isomorphism
solvers, there is a huge difference. SICS is far
behind the Glasgow solver. In fact, it is too
slower than the other ones, that he mostly took
more than 600 seconds. On the other hand, the
Glasgow solver has better times than the Glasgow MCS, which is simply the result of the fact
that the MCS estimates the clique size and increase it at each step, but in the subgraph isomorphism solver, we give the maximum clique
size, which explains why this is quicker.
From the results we can conclude that the
more general solvers pay a huge price (in execution time), which is of course not surprising, but it is evidence that there are still many
possible properties of graphs that could be exploited in order to speed up subgraph isomorphism solvers.
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Milutinović, editors, Creativity in Computing and
DataFlow SuperComputing, volume 104 of Advances in Computers, pages 1 – 31. Elsevier, 2017.
[5] David S. Johnson, Cecilia R. Aragon, Lyle A. McGeoch, and Catherine Schevon. Optimization by
simulated annealing: an experimental evaluation;
part II, graph coloring and number partitioning.
Operations Research, 39(3):378–406, May 1991.
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Jurij Mihelič received his doctoral degree in
Computer Science from the University of Ljubljana in 2006. Currently, he is with the Laboratory of Algorithmics, Faculty of Computer
and Information Science, University of Ljubljana, Slovenia, as an assistant professor. His
research interests include algorithm engineering, combinatorial optimization, heuristics, and
system software.
Luka Fürst received his Ph.D. in computer science from the University of Ljubljana in 2013.
He is employed as a teaching assistant at the
University of Ljubljana, Faculty of Computer
and Information Science. His research areas
include graph grammars, general graph theory
(with a particular emphasis on graph symmetries), software engineering, machine learning,
and computer programming education.

29

System Level Scheduling for Deep
Learning Inference on Edge Cluster
with FPGA Accelerators
Bojić, Dragan and Korolija, Nenad
Abstract: Our research goal is to develop a new
dynamic scheduling algorithm for an edge cluster
of servers with FPGA accelerators for workloads
supporting deep learning inference. A creation of
synthetic benchmark set of characteristic
workloads with a deep learning component will
create a better insight into the needs of such
workloads. A new system scheduling approach
will be formulated, extensively analyzed by
simulations,
and
its
prototype
will
be
implemented.

edge, with additional benefits in terms of privacy
and bandwidth efficiency.
The FPGAs are very suitable for edge
computing because they combine low latency
with high throughput. Moreover, FPGAs can
provide a consistent throughput invariant to the
size of application workload, which is critical to
aggregating individual service requests from
various IoT sensors; and FPGAs have lowest
energy cost per functionality [Bio18] and
[MilutinovicSalom2015]

Index Terms: Dee learning, Scheduling, Edge
cluster, FPGA Accelerators

2. EXISTING SOLUTIONS

1. INTRODUCTION

When deep neural network (DNN) computations
run on edge servers, DNN tasks from multiple
end devices need to run and be efficiently
managed on shared compute resources, which
is a focus of our proposal. Several works have
explored this problem space, focusing on the
tradeoffs between accuracy, latency, and other
performance metrics, such as the number of
requests served.

Deep learning is currently widely used in a
variety of applications, including computer vision
and natural language processing. End devices
such as smart phones and IoT sensors are
generating data that need to be analyzed in realtime using deep learning or used to train deep
learning models. However, since deep learning
tasks are computational-intensive, the limited
computation resource on the mobile device
cannot execute the application effectively.
Traditional approach is to push the data and the
workload to the remote cloud. Meanwhile, it
introduces a high data transmission delay and
possibly bottlenecks the overall performance.
Edge computing is a promising concept for
mobile deep learning applications, where
reduced by pushing the workload to the nearcomputing nodes are places near end devices.
Comparing
with
cloud
learning,
the
communication delay can be significantly end
________________________________

[Kang17] proposes a lightweight scheduler to
automatically
partition
DNN
computation
between mobile devices and datacenters at the
granularity of neural network layers. Their
scheduler automatically adapts to variations in
device performance and network connections
bandwidths, but it schedules just one kind of
DNN workload, and does not relate to FPGA
technology. The underlying architecture is
mobile devices and cloud, so it does not relate
to edge computing scenario.
[Yan18] proposes, for a grid architecture of
network connected CPUs, without hardware
accelerators, a dynamic scheduler for DNN
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workloads. Their solution combines a profiler for
several application configurations, with a
queuing based dynamic scheduler, in order to
minimize response time and mitigate resource
contentions.

3.

AN OUTLINE OF THE APPROACH

3.1 Underlying System Architecture
Our research goal is to develop a dynamic
scheduling algorithm for an edge cluster of
servers with FPGA accelerators for workloads
supporting deep learning inference. These kinds
of accelerators offer higher power efficiency and
are suitable for edge computing. Suppose there
are n mobile devices, m edge servers and one
centralized cloud platform. Each mobile device
can connect to edge cluster (possible routing
techniques are discussed e.g. in [Rausch18]),
and each edge server is connecting to the cloud
through the backbone network. There is an
allocable maximum downlink or uplink
bandwidth for each edge server. For the
computation and storage resources, we assume
the cloud provides abundant computation
resources which can support all tasks’
execution.

[Chen19] focuses on a scheduling for DNN
applications on a platform with heterogeneous
accelerators. Their system model ia a set of
accelerators with certain performances directly
interconnected with network connections of
certain bandwidth. Several modes of scheduling
is proposed that are transplanted from the
domain of all purpose heterogeneous systems.
However, they consider just DNN inference as a
workload and not other kinds of workloads that
comprise real world applications.
Kelp approach [Zhu19] is one that takes CPU
workloads into account. It deals with Warehouse
Scale Computers (defined as thousands of
commodity
servers
with
accelerators
interconnected with fast network connections).
They deal with ASIC and GPU accelerators, and
conclude that ram memory is often a bottleneck
for system performance. Many of their findings
could be taken into account for the system
architecture we intend to investigate.

3.2 Model of Computation
For the single inference task, we assume the
use the state-of-the-art DNN synthesis tool from
a high-level Tensorflow or Caffe model, which
performs known optimizations such as DNN
compression by weights quantization, weight
reduction, fast convolution design, exploitation of
parallelism utilizing loop tiling and loop unrolling,
operation pipelining, effective use of internal
memory to maximize data reuse, regularizing
data access patterns, frequency optimization etc
[Guo18], [Shawahna19]. The design synthesis
tool should have the option to generate
performance measures based on different
performance metrics as selected by the user
such as number of frames processed per
second or number of operations performed per
second. Multiple application configurations
(including different FPGA kernels for edge
servers) are synthesized for each application.
Set of application configurations for an
application should include alternative ways of
executing application tasks, including mobile
only, edge CPU only, edge FPGA accelerated
etc. For each application configuration one
needs estimates of resource usage and

VideoStorm [Zhang17] deals with cluster
scheduling (in the Azure cluster) of video
queries, and profiles these tradeoffs to choose
the right DNN configuration for each request, to
meet accuracy and latency goals. VideoEdge
[Hung18] additionally considers computation that
is distributed across a hierarchy of edge and
cloud servers, and how to jointly tune all the
DNN hyper-parameters.
[Huang19] gives an example of mixed
application scheduling analysis for an edge
architecture. Their scheduler is unilateral in the
sense that is only considers DNN partitioning
between mobile end, edge server (with a GPU
accelerator) and the cloud, but their results
justify considering the scheduling of various
intelligent workloads at the system level.
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execution time, to be used later by the
scheduler.

and the FPGA, we will assign certain score. A
score depends on:

We take into account a possibility that multiple
tasks share a single FPGA accelerator. The
techniques for that are elaborated in
[Venieris18], where they propose f-CNNx an
automated framework that maps multiple CNNs
on a target FPGA, by taking into account the
application-level required performance for each
model and the available hardware resources, in
order to generate an optimized multi-CNN
architecture.

1. Time needed for the job to be processed
by the CPU,
2. Time needed for the FPGA to process it,
3. Time needed for initializing job to be
executed on the FPGA,
4. The amount of resources it would
consume in the case of executing all jobs
using the CPU, and
5. The amount of resources it would
consume in the case of executing all jobs
using FPGA.

Our solution to a scheduling problem should not
only determine the optimal FPGA partitioning,
but also consider the appropriate scheduling of
the partitioned deep learning and other tasks
across the device, the edge server and,
optionally, the cloud.

Since FPGA can be configured to execute many
jobs in parallel, and the time needed for jobs to
be processed differs from each other, we will be
assigning scores at run time.

3.3 Scheduling Algorithm Highlights

3.4 Research Methodology

The proposed cluster scheduler aims at splitting
all jobs available for scheduling in the cluster
onto the nodes. Splitting is done one job at the
time, based on resources that a job requires and
availability of resources on nodes. The mobile
client is responsible for sending a job
specification and the scheduler determines
whether the job should be executed on the edge
server CPU or on FPGAs.

Apart from deriving analytical model of the
proposed scheduling techniques, a simulation
analysis of the proposed techniques using a
synthetic benchmark will be performed. The
benchmark to be created will include a set of
realistic applications in deep learning domains
such as image classification, facial recognition,
speech recognition, part of speech tagging,
named entity recognition. The synthetic
workload should include multiple application
profiles for each of applications. Apart from deep
learning, the applications should include non
trivial classic processing.

The best schedule for one node is found by
comparing the total computation time for each
combination of jobs that could be implemented
on a single FPGA image. Two branch-andbound based schedulers could be formulated
that aim to schedule jobs onto the FPGA
images. The aim of the first one is to minimize
the total execution time of all applications. The
second one aims at maximizing the throughput.
Based on the ideal branch and bound
schedulers for finding the optimal solution in
terms of the total execution time and the
throughput, a heuristic score-based scheduler
could be defined that are capable of scheduling
an arbitrary number of jobs in real time. For
each job that can be scheduled on both the CPU

The planned software environment for creating
benchmark, and performing experimental
analysis, includes Xilinx DNNDK with Xilinx edge
boards, and AWS Cloud.
4. CHALLENGES
A benchmark set creation: It is not easy to find
real world applications readily amenable to
create multiple profiles by varying many
parameters of interest. Another challenge is a
fast evolution of DNN architectures, their
hardware acceleration technology and its
software support, so the project team should
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[Jiang18] S. Jiang et al., "Accelerating Mobile Applications at
the Network Edge with Software-Programmable FPGAs,"
IEEE INFOCOM 2018 - IEEE Conference on Computer
Communications, Honolulu, HI, 2018, pp. 55-62.

closely monitor new developments in these
areas throughout the project life cycle.
5. CONCLUSION
A creation of synthetic benchmark set of
characteristic workloads with deep learning
component will make better insight in the needs
of such workloads. A new system scheduling
approach will be formulated, extensively
analyzed by simulations, and its prototype will
be implemented. This research follows the
methodology paths defined in [Bankovic2020]
and [Blagojevic2017]. Extensions to other
technologies are possible, if speed and
radiation-hardening or precision are needed
[Flynn2013],
[Milutinovic1996]
and
[MilutinovicSalom2015].
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The List of Diameter-2-Critical Graphs
with at Most 10 Nodes
Radosavljević, Jovan and Živković, Miodrag
trees with the backtracking algorithm to obtain
diameter-2 graphs by adding new edges to trees
in all possible ways. Finally, diameter-2-critical
graphs are obtained by filtering the list of
diameter-2 graphs. According to [8], this paper
could be classified as a research article, because
a new method is described to generate diameter2-critical graphs.
The rest of paper is organized as follows.
Necessary definitions are given in Section 2. Two
methods to obtain diameter-2-critical graphs are
described in Section 3. and Section 4. In Section
5. we compare these two methods and comment
the results obtained.

Abstract: Diameter-2-critical graph is a
graph of diameter 2, such that deletion of any
of its edges leads to a graph with larger
diameter. Large portion of graphs are of
diameter 2, but the number of diameter-2critical graphs is substantially smaller. There
is not much known about these graphs. We
obtained a list of diameter-2-critical graphs
with at most 10 nodes using two different
methods. The first method starts from the
McKay's catalog of non-isomorphic graphs
and checks all these graphs if they are
diameter-2-critical. The second method is
backtracking, starting from the list of all nonisomorphic trees and adding edges to them in
all possible ways, with pruning, when a graph
of graph diameter 2 is reached. Efficiencies of
these two methods are compared and an
estimation is given how the list could be
extended for graphs with larger number of
nodes.
Index Terms:
graph diameter,

diameter-2-critical

2. DEFINITIONS
We first introduce necessary terminology, see
[3] for example.
Graph = ( , ) consists of two sets, and ;
is the set of vertices (or nodes) and is the set
of edges. The number of nodes | | in a graph is
called its order. An edge = ( , )) ∈ is a pair
of two vertices. Two nodes and joined by an
edge = ( , ) are adjacent. These two nodes
are neighbors. Let
( ) denote the set of
neighbors of .
The adjacency matrix of a labeled graph =
( , ) (a graph with labels attached to its nodes)
is an | | × | | matrix with rows and columns
labeled by graph vertices, such that the element
at the intersection of row corresponding to ∈
and the column corresponding to ∈ is 1 or 0 if
( , ) ∈ or ( , ) ∉ , respectively.
A path in is a sequence of nodes , , … ,
such that ( , ) ∈ , ( , ) ∈ , … , (
, )∈
. The length of the path , , … ,
is . The
graph is connected if for any its two nodes and
there is a path from
to . The distance
between two nodes
and
is the minimum
length of paths connecting them.
The diameter of a graph is the length of the
longest of the shortest distances between any
two nodes of the graph. A graph of diameter is
diameter- -critical if deleting any edge from the
graph gives a graph whose diameter is greater
than k.
Isomorphism of two graphs = ( , ) and =
( , ) is a bijection : → such that ( , ) ∈

graph,

1. INTRODUCTION

T

he aim of this paper is to obtain the list of
diameter-2-critical graphs with as many
vertices as possible. Diameter-2-critical graphs
are extensively studied in the literature. See, for
example, [4, 5, 6, 11]. The number of graphs with
diameter 2 is very large, while the number of
graphs with diameter 2, which are also diameter2-critical, is much smaller and it seems they have
an interesting structure. The idea to investigate
these graphs is based on [9], where diameter-2
graphs appear. Looking at [7], this paper used
two methods to obtain new results. The first is
specialization - from the list of connected graphs
to diameter-2-critical graphs by filtering. The
second is hybridization: the algorithm combines
known algorithm for generation of non-isomorphic
This work was supported by the grant no. 174021 of the
Ministry of Education and Science of Serbia.
Radosavljević, Jovan is doctoral student at Faculty of
Mathematics, Belgrade University; e-mail: jocabnmb@
gmail.com.
Živković, Miodrag is a professor at Faculty of Mathematics,
Belgrade University; e-mail: ezivkovm@matf.bg.ac.rs;
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if and only if ( ( ), ( )) ∈ . If there is an
isomorphism between for two graphs
and ,
then and are isomorphic.
A star graph is a graph that has edges only
from one node to each other node in the graph.

additional check that diameter of
usually unnecessary.

is not 1 is

C. Criticality Check
When checking the diameter-2-criticality of a
graph = ( , ), instead of trying to delete each
edge ∈ from , it is enough to check only
those edges that are part of some triangle in .
The check, that a particular edge = ( , ) is
contained in a triangle, can be performed using
the adjacency matrix
of , and the matrix =
. The edge = ( , ) is contained in some
triangle if and only if the row equals to AND of
two rows of
corresponding to nodes and is
not zero-vector.

3. ALGORITHM 1: FILTERING
The first method to obtain diameter-2-critical
graphs of order is based on simple Algorithm 1.
This algorithm takes the list of all non-isomorphic
connected graphs of order [1, 6]. For each such
graph the algorithm checks if its diameter is 2,
and afterwards if the graph is diameter-2-critical.
A.List of Non-Isomorphic Connected Graphs
For complete list of all connected nonisomorphic graphs of order n≤ 11, see [1]. This
list of non-isomorphic connected graphs, can be
also generated using the program geng [1] for
small values of exceeding 11.
This list contains a series of strings
representing graphs in g6 format. Format g6 is a
graph format that allows graph representation
using ASCII characters from character “?” to
character “~”. Each character in a sequence
represent a series of six bits, so that character “?”
represents a series of bits [0, 0, 0, 0, 0, 0], and
character “~” represents a series of bits [1, 1, 1,
1, 1, 1]. Concatenation of series of bits that can
be obtained from all g6 characters, except the
first one, represents the lower triangle of the
adjacency matrix. The bottom triangle of the
matrix is filled in row by row from left to right
using the resulting string of bits. The upper
triangle of the adjacency matrix is obtained from
the lower triangle, as the adjacency matrix is
symmetric.
Each g6 format graph representation has more
than two characters. The first character
represents the order of the graph, and other
characters represent values in the lower triangle
of the adjacency matrix. Since each character is
represented by six bits, the maximum order of
graphs that can be represented by the format g6
is 63.

D. Results
The task o filtering all connected nonisomorphic graphs is performed using Wolfram
Mathematica. Diameter-2-critical graphs of order
≤ 7 are shown in Fig. 1.
Table 1. lists for each ≤ 10 the number ( )
of connected non-isomorphic graphs of order ,
the number
) of diameter-2-critical graphs of
order , and the time in seconds needed to
obtain these graphs by filtering.
3. ALGORITHM 2: BUILDING FROM TREES
Every diameter-2-critical graph has some tree
as a subgraph; Algorithm 2 is based on this fact.
In essence, Algorithm 2 is given by the following
code.
initialize to be the empty set;
for each non-isomorphic tree of order
let be the set of edges missing from
for all subsets ⊆
(lexicographicaly ordered)
let be the graph obtained from T by
adding edges from
If diameter of is 2 then
append to
skip all supersets of
for all graphs from :
if is diameter-2-critical graph then
output
We used the algorithm for generating all nonisomorphic free trees described in paper by
Sawada [2], which is based on the algorithm to
generate all rooted trees.
If the graph
of diameter 2 is obtained in
Algorithm 2 by adding edges from some subset
⊆ , then the supersets of
don’t have to be
considered, because the corresponding graphs
cannot be diameter-2-critical by definition.
For each ≥ 3, there is exactly one tree of
diameter 2, the star graph. Because the
diameter-2 condition for this tree is reached when
is an empty set, this tree don’t have to be
expanded by adding edges to it. Furthermore,

B. Diameter Check Using Adjacency Matrix
Diameter check of a graph = ( , ) can be
done using its adjacency matrix
. For each
node it has to be checked if the distance from
to each other node ∈ is at most 2, or in other
words, if covers all other nodes.
If a node covers all other nodes in a graph
can easily be checked using the bit operator OR
applied to rows of corresponding to and to all
nodes
∈ ( ). The node
covers all other
nodes, if the result is the row of
ones. The
diameter of
is less than or equal to 2, if this
condition is satisfied for all nodes of . The
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star graph is in fact diameter-2-critical. The other
trees have the diameter greater than 2, hence, in

In fact, we have been appending to multimap
not only the graphs of diameter 2, but also all
other graphs obtained by expansion. The effect is
that, if the graph is reached that is isomorphic to
one that has previously been expanded, then this
graph and all its supergraphs are skipped,
because we have already seen all its
supergraphs. This makes the algorithm very
efficient, but for = 10 we could not obtain the
list of diameter-2-critical graphs, because of large
memory requirements.
4. RESULTS
The implementations of two algorithms used to
generate diameter-2-critical graphs give the
same lists for ≤ 9, which provides a kind of
their verification. The summary of results
obtained by Algorithm 1 and by Algorithm 2 is
given in Table 1. The largest part of the execution
time of Algorithm 2 is spent of isomorphism
checking. It is interesting to note that Algorithm 2
is faster than Algorithm 1 for ≤ 9. Hence, if the
problem with memory requirements is solved
somehow, Algorithm 2 is more promising.
Another reason why Algorithm 1 is not promising
is the enormous number (11) = 1018997864 of
non-isomorphic connected graphs of order 11.

g(n)

n
3
4
5
6
7
8
9
Figure 1. Diameter-2-critical graphs of order

10

≤7

order to obtain graph of diameter 2, a number of
edges have to be added to them.
The set
has to contain only non-isomorphic
graphs. Hence, each graph
that has to be
appended to
, has to be checked for
isomorphism (the operation supported by
Mathematica) with all graphs in . In order to
avoid such an expensive step, we have chosen
to accompany each graph
with its invariant
( ), equal to the concatenation of the sorted list
of nodes degrees and the list of its characteristic
polynomial coefficients. Hence,
is in fact a
multimap (hash table), containing pairs ( ( ), ),
where ( ) are keys, and are values; multimap
can handle collisions - events when more graphs
have the same invariant. Now, when has to be
inserted in , one has to check the isomorphism
of only with graphs from having the invariant
equal to ( ).

2
6
21
112
853
11117
261080
11716571

c(n)

Alg. 1 (s)

Alg. 2 (s)

1
2
3
5
10
30

0.008
0.018
0.045
0.187
1.298

0.017
0.023
0.034
0.098
0.702
9.004

103
519

16.298
380.989
17373.600

237.476

Table 1. Results obtained by Algorithm 1 an–d by
the Algorithm2.

Diagram shoving the logarithms of values in
Table 1 is given in Figure 1. It is seen that the
logarithms of execution times of both algorithms
follow the speed of growth of log ( ). This fact
suggests the possibility of designing more
efficient algorithm for obtaining all diameter-2critical graphs.
4. CONCLUSION
We used two different methods to obtain a list of
diameter-2-critical graphs with at most 10 nodes.
The second method, which starts from the easyto-form list of free trees, seems to be more
promising.
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n=9
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
n=9
41
42
43
44
45

Figure 1. The logarithms of ( ), ( ) and of
execution times of Algorithm 1 and of Algorithm2

APPENDIX
The list of all diameter-2-critical graph with
9 nodes in g6 graph format.
n=3

2
1

BW

n=4

6

n=8

11117
1

G???F{

2

G??F~w

1

CF

3

G?AFrw

2

C]

4

G?B@~o

5

G?BDr{

n=5

21

1

D?{

6

G?BDzw

2

DFw

7

G?Bcr{

3

DUW

8

G?Bczw

9

G?B~vo

n=6

112

1

E?Bw

10

G?`Ffw

2

E?~o

11

G?`cnw

3

ECxo

12

G?bDjo

4

EEhw

13

G?bvbo

5

EFz_

14

G?o~Ec

15

G?o~f_

n=7

853

≤

1

F??Fw

16

G?q`vg

2

F?B~o

17

G?qczw

3

F?bro

18

G?qjc{

4

F?o~_

19

G?rF`w

5

F?qrw

20

G?re`{

6

F?zPw

21

G?~vf_

7

F?~v_

22

GCOfFw

8

FCRfo

23

GCR`uw

9

FCptO

24

GCR`vo

10

FCxv?

25

GCRbdo

26

GCY^B_

27

GCZJdo

28

GCZLas

29

GCpdVg

30

GCrb`o

37

261080
H????B~
H???F~}
H??CFx}
H??E@~{
H??EDx~
H??ED|}
H??F?~{
H??FCx~
H??FC||
H??FC|}
H??FeW~
H??F~z{
H?AAFr}
H?ABCv}
H?AEDp~
H?AEDt{
H?AFCp~
H?AFCt{
H?AFvp{
H?B@xzw
H?B@|px
H?B@~rw
H?BD@zy
H?BDC|}
H?BDJq^
H?BDKxz
H?BDjqN
H?BEFo}
H?BF@zY
H?BFEo~
H?Bcrhn
H?Be`~M
H?BeeO~
H?BffO^
H?B~vrw
H?`@Fb}
H?`@eF}
H?`F@z]
H?`FEf{
H?`F`zM
continued
H?`F`z{
H?`Fbq{
H?`FdX\
H?`Ffb{
H?`cjrl

53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92

H?`ejq{
H?`fBq]
H?`vBY]
H?aNbps
H?bATpv
H?bAV_}
H?bAViy
H?bBDjy
H?bBThY
H?bDJqU
H?bDjpw
H?bDrpu
H?bFUov
H?bF`xw
H?bL`pv
H?bL`xr
H?bLbpu
H?bbV_]
H?be`xi
H?bebov
H?bebo}
H?bfBqU
H?bvbro
H?opvJ[
H?opvbK
H?ovdX[
H?o~D`R
H?o~fbo
H?q`qjo
H?q`uja
H?qa`ru
H?qbbY^
H?qczXr
H?qrbYY
H?qrdrE
H?rF`zo
H?re`ov
H?re`o}
HCOf@r[
HCOfBb{

93
94
95
96
97

HCOfeW{
HCQb`rK
HCQbepl
HCQeR`}
HCQeRg}

46
47
48
49
50
51
52

H?`cjr{
H?`cmq|
H?`cn@|
H?`cn`{
H?`c~`w
H?`eIyy
H?`eiy{

98
99
100
101
102
103
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Electronic Guides – An Example
of Application of Information Technologies
in Representation of National Heritage
Stanković, Radomir S; Tatić, Dušan; and Ognjanović, Zoran

architectural complexes, and historical places.
Another
related
issue
is
omnipresent
commercialization of all aspects of the social life.
Due to this, museums are forced to convert from
being state or local community budget supported
institutions into independent, self-financing, and
rather profitable entities.

Abstract: The impressively fast advent of
information technologies in last decade brought
deep and important changes and improvements in
many areas. Among them, the ways of presenting
information with impact to spreading knowledge
and learning are essentially important for future
development of society and humanity. A part of that
are attempts to improve learning of lectures from
history for its better understanding which should
serve as a foundation for a better tracing and
determination of future developments. For this
purpose information technologies should help in
representation of historical, cultural, natural,
scientific, and technical heritage. In this paper, we
present electronic guides for mobile devices, in
particular tablet PCs and smart phones under
Android and iOS operating systems, as a possible
tool for achieving these goals.

Thereby, in the fight for increasing the number
of visitors, museums turn towards information
technologies as a tool for preparing attractive,
more complete, visually and additively highly
compelling exhibitions [15].
Another important challenge museums and
similar institutions are facing with is the manner of
attracting young population that is typically more
oriented towards the presence and the future, and
convincing youth to look into past in searching for
proper milestones along the roads to the future.

Index Terms: Electronic guides, mobile devices,
Android and iOS operating systems, historical
heritage

Very reach and versatile historical heritage on
the territory of Serbia, from prehistory to the recent
past and presence, including certainly the history
of Serbs, imposes necessity of application of
information technologies in preservation and
presentation of this natural, historical, cultural, and
technical richness [7], [8].

INTRODUCTION
Information technologies have brought drastic
changes in the way of representing the information
and related data as well as in their presentation to
the users. To that goal, instead of the written and
printed text, a highly predominant way of
presenting the data and information is enriched by
moving pictures, colors, animations, and sound.
These changes unavoidably affect the way of
noticing, observation, proper understanding, and
registering information. Consequently, the way of
learning is also changed, hopefully improved and
facilitated.

In a country in transition, like Serbia, the
economic situation demands that the way of the
usage of information technologies in these areas
should be inexpensive to make them affordable
even for small museums and other related
institutions typically financed by regional or local
communities most of them staying in permanent
financial shortage [4].

These changes in representation of information
and bringing data to their users affect strongly
arrangement and organization of exhibitions in
museums, galleries, archeological sites, or
_______________________
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As contemporaries of strong attempts towards
revision of history, especially the relatively recent
history of the last century, nullification of
contributions of certain countries, devaluation of
numerous sacrifices of particular nations or ethnic
groups in the fight for liberty and equality,
especially in antiracist and antinazi combat, we
should use information technologies to preserve
and present the historical truth and related data
undistorted.

We can conclude that application of information
technologies in preservation and presentation of
national heritage of Serbia is a very important, but
a challenging multi-dimensional task.

sense of age of visitors, their education, previous
knowledge on the subject, level of interest, etc.
Compared to the typical speech a professional
guide usually deliver to the visitors, an eGuide
offers a considerably enlarged amount of
information and the user is free to select topics of
his particular interest to be better informed about.
It is even more important that the visitor becomes
an active creator of the exhibition devoted
exclusively to himself by selecting the topics about
which he wants to be better informed depending
on his particular interest. In this way, the visitor
takes an active role, instead of being a passive
observer of artefact and listener of a standardized
talk. Further, the information a visitor can get
through the eGuide is certainly more complete,
presented in an attractive way, more compelling
and easier to accept, learn, and remember. This
probably especially applies to 3D reconstructions,
where the visitor is able to see the missing parts
or complete digital computer generated
reconstructions of various objects, either small
like, for example, jewelry to grandiose
architectural objects.

Electronic guides presented in this paper are an
example of software products that satisfy most of
the above mentioned criteria and, therefore, could
be possibly recommended for application in
presentation of national historical, natural, cultural,
scientific, and technical heritage. Several
applications that are already in application by few
museums in Serbia confirm their effectiveness.
From the creativity induction methods point of view
summarized in [2], the presented solution includes
elements of several of them, but it might be stated
that transdisciplinary is certainly prevalent. The
presentation in this paper is organized by following
as much as it was possible the template for writing
articles of this kind specified in [3].
ELECTRONIC GUIDE
Electronic guide is an application for mobile
devices as tablet PCs and smart phones. They
can be used to navigate a user through either indoor exhibitions in museums, galleries, fair halls,
or across open sky museums, archaeological
sites, ethnographic parks, and old town centers as
a place of architectural and historical heritage.

1.

This module is intended to navigate the visitor
to the places of his personal interest. It is
implemented as a standard plug-in establishing
connection to the Google Map and providing all
related information as this service. The user is
navigated to the points of interest marked at the
map from either its current position, center of the
town, central bus or railway station, or possibly the
nearest airport.

Electronic guide presented in this paper has
been developed as a part of research work within
a project in digitalization in culture conducted by
the Mathematical Institute of SASA in Belgrade,
Serbia [8], [9], [10], [11], [12], [13], [14].
This electronic guide (eGuide) can be viewed as
an advanced and upgraded version of classical
audio guides commonly used in many museums.
The advancement consists in increasing the
functionality.
An eGuide consists of the following modules
1.
2.
3.
4.
5.
6.
7.

Module Map

2.

Gallery of Photographs

This module contains a set of selected
photographs with enabled both pitch and
incremental zoom. To each photo a caption and
the order number is assigned. A compromise
should be made between the total size of the
application and the number of photographs and
their resolution. If many photographs should be
presented, some of them can be included in the
application while the other are download from a
server.

Geographical map,
Gallery of photographs,
Textual information,
Audio records,
Video records,
Interactive 3D models,
Augmented Reality (AR) module.

3.

Text

Text is the simplest way to convey the
information and therefore it is provided. This is
certainly necessary for users with reduced
auditory abilities. Attempts are made to provide
concise texts, however, scrolling across the text is
provided, or alternatively the option Read more.

An important feature of eGudies is that they
ensure independence of the user of a professional
visitor guide which usually offers a standard
amount of information about certain selected
artefacts or other objects of interest offered within
an exhibition or along a touristic route. This
information is adapted to an average visitor in the
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4.

figure, AR-module is used to project mosaics
hidden under the sand for conservation reasons
and, therefore, invisible for visitors. In this case, a
purposely generated pattern is used as a marker
for recognition by the AR-module.

Audio Module

Many visitors do not like to read while standing
at the front of artefacts in exploring a museum,
gallery or an archaeological site. They prefer to get
information through an audio record.
5.

Video Module

This module enables projecting various video
records on the screen of the mobile device that are
intended to provide additional visual information
about the subject of interest. Depending on the
profile of the museum, and especially for the open
sky museums or archaeological sites, eGuides
include video recorded by a drone and panoramic
views. Since video files are usually large, in most
of the applications this video material is not a part
of the applications, and it is rather streamed from
the server. Alternatively, a corresponding link to
the YouTube is provided. See Figure 4, and
related description bellow for an example.
Upon request by the museum authorities, a
video with text interpreted in Sign language for
users with disabilities can be attached and
projected [1]. An example is the eGuide entitled
Old Knjaževac in the list of applications by the
ARhiMedia group.
6.

Figure 1. Recognition of a computer generated marker to
project the photo of a mosaic covered by sand for conservation
purposes at the Archaeological Park Mediana, near Niš,
Serbia.

Another example from the same application is
shown in Fig. 2, where a 3D model of a fountain is
projected on the place where supposedly it was
located in the audience hall of the Roman emperor
Konstantin the Great. Recall that Mediana was a
summer palace of this Roman emperor who was
born in Niš. In this case, a part of the mosaic is
used as a marker for the AR-module. Idea is to not
affect integrity of a monument, in this case a
mosaic, by inserting an artificially created object
as a marker.

Interactive 3D Models

In some cases, and in particular for
representation of historical and architectural
heritage, 3D models offer a very informative and
also attractive way of informing the user. In the
presented eGuide, it is usually provided a gallery
of interactive 3D models, in the sense that they
can be pitch or incrementally scaled and rotated.
This is often used for 3D reconstructions of
objects, buildings, and similar artefacts.
These 3D models are further used in many
cases and whenever appropriate as a basis for
virtual walks.
7.

AR-Module

This module is intended to provide additional
information through various audio-visual effects
obtained by inserting computer generated objects
into the image captured by the camera of a mobile
device.
Augmented objects could be text, audio
records, images, 3D models, or video records.
Fig. 1 illustrates an application of the ARmodule from the eGuide for the archaeological site
Mediana, near the city of Niš in Serbia. In this

Figure 2. A part of the mosaic as a marker for projection of a
3D model of a fountain.
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Figure 3. Facade of a building as a marker for AR-module in
eGuide.

Figure 4. Facade as a marker and links to YouTube videos
related to the subject.

Figure 3, illustrates the case from the eGuide
Industrial Heritage of Paraćin [6], a city in Serbia.
In this case, the marker for recognition is the
facade of a building.

Scenes are defined by the parameters embedded
into an XML configuration file which enables
dynamic content creation. Dynamic content
concerns text, images, video, audio and 3D
models.
For instance, module map is defined with the
parameters for location (longitude and latitude) of
important places. Also, route creation is generated
using these parameters. Gallery of photographs
and video player module embeds the multimedia
material using the XML file. The AR-module is
based on the application of Easy AR engine which
fully supports the Unity 3D engine.
In addition, a variety of other software is used
for image, audio and video processing, and
editing, compression, and other manners of
adaptation of the contents for efficient projecting
on mobile devices.

Figure 4 shows another illustrative example of the
application of AR-module in eGuides. In this
example, again facade is used as a marker, and
links to two YouTube items are provided. This
historical building, presently a hotel, served in the
Second World War as the head quarter of the
German Army where the plan for the airborn
assault known as the Raid on the city of Drvar in
Bosnia was elaborated to arrest or kill the partisan
leader Tito, who later become the president of
former Socialistic Federal Republic of Yugoslavia.
A mosaic in this building the photo of which is
included into the Gallery of photographs,
motivated the name of this war operation
Rösselsprung [5].

INSTALLATION OF EGUIDES
IMPLEMENTATION TECHNOLOGIES

Since eGuides are developed as a result of the
research work on a project supported by the
Ministry
of
Science
and
technological
development of Serbia, they are freely accessible
on Google Play for Android and APP Store for iOS
based mobile devices, respectively.

The ARhiMedia group realizes eGuides by
using the Unity 3D engine since it is a crossplatform game engine allowing exporting the
application for mobile devices working under
either Android or iOS operating systems. Each
module is a separate Scene in the Unity project.

A concrete application can be accessed
searching by its name on these repositories, or
directly from a link provided by the cultural
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institution or given to the user by somebody. A
typical way is that a poster with a QR-code
assigned to the application is posted at some
appropriate place near the entrance. The visitor
gets the application by reading the QR-code.

INSTEAD OF CONCLUSION
Fig. 5 shows an example of a poster to
download the eGuide for the Museum in Orašac,
a chapter of the Museum in Arandjelovac, Serbia.
The reader of this article is welcome to read the
QR-code to get the application, and then start the
AR-module and use the pictures at the poster as
markers. The exhibition presents speeches in the
year 1804 of leaders of Serbian rebels against the
five centuries long occupation by the Ottoman
Empire.

Figure 5. Example of a poster with QR-code to download the eGuide for the Muzeum in Orašac.
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On Replacing the Consensus Protocol
of Ethereum Blockchain Platform
Todorović, Milan
implementation of the proof-of-work (PoW)
consensus protocol, the most widely used
consensus protocol in blockchain platforms.
Ethash protocol is used for public Ethereum
networks, and the resource that miners use for it
is computational power. Clique protocol is
Ethereum’s proof-of-authority protocol, designed
for usage in private Ethereum networks. The
resource needed for Clique protocol is the identity
of the miners.
Motivation for the Work. The existing consensus
protocols of Ethereum platform are not suitable for
every usage scenario, as the participants of the
platform may find those scenarios unprofitable, as
the amount of the resources needed for the
consensus protocol may be too high. To make
those scenarios more appealing for the
participants, additional consensus protocol can be
implemented that could balance out the invested
resources and the profit. This research follows the
Crossdisciplinarization method for creativity
induction from [6].
Organization of the Paper. Section 2 gives the
brief overview of the Ethereum platform, its
principles and the consensus protocols that the
platform has implemented. Section 3 shows the
interface that the new consensus protocol must
implement, and gives the description of the
individual modules of the inter-face. Finally,
section 4 gives an overview of the experiments
needed to be conducted in order to show the gains
that would be received by using the new
consensus protocol.

Abstract: The main part of the paper shows and
explains the interface that an alternative consensus
protocol has to implement, in order to be a
functional part of the Ethereum platform. Also, the
paper provides an overview of the experiments
needed to be conducted in order to show the
benefits received by using the alternative/new
consensus protocol.
Index Terms: consensus protocol, Ethereum,
Geth, proof-of-work.

1. INTRODUCTION
thereum [1]. [2], is a platform launched in 2015
with the idea of creating universal platform for
decentralized
applications.
The
main
component of the platform consists of a blockchain
with a built-in Turing-complete programming
language, that is used for writing programs called
the smart contracts. The codes of these smart
contracts are stored on the blockchain itself, which
allows users to use them and their functionalities.
The most important part of any blockchain
based platform is the consensus protocol, which is
used to establish a trust within the platform without
the trusted third party that represents centralized
entity. However, the entities that are participating
in the consensus protocol, that are most
commonly known as miners, are required to
allocate and spend certain resources for execution
of the protocol, which consists of solving a specific
hard problem defined by the protocol. The type of
resource spent for the execution of the consensus
protocol, the way that the miners create the new
blocks, and the way that the verifiers verify the
new blocks depends of the protocol itself, and
reviews of the currently reported consensus
protocols can all be found in [3], [4].
The current version of Ethereum platform has
two consensus protocols that are implemented:
Ethash [5] and Clique. Ethash is Ethereum’s

E

2. EXISTING SOLUTIONS AND DRAWBACKS
Ethereum is a blockchain based peer-to-peer
platform used for decentralized applications, that
has its own crypto currency called ether. Ethereum
has its own built in Turing-complete programming
language, used for specific programs, known as
smart contracts, that are stored in the blocks of the
blockchain itself. Ethereum was created using the
following design principles:
Simplicity - implementation of the platform
should be as simple as possible.
Universality - Ethereum aims to be a
universal platform used for creating
distributed applications, which are based on
smart contracts.
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order to participate in this consensus protocol,
computational power, which is directly related to
electrical energy consumption. Current estimated
annual electricity consumption of main Ethereum
network that uses Ethash algorithm, is 8.34 TWh,
while the number of U.S. households that can be
powered for a single day is 1.16 [8]. This data
suggests that the new consensus algorithm may
be needed for certain distributed applications,
which will not be as expensive as proof-of-work
protocol, but will be suitable for public Ethereum
networks.

Non-discrimination and non-censorship All mechanisms used for protocol regulations
should be directed at preventing harm, and
not trying to stop some undesirable
applications (infinite loops in smart contracts,
for instance).
Modularity - Ethereum’s implementation
must be as modular as possible. If someone
makes a change of the Ethereum protocol in
one place of the application, the rest of the
application should continue to function
without
requiring
any
additional
modifications.
Agility - elements of the Ethereum are not
permanent, which means that, if some
modification of Ethereum, discovered during
its development, improves its security or
scalability, the protocol itself may be
changed.

3. PROPOSED SOLUTIONS AND JUSTIFICATIONS
Current up to date implementation of Ethereum
is Geth [9], created using the Go programming
language. The implementation follows the
previously mentioned design principles, so Geth
has well-defined interface that a new consensus
protocol must implement. The modules that
represent the interface of the consensus protocol
can be grouped into three categories: Utility,
Verification and Mining categories, as shown in
Figure 1.
Before describing the individual modules that
are needed to be implemented by the new
consensus protocol, it is necessary to know the
structure of Ethereum’s block. The block consists
of a header, list of transactions, and a list of block’s
uncles [5]. Uncle blocks in Ethereum platform are
valid blocks that were mined at the same time as
the new block’s parent block, but didn’t made it on
the chain. However, Ethereum protocol stores
uncle blocks and gives the miners who mined
them some incentive as the existence of those
blocks strengthens the chain itself. The most
important part of the block, for the consensus
protocol, is the block’s header, as all of the
modules of the consensus protocol interface use
the header to perform their functionality. The
header of the block has the following fields:

The way that users interact with Ethereum
platform is peer-to-peer in nature, and consists
only in issuing transactions. Those transactions
have to be verified and executed before they end
up in a block that is stored in the blockchain. There
are two types of transactions in Ethereum:
contract creation transactions that are used for
deploying a new smart contract on the blockchain,
and message call transactions that are used for
transferring Ethereum’s native crypto currency, or
for executing functions of smart contracts that are
already on the blockchain. The transactions
issued by the users have to be verified before they
are added into a new block that will be added to
the blockchain. The process of creating a valid
new block that contains new and verified
transactions is called mining, while users that are
creating these blocks are called miners [7]. When
a new block is mined, the rest of the miners, that
did not mine the block in question, have to verify it
and its content and agree on its validity. Only when
majority of miners agree that the block is valid, it
will be added to the blockchain. The miner, that
mines a new and valid block that ends up on the
blockchain, receives an incentive, in form of some
ethers. This incentive assures that the miners will
compete for mining a new block. The method of
mining new blocks, and the method used by
miners for verification and approving of new blocks
is defined by consensus protocol. As mentioned
earlier, the current version of Ethereum has
implementations of two consensus protocols:
Ethash [5] and Clique.
However, these two consensus protocols may
not be suitable for every distributed application
based on Ethereum. Clique protocol is protocol
suitable for the private Ethereum networks, where
only selected users may participate, and it cannot
be used for applications that are open, where
anyone can be a part of the network. On the other
hand, Ethash is consensus protocol suitable for
public Ethereum networks, where anyone can
participate. However, the resource miners need, in
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ParentHash is a 256-bit hash value of the
header oft he parent block.
UncleHash is a 256-bit hash value of the
block’s list of uncles described above.
Coinbase is a field that contains the address
of Ethereum’s account that receives all the
rewards from mining the block.
Root is a 256-bit hash value of the root node
of the state trie, that is obtained after all of the
transactions of the block are processed.
TxHash is a 256-bit hash value of the root
node of the transaction trie that represents
the list of all transactions contained within the
block.
ReceiptHash is a 256-bit hash value of the
root node of the trie that contains all of the
outcomes of all the transactions of the given
block.

Figure 1 - Ethereum's consensus interface

















Bloom is a field that contains the Bloom filter
which consists of indexable information that
are contained in each log entry created by the
result of the transactions of the block.
Difficulty is a field that contains the difficulty
level used for the block mining.
Number is a field that contains the ordinal
number ofthe block within the blockchain.
GasLimit is a field that contains the value
that limits the number of operations contained
within the transactions of the block, based on
their cost.
GasUsed is a field that represents the total
cost of operations used in current block’s
transactions.
Time is a field that contains the output of
Unix’s time() function at the moment of
block’s creation.
Extra is an array of maximum 32 bytes that
can contain various data relevant to the block.
This field can be used by the new consensus
protocol to store additional data needed for its
functionality.
MixDigest is a 256-bit hash value that, when
combined with the nonce field, provides a
proof that enough computation power went
into the mining of the block. This field is used
by the Ethash protocol, while the Clique
protocol has no use for it. This means that this
field can be used by the new consensus
protocol, to store additional data, similarly to
the Extra field.
Nonce is a 64-bit value that is used to store
the cryptoseal of the block that is a proof that
the mining was done correctly according to
the consensus protocol. This field is used by
the consensus protocols to store the result
value of mining.









Author
(header
*types.Header)
(common.Address, error). This module
returns Ethereum address of the Ethereum
account that was used to mine the block with
the given header. In case of Ethash, this
account is the same as the coinbase account,
which the base account of every participant
of the Ethereum network. However, in case of
Clique protocol, which is based on
signatures, this account may be different.
Depending of the consensus protocol that is
being implemented, this module must return
a valid address used for mining the new
block.
CalcDifficulty(chain
ChainReader,
time
uint64, parent *types.Header) (*big.Int)
module returns the difficulty of the next block
that will be mined. Difficulty parameter of the
consensus protocol is used to ensure that the
time that passes between creation of two
consecutive blocks remains the same, or as
close as possible. Maintaining the steady flow
of new blocks is important for reliability of the
blockchain, so the new consensus protocol
must implement this module according to the
mining process that it uses.
APIs(chain ChainReader) ([]rpc.API) module
returns RPC API that is used for controlling
the consensus algorithm remotely. This
functionality is optional, but implementing it,
will provide the flexibility of controlling the
miners.
Close() (error) module is used to stop every
background thread of the consensus
protocol.

The second group of modules consists of
Verification modules, that are used for verifying
the new block created by miners. The four
modules of this group are as follows:

Utility modules represent the part of the
consensus protocol that is used for miscellaneous
operations of the consensus protocol and are:
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VerifyHeader(chain ChainReader, header
types.Header, seal bool) (error) module is
used to check if all of the fields in the header
of the block, that is newly mined, follow the







rules defined by the consensus protocol that
is being implemented. If the flag seal has the
value of true, the module will also check the
validity of the crypto seal that was created by
the miner of the block that is being verified.
However, the crypto seal verification can be
explicitly done using the VerifySeal module.
The argument chain is used by the module to
read the contents of the blockchain.
VerifyHeaders(chain ChainReader,headers
[]*types.Header, seals []bool) (chan<- struct,
<-chan error) module is almost the same as
VerifyHeader. The only difference is the fact
that this module does a verification of a
number of block headers using the chain
reader the same way VerifyHeader module
does. This module has two go channels as its
return value. The first channel, known as the
quit channel, is used to abort the operations
performed within the module. The second
channel is called the result channel, and it is
for asynchronous transfer of the verification
results, in the same order as blocks that were
sent to the module as arguments.
VerifyUncles(chain
ChainReader,
block
*types.Block) (error) module is used to check
the validity of uncles [1] of the given block.
Uncle blocks must undergo the same
verification as every other block, that made it
to the chain, went through, as Ethereum
protocol stores uncles as well. The
verification of uncle blocks should be
implemented the same as the verification of
other blocks.
VerifySeal(chain
ChainReader,
header
*types.Header) (error) module must verify if
the crypto seal, which is a result of mining the
block, is valid according to the rules of the
consensus
protocol
that
is
being
implemented. For storing the result of mining,
the new protocol may use 64 bit field nonce,
but it also has two 256 bit fields, MixDigest
and Extra, on its disposal. It should be noted
that, for consensus protocols that will be used
in public Ethereum network, seal verification
must be a lot easier than the mining process
that produces the seal, in order for protocol to
maintain safety and efficiency.





The new consensus protocol must implement all
of the modules mentioned above (except APIs
module which is optional), in order to be functional
in the Ethereum network. Once those modules are
implemented, the consensus protocol can be
used, and the rest of Ethereum protocol will
continue to function in the same way that it does
when Ethash and Clique protocols are used.

The last group of modules consists of Mining
modules. They are the core modules of every
consensus protocol as they define the problem
that miners have to solve, in order to create a new
black. In return, the nature of the problem defined
within these modules determines the resources
needed for the mining process itself. There are
three modules in this group:


be used for solving the problem defined by
the consensus protocol.
Seal(chain ChainReader, block *types.Block,
stop <-chan struct) (*types.Block, error)
module is the main module of the consensus
protocol, as the mining itself occurs within it.
Seal module receives a block that went
through prepare module. The problem that
needs to be solved must be defined and
solved within this module. In order for
consensus protocol to function properly, the
problem itself must be somehow connected
to the block that is being mined. For instance,
in Ethash protocol, the input for the problem
that is being solved is the hash value of the
block that is being mined. That way, the
problem becomes specific to the block being
mined, and prevents the miners to prepare
the problem’s solutions in advance. However,
this is the case for the public networks, while,
in the case of private networks, there is a
level of trust regarding the miners, so the
problem defined by the consensus protocol
may be a lot easier, and even not related to
the block that is being mined. The result of
this module is a new block that has miner’s
crypto seal in specific fields of the input
block’s header.
Finalize(chain
ChainReader,
header
*types.Header, state *state.StateDB, txs
[]*types. Transaction,uncles []*types.Header,
receipts []*types.Receipt) (*types.Block,
error) is the module that finalizes the mined
block that is being published. It adds some
final values to the block, for example, the
reward for that the miner receives for mining
a new block, after the crypto seal value was
found and added to the block’s header. The
output of this module is the final version of the
block that is ready to be appended to the
blockchain, in case that the majority of miners
in the network accepts it.

4. HOW TO SHOW ADVANTAGES, GAIN, AND
CONDITIONS FOR THE GAIN

Prepare(chain
ChainReader,
header
*types.Header) (error) module is used to
prepare and initialize the fields of the block’s
header in such a way that will allow them to

48

After the implementation of the new consensus
protocol is done, its advantages and
characteristics must be shown. Firstly, it would be
necessary to show the conditions under which the
consensus protocol works correctly, and compare
those conditions to the existing protocols, which
are used for the same type of Ethereum network
(public or private). For example, it is known that
proof-of-work consensus protocols guarantee its

correctness if at least 50% + 1 of computational
power is controlled by honest miners [4]. If the new
consensus protocol is to be used in public
networks, the conditions under which the protocol
works correctly may be compared to those of
proof-of-work protocol, as it is the most widely
used consensus protocol in public blockchain
networks.
Once the comparison of the conditions is done,
it would be required to perform some experiments
and compare the results to the ones received
when one of the existing consensus protocols are
used. The most critical resource in blockchain
platforms, including Ethereum, is time needed to
process and validate transactions, or, in other
words, to create a new block. The experiment that
could show the advantage of the new protocol
could be performed on an Ethereum network with
only one miner, and it would consist of measuring
the time needed for mining a new block. First,
however, it would be required to find the
correlation between the difficulties of the new
consensus protocol, and the one that is used for
comparison. Once that correlation is found, the
miner would first mine blocks using the new
consensus protocol, with predefined set of
difficulties, and after that, the miner would mine
blocks using the consensus protocol used for
comparison, but with the set of difficulties that
corresponds to the set used for the new protocol.
The number of mined blocks per difficulty should
be as high as possible, but same for both
protocols, in order to obtain enough values for
comparison. Once the measurements are
complete, it would be useful to calculate minimum,
maximum, average, and median time needed for
mining blocks for fixed difficulty, for each of the
consensus algorithms. Those values would be
compared with the same values of the
corresponding difficulties, between two protocols,
and the comparison would show the gain received
by using the new consensus algorithm.
Finally, it would be important to show the
performance of the new consensus protocol on a
network with more than one miner. As the nature
of blockchain networks is peer-to-peer, the test
network would have to be the same. The topology
of that network would have to be made in a way
that would simulate real-life peer-to-peer
networks: each miner would be connected directly
only with a limited number of other miners. There
should be a number of blockchain users that would
generate transactions and send them to the
network. The comparison should use the same
measurements as in the case of the network with
one node: minimum, maximum, average, and
median time needed for the network to produce a
new block, given the problem difficulty for the new
consensus. The same experiment with the same
exact conditions like, network topology, number of
miners, and number and types of transactions,
should be conducted using the second consensus
protocol. Once that experiment is complete, the

corresponding values would be compared, and the
gain that comes from the usage of the new
consensus algorithm would be shown.
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Proverbial Opinions of Selected Experts:
From Past Experiences to Future Directions
Antunovic, V., Bozovic, I., Cloetingh, S., Dakovic, N., Delilovic, N., Djukanovic, M.,
Furht, B., Giorgi, R., Kavcic, A., Kondorosi, E., Lazic, M., Maurer, H., Mencer, O., Mesinger, F.,
Mihaljevic, M., Milutinovic, V., Mircevski, D., Moutinho, L., Ognjanovic, Z., Papale, P., Petersen, O.,
Radovic-Markovic, M., Rizvic, S., Salom, J., Verkhratsky, A., Vunjak-Novakovic, G., Zlokovic, B.

Abstract: This article is an opinion article on topics of importance for various aspects of research
and development in science, engineering, social studies, and humanities. It is meant to consist of
a number of contributions of proverbial nature, short in wording, so the expert opinions of the
contributors are easier to be remembered by future scientists or practitioners in the related fields.
Index Terms: Science, Engineering, Health, Social studies, Humanities
1. INTRODUCTION
The IPSI Transactions on Advanced Research is a journal with a tradition of publishing opinion articles
on different aspects of science and engineering. Previous articles of that sort include ten different
contributions from Nobel Laureates, as well as the contributions of the highest-reputation experts in fields
not covered by Nobel Prize. The rationale behind such an editing policy is to create a database of heritage
items of interest for young professionals in generations to follow.
This article is focused around proverbial opinions of selected researchers in Science, Engineering,
Health, Social studies, and Humanities. The stress is on social responsibility, aesthetics, art, and vision.
It follows the recommendations of [Bankovic2020] and focuses on creativity behind the expert opinions,
as elaborated in [Blagojevic2017]. Each contribution was intentionally requested to be short (from about
100 to about 400 words), so that the contributions, over the time to follow, could generate a proverbial
value for interested readers.
The contributors were selected from Europe, Asia, Canada, and the USA. Most of them are members of
Academia Europaea, with affiliations and/or origins in Serbia or Montenegro, or are members of the Board
of Academia Europaea who visited Serbia and/or Montenegro in 2019 and 2020, to hold there their
Strategy Development Meetings and to attend related conferences. Some of the contributors are young
researchers who share the values of Academia Europaea, and have presented their research results at
recent meetings in South East Europe, that were organized in order to promote the values of Academia
Europaea (The MECO 2019 and 2020 and the IPSI 2019 and 2020 conferences, both in Budva,
Montenegro). The co-authors are listed in the alphabetical order.
The entire structure of the article was set to satisfy the two types of wishes that some of the contributing
authors had expressed:
A. To create a contribution of a strictly "proverbial" nature, meaning short messages, that stick into the
memory of readers and act from there in a way which is similar to how proverbs act in our lives.
B. To create an article of an "elaborative" proverbial nature meaning longer messages, with elements of
a scientific methodology, which acts in our brains in a way similar to how scientific articles act.
These two formats of expression could be described as follows:
A. The word count of 100 was set as a minimum, and some of the authors have decided to stick to that
number, in a short one-paragraph contribution, without references, to generate a proverbial message,
which is easier to be remembered by interested readers. Of course, if one liked to add up to 4 references
into the 100-word proverbial contribution - that was considered fine as well (as it could help the reader to
get more insight).
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B. If a more elaborated opinion or advice was preferred, to have a touch of a scientific article, one was
more than welcome to expand to the maximum of about 400 words, organized in as many paragraphs as
wished. In this later case, also up to 4 references could be added. All references have been requested to
be written Harvard style, and listed at the end of the entire article in the alphabetical order. Of course, it
is clear who contributed what reference to the final list, by comparing the references in the final list and
those in the paragraphs written.
The Editorial Board is thankful to all contributing authors for finding time in their busy schedule to join this
effort for which the Editorial Board strongly believes, will be of interest to a wider audience of younger
researchers.
2. OPINIONS DRIVEN BY EXPERIENCES
Our education sets initial foundations for our research. Our research experiences set foundations for our
opinions. Our opinions set grounds for our future research. Our past research forms our beliefs about the
directions for future educational missions related to generations yet to come.
2. 1. Science
Alexei Verkhratsky,
The University of Manchester and Academia Europaea, UK

How to cure the disturbed brain: The renaissance of neuroglial research promises new
therapeutic strategies? Despite tremendous progress of medicine in the last 100 years, there are
no curative remedies for diseases of the brain, especially diseases of cognition such as
neuropsychiatric and neurodegenerative disorders; contemporary medication at its best alleviates
symptoms but does not halt the pathological process. How to cure the troubled brain? Without
doubt this is the main challenge to the medical research and clinical practice in the 21 century.
The common and prevailing set of neurological thoughts considers neurones as the primary
substrate of pathological progression; consequently, pharmacology developed drugs targeting
neurones.
Recent decades however witness a dramatic change of this "neurone-centric" concept. Since the
early days of brain research prominent neuropathologists such as Rudolf Virchow, Santiago
Ramón y Cajal, Alois Alzheimer or Pio Del Rio Hortega regarded the homoestatic cells of the
brain, the neuroglia as the main component of neuropathological evolution. Neuroglial cells
maintain brain homeostasis and brain connectivity; they also provide defence to the nervous
tissue. Consequently, malfunction, pathological remodelling or atrophy of neuroglia underlies
many, if not all, neurological disorders including genetic (e.g. Alexander disease, which is a
primary sporadic astrogliopathy), environmentally caused (e.g. heavy metal encephalopathies,
hepatic encephalopathies or neuroinfections), neurodevelopmental (e.g. different forms of
autistic spectrum disorder), neuropsychiatric (various forms of depression, bipolar syndromes
and schizophrenia) and neurodegenerative (e.g. amyotrophic lateral sclerosis, Alzheimer’s and
Huntington’s diseases).
Targeting neuroglia may hopefully be the critical step in developing new therapeutic strategies
that can arrest and reverse pathological disturbances of the brain.
Borko Furht
Florida Atlantic University, Boca Raton, Florida, USA and Academia Europaea, London, UK
Can one be at the same time a successful researcher, academician, administrator, and
businessman in the field of computer science? Usually not! Successful researchers are typically lousy
administrators. Successful academicians and administrators are usually not good businessmen. I also
witnessed that university administrations turn into successful researchers rather than researchers turn to
rich businessmen.
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However, there are exceptions. One is Dr. John Hennessy and this is a story about him. He is my idol
and should be an idol for all computer scientists. I met John in mid 1980s at a computer architecture
conference; this was the field of research of both of us. He is six years younger than me. We were both
young associate professors, he at Stanford University, and I at University of Miami. We were briefly
introduced and I have never met him again; however, I closely followed his career. I remember him as a
young, blond, baby-face, very pleasant person. It will take many pages to describe John’s contributions,
so I will briefly mention a few.
As researcher, he, jointly with David Patterson from Berkeley, invented RISC processor that
revolutionized computing and had a great impact on the microprocessor industry. He co-authored two
books, which were used for more than twenty years at many universities as textbooks in the field of
computer architecture. In 1984, he co-founded a successful company MIPS Computing Systems, which
was later acquired by Silicon Graphics. As a university administrator, he was appointed as the Chair of
the Electrical Engineering and Computer Science at Stanford, then as the Dean of School of Engineering,
University Provost, and from 2000 to 2016 as the President of Stanford.
He received many awards including the 2012 IEEE Medal of Honor and the 2017 ACM Turing Award. He
is a member of the National Academy of Science, the Royal Academy of Engineering and several other
academies. Presently John is the Chair of Board of Directors of Alphabet Inc. (Google), and on the board
of several other high-tech companies. He is considered as “The Godfather of Silicon Valley!” In summary,
John proved that a computer-scientist can be a successful researcher, academician, administrator,
businessman, and much more!
Berislav Zloković,
University of Southern California, Los Angeles, USA and Academia Europaea, London, UK
Chalenges of the Alzheimer’s desease research. The field of Alzheimer’s disease pathogenesis and
treatment has begun focusing on understanding the role of innate immune system and vascular system
in cognitive impairment and dementia besides classical amyloid-beta peptide (Aβ) and tau pathways.
Particularly, recent studies from our group in the living human brain and animal models have shown that
blood-brain barrier breakdown is an early biomarker of human cognitive dysfunction and leads to neuronal
dysfunction in both synapses and nerve cells preceding neurodegenerative changes. Future studies
should include measures on brain vascular functions in individuals at risk for Alzheimer’s. Healthy blood
vessels are needed for healthy brain!
Eva Kondorosi,
University of Szeged, Hungary and Academia Europaea, London, UK
Alleviating the global nitrogen crisis. Explosion of the human population is largely due to the use of
nitrogen fertilizers and antibiotics, which increased the agricultural productivity and saved lives if millions,
respectively. However, the nitrogen fertilizers polluted the environment and microbes developed
antimicrobial resistance. For the human population growth, more food is required by a sustainable, ecofriendly agriculture and new antibiotics capable of killing the antibiotic resistant microbes. Biological
nitrogen fixation in rhizobium-legume symbiosis does not harm the environment and provides powerful
plant antimicrobial agents. This process is of fundamental importance to alleviating the global nitrogen
crisis and plant-based antibiotics might save many lives.
Fedor Mesinger,
Serbian Academy of Sciences and Arts, Belgrade and Academia Europaea, London, UK
The accuracy of atmospheric models. The atmosphere being chaotic and impacted by several
interacting systems, demonstrating increased forecasting skill of models is a challenge. We address this
by driving a limited area model (LAM) using initial and lateral boundary conditions of ensemble members
of the European Centre for Medium-Range Weather Forecasts (EC) global model. Our objective is to test
impact of numerical representation of topography different from that used in major global models. In
situation of an upper tropospheric system crossing Rocky Mountains, in the range of 2 to 10 days, our
Eta LAM shows jet stream level wind accuracy improved compared to its EC driver members, to the
extent that at least ones, according to each of the several accuracy measures we use, all 21 Eta members
had jet stream level winds more accurate than their EC driver members [Mesinger2017].
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Running the same experiment, but with the Eta code switched to use traditional terrain-following
coordinate “sigma,” this advantage of the Eta is considerably reduced, pointing to the treatment of
topography as a major reason for the accuracy of the Eta. But even so, the Eta/sigma mostly does better
than the EC, which is generally considered the most accurate among major global atmospheric models.
In addition to the verifications using a number of skill scores, these results are supported also by standard
synoptic-type plots, and candidate reasons for the advantage of the Eta/sigma over the EC are suggested
[Mesinger2018, Veljovic2019]. Overall, tests referred to offer encouragement for additional progress in
the accuracy of atmospheric models, additional to that generally expected from an increase in computing
power.
Gordana Vunjak-Novaković,
Columbia University, New York, USA, US Academies of Arts & Sciences, Engineering, and
Medicine; Serbian Academy of Arts and Sciences; Academia Europaea, London, UK
Tissue engineering. Tissue engineering was established only 30 years ago, with a goal to prolong life
and improve its quality by providing biological substitutes for our failing organs. The concept is remarkably
simple: we are enabling the cells to regenerate tissues, ex vivo and in the body, by using bioengineering
tools [Ronaldson-Bouchard2018a]. The field is increasingly successful in the implementation of patienttailored approaches, through the use of patient’s cells and the ability to reproduce anatomically correct
tissues. Two major advances in recent years are the bioengineering of whole organs (with the lung as a
notable example, [Dorrello2017]) and predictive modeling of human disease and effects of drugs, using
“organs on a chip” where micro-sized human tissues engineered from the patient’s cells are connected
by vascular flow into functional physiological units [Ronaldson-Bouchard2018b, Marturano-Kruik2018].
Ivan Božović,
Brookhaven National Laboratory and Yale University, USA and Academia Europaea, London, UK
Superconductivity in the next decade. My main research field is superconductivity. Within the next
decade, I expect the following breakthroughs: (A) The mechanism of high-temperature superconductivity
(HTS) in cuprates - one of the central open problems in contemporary physics - will be unraveled. (B)
This new insight will trigger discovery of new HTS materials. For the first time, superconductivity will be
observed at room temperature. (C) Major advances will be made in superconducting electronics. Viable
technology will emerge to fabricate large circuits of Josephson junctions and SQUIDs. (E) Quantum
computers based on superconducting qubits will solve various problems intractable by any classical
supercomputers. (F) Artificial Intelligence will be used routinely and pervasively.
Paolo Papale,
Istituto Nazionale di Geofisica e Vulcanologia, Pisa, Italy and Academia Europaea, London, UK
On relationships between pre-eruptive observations and measurements, and eruption impacts.
Understanding the behaviour of systems as complex as the Earth system is an incredibly challenging
endeavour, and one that forces us to severely question the same nature of the world around us. As
natural scientists, we have learned a lot on forces and dynamics. Science giants in the 18th and 19th
century have placed the fundaments of the deterministic approach that led us to the moon and next, likely,
to the planets. Although exceptions emerged when the observations were brought to their limits
[Michelson1903], in late 19th century it was generally accepted that the fundaments of nature had been
disclosed, and that any system, no matter how complex, could be exactly described by a bunch of
equations embedding the laws of Nature. That attitude largely continues today, in spite of new revolutions
that have revealed a world much more complex and less intuitive than imagined only 150 years ago.
We now know that our reality at its smallest scales is fundamentally uncertain [Heisenberg1927]; similarly,
we know that uncertainties are a fundamental component of many natural systems, and they cannot be
eliminated in practice (chaos) and often not even in theory (randomness). Uncertainties dominate our
daily life (e.g., we are uncertain about whether our boss will give us that salary increase, whether our
partner will still love us in ten years, etc.), but fully recognizing that science itself, which laymen regard
as a world of certainty and determinism, can be inherently uncertain, is a step that even scientists
sometimes struggle to take. When dealing with highly non-linear processes governing the Earth system
or parts of it (like the atmosphere, the volcanoes, etc.), treating uncertainties is a substantial element of
scientific understanding.
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The deterministic approach is fundamental to disclose the relationships between physical quantities and
understand the system dynamics and its possible evolutions, but a growing number of methods and
techniques allow us to best exploit deterministic science within a probabilistic framework, as well as to
approach complex problems with a pure probabilistic approach. In volcano science, recent discoveries
[Papale2018] suggest that deterministic predictions about the size of an impending eruption may be
unrealistic, possibly explaining why to-date we still lack generally accepted, robust relationships between
pre-eruptive observations and measurements, and eruption impacts.
Sierd Cloetingh,
University of Utrecht, Netherlands and Academia Europaea, London, UK
The mission of TOPO-EUROPE. Linking different spatial and temporal scales in coupled deep Earth
and surface processes is a prime objective integrated solid Earth science. The research approach of
TOPO-EUROPE integrates active collection of new data, reconstruction of the geological record and
numerical and analog modeling. The results of the program focus on closely interrelated topics: Deep
Earth, lithospheric structure, mantle-lithosphere interactions and sedimentary basins and georesources.
Quantitative understanding of topographic evolution in space and time requires study of processes from
the upper mantle through the lithosphere and crust and acting on the Earth's surface. Results
demonstrate the opportunities for further understanding of topography through integrated studies of the
full Earth system across space and timescales.
Vaso Antunović,
Montenegrin Academy of Sciences and Arts, Podgorica, Montenegro
About a possibility to decrease morbidity and mortallity. The developement of the non-invasive
diagnostic procedures like MRI and CT angiography enables revealing nonruptured aneurysms of
cerebral blood vessels. A consequence of this fact is the posibility of screening the population with a
higher risk of presence of these malformations, including the appearance of the policystic kidney disease.
On the other hand, the diagnosis could be made collateraly also for patiens sent to MRI or CT for other
reasons. Bacause of this, surgical or endovascular treatment could be performed before the potentially
catastrophic rupture, resulting in a decrease of morbidity and mortallity of such a serious clinical entity.
2.2 Engineering
Aleksandar Kavčić,
Carnegie Melon University, Pittsburg, Pennsylvania, USA
The next 20 years of data-science development should be watched carefully. By and large, the way
we use data is dictated by the way we store them. For example, when Johannes Gutenberg invented the
printing press (i.e., when he figured out how to efficiently and safely store data in books), mankind was
set on a revolutionary path of massive data and knowledge distribution. Similarly, when IBM addressed
the data storage issue on a personal computer (PC) by incorporating an internal disk drive (hard disk),
the PC finally gained mass popularity in the 1980s.
Today, to use data in ever-popular hand-held devices, we go through the "cloud", a collection of magnetic
disk drives held in distributed and remote locations. Most of the research today revolves around methods
and devices that efficiently move data to and from the cloud. But our data usage will inevitably undergo
an evolution. Or perhaps even a revolution? There is certainly a need to store more data on the handheld devices themselves. Presently, electronic flash memories seem to be the technology of choice in
various smart phones and tablets, and it may happen that flash memories retain that status as they evolve
to hold ever more data. However, if a revolutionary technology emerges that allows us to store entire
libraries in small hand-held devices, we are bound to experience another data revolution. The next 20
years will be exciting to watch.
Dejan Mirčevski,
Toronto, Ontario, Canada
Living in the age of unreliable software. Few would dispute that we live in an age of unreliable software.
Bugs, glitches, exploits, and meltdowns regularly affect our experience with software. The fundamental
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cause of this unreliability is economic: Making software reliable is often costly (in developers' time,
hardware resources, schedule predictability, etc.), while its benefits (in additional vendor revenue) are
modest in many markets. In other words, software unreliability comes as an economic advantage to many
software vendors today.
Software companies tend to win by adding features quickly, not by improving existing code. The result is
shoddy software we all know too well. If, however, this economic equation can be changed -- if the cost
of making software reliable could be drastically reduced, then unreliability will turn from an economic
advantage to an economic disadvantage. This will alter the market forces shaping the software business,
and the age of unreliable software will inevitably come to an end. If we make it cheap to build reliable
software, all software will eventually be reliable.
Milena Djukanović,
University of Montenegro, Podgorica
The ACT in Montenegro in the following decade. History remembers walking and using animals for
transportation, as well as 19th century discoveries with fuel-based machines that lead us to self-driven
vehicles nowadays. There are significant benefits from exploiting Autonomous and Connected Transport
(ACT) which represents one of the most interesting innovations of 21st century. The primary benefits of
ACT are transport costs and CO2 reductions, as well as road safety. Europe has a key role in the
development of relevant technology for future mobility vehicles and our task is to provide answers where
Montenegro stands with these new transport trends. Through scientific and administrative engagement
at a local, national, and international level, we hope to live the wider impact of ACT in Montenegro in the
following decade.
Miodrag J. Mihaljević,
MISANU, Belgrade, Serbia, University of Tokyo, Japan, and Academia Europaea, London, UK
Challenges of Cyber Security and Privacy. Cyber security and privacy have been well recognized as
the issues of top priority in order that all the benefits of cyber space would not be compromised by a lot
of possible malicious actions. On the other hand, widespread employment of the mechanisms for cyber
security and privacy imply significant cumulative overheads regarding implementation complexity, energy
consumption, and the overall expenses. Consequently, an open challenge, which significance grows in
time, is to minimize the overheads: Accordingly, one of the top priorities is development of the so-called
lightweight components for cyber security and privacy mechanisms. These components are substantially
based on cryptography, and so we face the challenges of developing lightweight and, at the same time,
highly secure cryptographic primitives, which is far from an easy challenge. One interesting approach for
enhancing security of the lightweight cryptographic primitives is to combine approaches of the traditional
cryptology with the ones from the coding and information theory (as an illustration, see [Mihaljevic2019b]
[Mihaljevic2019a] [Oggier2014] [Mihaljevic2009], for example). New technologies employed in cyber
space, like the blockchain technology, also require lightweight and secure cryptographic components and
open additional challenges regarding minimization of the overheads.
Oskar Mencer,
Maxeler Technologies, Imperial College, and Academia Europaea, London, Great Britain
About possible and impossible. Early on, my interest was always in differentiation. Rather than worry
about experience which I would get anyway, I was focused on retaining the untainted reasoning of a fully
developed brain without the pollution of individual experience. Even today, when faced with hard
questions, I ask myself how my 15-year-old self would analyze and respond to the challenge. Of course,
I now also know many of the shortcomings of my past self, but I also remember the shortcomings I
observed of people with particular experiences. In this way, with advice from myself with and without
experiences, I usually get a much better picture. To succeed does not have to mean to accomplish a
goal, but rather to do the best one can, and summoning one’s thoughts from different parts of one’s life,
can lead to a much richer understanding of a problem, beyond the confines of experience.
Remember that some of the greatest things were invented by people who did not know that something is
impossible. Let us remember Arthur C. Clark: "When a distinguished, but elderly scientist states that
something is possible, he is almost certainly right. When he states that something is impossible, he is
very probably wrong."
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Roberto Giorgi,
University of Siena, Italy
The DF-Threads: Let new blood flow through your computer. Data Flow Threads (DF-Threads) is
both an execution paradigm and a low-level programming model, which permits a strong segmentation
and isolation of portions of a program so that the communication is reduced to what is just necessary for
other DF-Threads to perform their activity. Dataflow techniques have been explored successfully for the
execution engine of the superscalar processor or at a coarser level, such as in the OmpSs/StarSs
programming model (now converging into the next OpenMP). However, a proper hardware-software
interface to support the parallelization of threads is yet to be defined: current proposals create too much
communication or a continuous push-pull of data to/from memory and excessive synchronization.
Moreover, the need of maintaining consistency and coherency of shared data typically prevents
applications to scale up efficiently.
In the context of the AXIOM and TERAFLUX projects, DF-threads have been proposed as a possible
solution to overcome the above limitations of current systems [Theodoropoulos2017]. The interesting
concept is to imagine that thread-data could act like the blood in the human body, by carrying out a portion
of information each and at the same time being able to move around where it is necessary. The threadcode could be launched in all the computational units of the system without code migration. However, the
data is the information that is processed and should be able to move around asynchronously in the system
and sent exactly once, where it is needed [Verdoscia2014]. The data movement could be orchestrated
by existing hardware components such as DMA and schedulers [Giorgi2009a] [Giorgi2009b].
Veljko Milutinović,
Indiana University, Bloomington, USA and Academia Europaea, London, UK
Lessons learned from two R&D projects. If I would be asked to share my most impressive professional
experiences with junior researchers, I would stress the lessons learned from two different projects that I
was involved with in the past: namely, the design of the world's first GaAs microprocessor for DARPA
[Milutinovic1996], where I was helping the mission and vision of Wayne Moyers and Walter Helbig (in
1980's), and the design of the world's first MultiScale DataFlow SuperComputer for BigData
DeepAnalytics of MAXELER [Milutinovic2015], where I was helping the mission and vision of Oskar
Mencer and Michael Flynn (in 1990's).
The major lessons I have learned from these two projects are: (A) Do not take the well beaten paths of
others; instead, create your own paths that would be better suited for the given moment, due to the fact
that the conditions of the real environment keep changing, and what were the best paths before, may not
be the best paths any more [c], which implies that you are fully aware of the possible changings in the
environment around you, and (B) Do not get discouraged by big mouths that keep telling around that
what you do in research (taking your own paths) makes no sense, because if each step of your research
was well-thought ahead of time [Bankovic2020], based on deep professional knowledge (vertical), wide
general education (horizontal), a focused look-ahead (perpendicular), and your own intuition
(metadymension) - you will, most likely, win at the end (if you are living with healthy habits). So, do not
forget that the inventivity has four dimensions: Vertical, Horizontal, Perpendicular, and Intuitive!

2.3 Social Studies
Luiz Moutinho,
Unversity of Suffolk, Great Britain
Paradigm shifts in artificial intelligence (AI) and marketing evolution (ME). The AI in marketing
means using data science, natural language processing (NLP), and predictive analysis. Software using
AI has become an essential tool, concerning huge amounts of data the industry produces daily. Chatbots
and virtual personal assistants are prime implemented examples.
The AI enables marketers to pull insights from structured and unstructured data, giving the brands power
to produce mass personalization through more meaningful interactions with customers and make the right
offer with the right product and content in real time ...
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The AI contributes to all marketing areas, from communications to customers' targeting (the rule of
inference, a common AI method, can be used in targeted acquisition of new customers) ... and brand
management (intelligence-driven product catalogues, social network optimization, future-oriented
decision-wheels, digital media use for higher brand reputation ...; main tools: signal weighting and entropy
pooling) ...
The future of AI and robotics in marketing ...? Conversations are shaping as the next major humancomputer interface, delivering the human context by understanding human needs, bias in data and in
users, limitations of algorithms, evaluating ethics ... Algorithms that organizations use today do not
account for individual human objectives and marketing professionals need to prepare for a new target
audience: the personal digital twin (PDT) - a groundbreaking technology - a digital replica of physical
assets (physical twin), processes, people, places, systems and devices that can be used for various
purposes.
Mirjana Radović Marković,
The Institute of Economics, Belgrade, Serbia and Academia Europaea, London, UK
What kind of education do we need in the future? “Learning by doing” is a non-traditional approach in
which students are actively engaged in experiences that will reinforce lessons and teach skills that will
have a lasting impact and, thus, help them become better learners. So, the question is how can creative
education be maximised through new technology, including in-depth use of digital tools in the formal and
informal training programs. It is necessary to clarify the most relevant skills for the future that are related
to human interaction and personal development. And to reply to five main questions [Radovic2012]: (A)
What is the meaning of creativity in learning? (B) What does freedom in learning mean to students? (C)
What should be done to foster individuality in learning? (D) How can we encourage the entrepreneurial
abilities of students through education? and (F) In what direction should educational strategies be
developed?
Regarding the OECD Learning Framework 2030 [OECD2018], new vision and principles for the future of
education systems are required at a global level. It is expected that the three most important challenges
in the next decade will be environmental, economic, and social. Because of these three new challenges
and cyber age, there is a call for a new kind of managing the organizational change and visions of future
possibilities. At the same time, successfully managing diversity is increasingly recognized as an
imperative for the contemporary business world [RadovicTomas2019]. According to Radović-Marković
and Tomaš working in diverse backgrounds, managers must obtain a “global mindset.” In this context,
global managers and business people should know that diversity not only involves how people perceive
themselves, but how they observe others.
They might find themselves in foreign assignments; managing a workforce that differs in needs and
attitude [Radovic2019]. The foreign assignments require a broad set of knowledge, skills, and values in
action. In other words, the global managers need to be familiar with the following elements, which are
interconnected to the culture: language, legal environment, social setup, material culture, educational
system and values, economic and political environment. These elements educators should incorporate
in new curricula. Within new curriculum potential managers and entrepreneurial should develop abilities
through education by raising entrepreneurial intentions after graduation [RadovicZivanovic2019]. In short,
students work on real-life problems that are relevant and connected to business environment.
Ole H Petersen CBE FRS, Cardiff University, British Royal Society, and Academia Europaea,
London, UK
The most famous are not always the best. Vasily Grossman's „Life and Fate“ is a MUCH more
profound work than Boris Pasternak's more famous 'Doctor Zhivago'. It is a scandal that Vasily Grossman
is so relatively unknown. The world would be a better place if more people read Grossman. The musical
world provides other examples: The pianist Emil Gilels was greater than Sviatoslav Richter, the violinist
Leonid Kogan even better than the great David Oistrach and the Leningrad conductor Kurt Sanderling
more incisive and precise than Yevgeny Mravinsky. It may be better here not to mention examples from
the sciences, but there are plenty!
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2.4 Humanities
Hermann Maurer,
Graz University of Technology, Austria and Academia Europaea, London, UK
The mission of Austria Forum. Most everybody believes that "new " is "good". I think this not true in
general. Digitization and WWW are new, and bring many advantages. But I believe it is high time that we
also write/hear about disadvantages: Facts on the WWW cannot be believed, since one also finds
immediately the opposite view; how come apps are not standardized to some extent, so we don't have to
learn a new interface with every app? Why do we allow anonymous negative comments about persons
or institution! Those are three of dozens of examples. Who is the first to write a summary of all negative
effects?
Mladen Lazić,
University of Belgrade, Serbia and Academia Europaea, London, UK
About changes in humanities and social sciences. The collapse of socialism, followed by the “End of
History” thesis, radically changed socioeconomic, political, and ideological surroundings of social
sciences. Lost utopian perspective removed radical scientific critique as their developmental basis,
reducing them to technical services of politics or, alternatively, to research of problems reducible to
interpersonal relations (interpretative sociology). Crucial social problems, like growing economic
inequalities, are relinquished to other sciences (economy, e.g.), while other problems with socioeconomic
background are relegated to the “cultural sphere” (studies of horizontal “conflicts of civilizations”
suppressed research of vertical class conflicts), potentially conducive to the loss of specific research field
and methodology traditionally characterizing social sciences.
Namik Delilović,
Graz University of Technology, Austria
The mission of Austria Forum. Austria-Forum is a digital library containing over 1.2 million objects which
include documents, books (Web-Books), pictures, sounds, discussion and such. The content inside
Austria-Forum is reviewed by professionals and experts, and part of the content is manually interlinked
meaning for example, that the text inside a document can link to another document, Web-Book or similar
multimedia object. Currently, we are interested in implementing AI and Machine Learning in the context
of Natural Language Processing. Applying different supervised, unsupervised and semi-supervised
machine learning models, we aim to improve, automate and accelerate interlinking which is currently
done by our editors, thus providing all users with new and interesting suggestions based on their interest.
We firmly believe that future digital libraries will not consist of isolated books in which only the reference
list at the end points to content outside of the book, but will instead be interlinked parts of books and other
materials providing a full view of all relevant information concerning a particular topic; for example, one
chapter of a book directly links to a corresponding chapter in another book [Maurer2019]. Attempts to
interlink digital books have also been made before (e.g. using hyperlinks) but adapting the recent
development in artificial intelligence, machine learning and natural language processing could revitalize
these attempts and lead to new evolutionary innovations [Blagojevic2017].
Nevena Daković,
University of Arts, Belgrade, Serbia and Academia Europaea, London, UK
Are Humanities in decline? Humanities are in decline, all over the world – having been underfinanced
and downsized for a long time – at all levels and in all institutions (from the biggest universities to the
smallest institutes). Once we step out of the “North-Atlantic space”, one can speak about educational,
scientific or theoretical imperialism in much the same way as Edward Said speaks about cultural
imperialism: The one grounded in the unshaken dominance of Ivy League and Oxbridge universities,
cutting edge research projects, ample international funds and leading journals, where reviews and
publishing in general are all oriented towards the “North-Atlantic space” and English as its self-imposed
lingua franca. As a group, they comprise a sort of a circle – not necessarily vicious – but still a circle within
which the “rest of the West” and various “others” are present individually rather than being visible as their
collective identities. In the nominally globalised world, strict hegemony and sharp polarisation persist.
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However, within the field, the most important trend involves a twofold move. On the one side, clustering
under the wide umbrella of Cultural Studies is clearly evident, while on the other - as some sort of
counterbalance - are fragmentation and narrowing down, most obvious in the flourishing of truly
interdisciplinary areas such as Media Archaeology, Memory Studies, Affect Studies, Trauma Studies, and
many more. Variety of “turns” such as spatial, narrative, performative, and the latest one digital –
sustaining the digital humanities – explain persuasively and vividly the developments of and within the
humanities.
Nevertheless, in both serious and lamentable state of the union, there are a few examples of great joint
research and networking efforts. In my experience, two closely related COST actions Writing Urban
Places. New Narratives of the European City [CA18126-2018] and Dynamics of placemaking and
digitization in Europe´s cities [CA18204-2019] represent such inspiring, transdisciplinary projects that
interlace areas such as urban, identity, memory, European digital and media studies, architecture, art
history and narratology. On local level, the project of the pilot course Digital Competencies for Cultural
Memory and Audio-Visual Heritage, Faculty of Dramatic Arts, Belgrade [DANEV2018] was a truly
outstanding experience in every respect. The project was focused on the ‘digital turn’ as a function of
‘memory and educational turn’, and promoted multipurpose digital narrativisation and representation of
cultural memory, digital archiving, collective identities with the help of the newly created digital educational
tools.
Selma Rizvić,
University of Sarajevo, Bosnia and Herzegovina
The mission of Bosnia Forum. Digital technologies offer enormous possibilities in cultural heritage
preservation and presentation. Cultural monuments are being digitized and virtually reconstructed and
Mixed Reality applications are being developed to take the users to the time travel in the past. Sarajevo
Graphics Group (SGG) has been presenting cultural monuments of Bosnia and Herzegovina for last 15
years. They have established Sarajevo Charter for interactive digital storytelling to offer guidelines for
developing virtual heritage applications with highest level of edutainment. We will describe the work on
virtual presentation of BH cultural monuments using Virtual Reality, as well as SGG contribution in H2020
iMARECULTURE project in underwater cultural heritage presentation. The recent projects on intangible
heritage and war heritage presentations, such as the Mostar Bridge Diving VR and Sarajevo War Tunnel
VR will be also mentioned. Work in progress on AR applications for virtual cultural heritage will show the
potential of Augmented Reality technology in cultural tourism. Finally, we will talk about The Bosnia forum
web platform, as the repository off all digital content created by Sarajevo Graphics Group.
Zoran Ognjanović,
Mathematical Institute of The Serbian Academy of Sciences and Arts
The mission of Serbia Forum. After an interesting lecture at the Institute, an acquaintance who is
familiar with the activities in the digitization of national heritage in Serbia asked me how it happened that
Mathematical Institute of the Serbian Academy of Sciences and Arts was involved in this field. He told
me that he had talked to some people and that those inclined to math reconcilably commented that
digitization was not exactly mathematics, while some of the others even argued that mathematics had
nothing to do with digitization. When I thought about it, I laconically told him that at least some
mathematicians had at least some inclination for history and art. Moreover, if we approached the problem
analytically, we could also answer by asking: What is the name of the intellectual activity in which we
consider some (abstract) objects, define their structures and structures of sets of such objects, operations
and relations over them? To clarify: the objects I mentioned were models of data obtained either by
translating analog to digital artefacts, or from artefacts natively created in digital format. In the continuation
of our discussion, the acquaintance objected that this really resembles math, but that the main difference
between mathematics and other sciences concerns proving, and that there were no proofs in digitization.
Well, I said, people proved, for example, the correctness of various protocols and XML-schemas,
ontologies used in digitization were actually examples of descriptive logics, etc. Somehow, this was the
conclusion of our little discussion, after which we, according to the old custom, went to enjoy refreshment
that awaited us.
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After an interesting lecture at the Institute, an acquaintance who is familiar with the activities in the
digitization of national heritage in Serbia asked me how it happened that Mathematical Institute of the
Serbian Academy of Sciences and Arts was involved in this field. He told me that he had talked to some
people and that those inclined to math reconcilably commented that digitization was not exactly
mathematics, while some of the others even argued that mathematics had nothing to do with digitization.
When I thought about it, I laconically told him that at least some mathematicians had at least some
inclination for history and art. Moreover, if we approached the problem analytically, we could also answer
by asking: What is the name of the intellectual activity in which we consider some (abstract) objects,
define their structures and structures of sets of such objects, operations and relations over them? To
clarify: the objects I mentioned were models of data obtained either by translating analog to digital
artifacts, or from artefacts natively created in digital format. In the continuation of our discussion, the
acquaintance objected that this really resembles math, but that the main difference between mathematics
and other sciences concerns proving, and that there were no proofs in digitization. Well, I said, people
proved, for example, the correctness of various protocols and XML-schemas, ontologies used in
digitization were actually examples of descriptive logics, etc. Somehow, this was the conclusion of our
little discussion, after which we, according to the old custom, went to enjoy refreshment that awaited us.
3. CONCLUSION
The goal of this article is to bring together and to synergize the experts active in four different aspects of
creativity (Science, Engineering, Social studies, Humanities).
This goal is a part of a wider mission of IPSI Transactions journals, to create a database of expert opinion
articles on various research and development fields, and to create conditions for a symbiosis among
contributing authors.
The mission of IPSI Transactions is a product of the vision that was created about two decades ago,
aimed at generating a vector of journals that focus onto renaissance-type of multi-, inter-, and transdisciplinary research in science and engineering, tangential to ICT.
The vision that led to the above described structure and contents of IPSI Transactions was created by
Hiro Fujii of Japan, Martin Perl of the USA, Veljko Milutinovic of Serbia and Montenegro, and Erich
Neuhold of Germany and Austria, who was responsible both for the vision behind and for providing the
seed money from the German Fraunhofer IPSI Institute in Darmstadt, which enabled the entire vision to
get materialized.
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